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Summary

During the last decades development in semiconductor technology was based on

the miniaturization of already existing devices. This approach will soon reach

its limits since further miniaturization will effectively lead to the observation of

quantum effects even at room temperature. Future technology demands new

devices which avail themselves of these effects. A property suitable as control

mechanism is the spin of charge carriers rather than their charge itself since

devices based on spin, e.g., consume less energy. The field of research which

investigates the controlled manipulation of spins is called spintronics and has

gained much attention during the last years. Spintronics does not only demand

new devices, but also new classes of materials.

This thesis is devoted to the investigation of (Zn,Mn)O, (Zn,Co)O and ZnO quan-

tum dots as new materials for future spintronic applications.

Since a few years researchers have tried to establish diluted magnetic semi-

conductors by doping ZnO with transition metal ions. First attempts by various

research groups were promising. However, it soon became evident that the results

were only poorly reproducible. Furthermore, the mechanism which should mediate

ferromagnetic coupling in transition metal doped ZnO remains under debate up to

now.

In this thesis (Zn,Mn)O and (Zn,Co)O mixed oxides have been prepared by radio-

frequency magnetron sputtering. Characterization of structural properties was

accomplished by X-ray diffraction and various techniques based on transmission

electron microscopy. The latter was carried out at the laboratory for transmission

electron microscopy at the Karlsruhe Institute of Technology in the group of

Prof. Dagmar Gerthsen. To some extent, both mixed oxides showed formation of

secondary phases in the form of transition metal monoxides, depending on the

preparation conditions and the composition of the samples.

Magnetic properties were charaterized by SQUID measurements and—in case of
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(Zn,Co)O—X-ray magnetic circular dichroism. Magnetic behavior of the (Zn,Co)O

samples which did not show phase segregation was hardly reproducible. Both

paramagnetism as well as weak ferromagnetism was observed for different samples

prepared under the same conditions. The (Zn,Co)O samples containing a secondary

phase of CoO were purely paramagnetic. Despite reports of ferromagnetism in CoO

nanoclusters, this behavior was not observed for samples prepared in the course

of this work. In contrast, strong ferromagnetic behavior was found for (Zn,Mn)O

samples containing MnO which could be linked to the secondary phase.

In addition to the mixed oxides, sputtered ZnO quantum dots have been fabri-

cated and investigated. A preparation routine was established to produce ZnO

quantum dots at room temperature. Preparation without additional heating is

important with regard to future integration into devices, especially optical res-

onators which could be destroyed by the exposure to heat. In a first step, ZnO

nanocrystals with a large size distribution of 1–16nm were prepared which did

not yet show quantum effects. Later a smaller size distribution of 2–5nm and a

blue-shift of the bandgap with respect to bulk ZnO was achieved. The quantum

dots were embedded into optical resonators composed of two Bragg mirrors. Their

optical properties were characterized by transmittance measurements.
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Zusammenfassung

Die Weiterentwicklung der Halbleitertechnologie basierte in den letzten Jahrzehn-

ten auf der Verkleinerung bereits existierender Bauelemente. Dieses Vorgehen wird

bald an seine Grenzen stoßen, da bei abnehmender Größe der Bauelemente früher

oder später Quanteneffekte selbst bei Raumtemperatur zum Tragen kommen. Es

besteht der Bedarf an neuen Bauelementen, die sich diese Quanteneffekte zu Nutze

machen. Eine besonders geeignete Kontrollgröße in diesem Zusammenhang ist der

Spin der Ladungsträger und weniger deren Ladung selbst, da auf Spin basierte

Bauelemente beispielsweise energieeffizienter sind. Das Forschungsfeld, das sich

mit der gezielten Kontrolle des Spins befasst, heisst Spintronik und hat in den

letzten Jahren zunehmend an Aufmerksamkeit gewonnen. Für die Spintronik sind

nicht nur neue Bauelemente, sondern auch völlig neue Materialklassen interessant.

Diese Arbeit befasst sich mit der Untersuchung von (Zn,Mn)O, (Zn,Co)O und

ZnO-Quantenpunkten als neue Materialien für zukünftige Anwendungen in der

Spintronik.

Seit einigen Jahren wird versucht, durch Dotieren von ZnO mit magnetischen

Übergangsmetallen einen verdünnten magnetischen Halbleiter herzustellen. Erste

Arbeiten verschiedener Forschungsgruppen waren sehr erfolgversprechend. Leider

zeigte sich im Laufe der Zeit, dass die Ergebnisse nur schlecht reproduzierbar

waren. Zudem wird der Mechanismus, der die ferromagnetische Kopplung in

dotiertem ZnO herstellen soll bis heute kontrovers diskutiert.

In dieser Arbeit wurden Mischoxide aus ZnOmit Mn, bzw. Co durch RFMagnetron-

Sputtern (Kathodenzerstäubung) hergestellt. Die Charakterisierung struktureller

Eigenschaften erfogte mittels Röntgendiffraktometrie und verschiedener Metho-

den der Transmissionselektronenmikroskopie. Letztere wurde am Laboratorium

für Elektronenmikroskopie des Karlsruher Institut für Technologie am Lehrstuhl

von Frau Prof. Dagmar Gerthsen durchgeführt. Untersuchungen ergaben, dass in

beiden Mischoxiden abhängig von den Präparationsbedingungen und der Probenzu-
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Zusammenfassung

sammensetzung Fremdphasen in Form der Monoxide der beiden Übergangsmetalle

auftreten können.

Aufschluss über das magnetische Verhalten der Proben lieferten SQUID-Messun-

gen und – im Fall von (Zn,Co)O – magnetischer Röntgenzirkulardichroismus. Die

magnetischen Eigenschaften der (Zn,Co)O-Proben ohne Fremdphase waren kaum

reproduzierbar. Es wurden sowohl Paramagnetismus als auch leichter Ferromagne-

tismus beobachtet. Im Gegensatz dazu verhielten sich (Zn,Co)O-Proben, die eine

Fremdphase in Form von CoO enthielten, grundsätzlich rein paramagnetisch. Ob-

wohl in der Literatur für CoO-Nanopartikel Ferromagnetismus beobachtet wurde,

traf dies auf die hier untersuchten Proben nicht zu. Die (Zn,Mn)O-Proben, die MnO

als Fremdphase enthielten, zeigten hingegen teilweise ein stark ferromagnetisches

Verhalten, welches auf den Einfluss der Fremdphase zurückgeführt werden konnte.

Zusätzlich zu den Mischoxiden wurden gesputterte ZnO-Quantenpunkte unter-

sucht. Es wurde ein Verfahren zur Herstellung der Quantenpunkte bei Raumtem-

peratur entwickelt, da die Präparation bei niedrigen Temperaturen im Hinblick

auf die Integration in Bauelemente, insbesondere in optische Resonatoren, die

unter Einwirkung von Hitze zerstört werden könnten, wichtig ist. Im ersten Schritt

konnten ZnO-Nanokristalle mit einer breiten Größenverteilung von 1–16nm her-

gestellt werden, die noch keine Quanteneffekte zeigten. In einem zweiten Schritt

gelang es, ZnO-Quantenpunkte mit einer bedeutend schmaleren Größenverteilung

von 2–5nm zu präparieren, die eine Blauverschiebung der Bandlücke im Vergleich

mit Volumenmaterial aufwiesen. Die Quantenpunkte wurden in optische Resonato-

ren bestehend aus zwei Bragg-Spiegeln eingebettet und deren Verhalten mittels

Transmissionsmessungen untersucht.
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Introduction

In the last decades, progess in semiconductor technology was based on the minia-

turization of devices. This policy will soon reach its limit because further minia-

turization will automatically lead to an increased importance of quantum effects

in the devices even at room temperature and to an increased generation of heat.

However, it is still not entirely clear how quantum semiconductor devices can

be realized. Although there are many theoretical proposals, experimental con-

struction in most cases let alone industrial production has not been achieved

yet. Semiconductor technology today uses charge of electrons for data transfer.

However, controlling charge is most certainly not the ideal mechanism to realize

devices based on quantum effects, since the coherence length of the electronic

wave function is small. Carriers exhibit another property apart from charge which

is more suitable for future devices: their spin. The spin is more stable than the

electronic wave function. Additionally, devices based on spin instead of charge

will offer reduced power consumption because switching of spins consumes less

energy than the manipulation of charge. This could effectivly solve the problem of

heating of nowadays electronic devices. [1]

The field of research which developed from this basic idea is called spintronics—

short for spin electronics—and has attracted considerable attention during the last

years. The aim is to effectively make use of the spin orientation of charge carriers in

semiconductors. Spintronics deals with efficient creation of spin-polarized currents

and their injection into devices, the conservation of the spin orientation during

transport, spin manipulation and the detection of spins.

Using an electrode of a ferromagnetic metal or of ferromagnetic semiconductors

would be the obvious approach to inject a spin-polarized current into a semicon-

ductor. Possible materials would be Fe, europium chalcogenides such as EuO or

semiconducting spinels. However, using a metal, the spin-polarization of the cur-
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rent is limited due to the conductivity mismatch between metal and semiconductor

[2]. The conductivity mismatch is less for EuO, however, EuO has a transition

temperature from paramagnetic to ferromagnetic of TC = 69K [3]. This is inap-

plicable since for devices it has to be well beyond room temperature. Attempts

to raise TC by doping with Gd or Fe yielded transition temperatures of 170–180K.

It is still unclear, whether it can be raised any further [4]. In addition, injecting

spin-polarized currents via a ferromagnetic semiconductor is complicated, since

these materials are difficult to grow and their crystal structure is quite different

from that of standard semiconductors such as Si, Ge and GaAs. This anticipates

easy implementation into devices.

Another obvious approach is to dope standard semiconductors with magnetic

ions in a way that they become ferromagnetic, similar to the electron and hole

doping which is used to influence conductivity. Since Si-based electronics is

widely established, this would lead to materials of which manufacturing and

implementation should be realizable quickly. Ferromagnetic semiconductors based

on Si or Ge are still under intensive research. In Mn-doped Ge phase segregation is

difficult to avoid and the observed ferromagnetism is usually multi-fold originated

[5]. For Mn-doped Si, it is still unclear if Mn can substitute the Si site. The observed

ferromagnetism has also different origins and it is difficult to draw any conclusion

about the existence of carrier mediated ferromagnetism at all [5].

The first promising results yielded the discovery and explanation of low tempera-

ture ferromagnetism in (Ga,Mn)As [6, 7]. To build operating devices, a controlled

spin injection is necessary. This was shown to be realizable even if difficult for

(Ga,Mn)As [8, 9]. Recently, even the feasibility of a fully electrical read-write device

of (Ga,Mn)As was demonstrated [10]. However, attempts of raising the transition

temperature TC of (Ga,Mn)As above room temperature remained unsuccessful. The

highest transition temperatures reported up to now are in the order of 190K which

is still much too low [11, 12]. Furthermore, the prospects of ever reaching room

temperature ferromagnetism are low, despite first proposals that TC increases

linearly with the Mn concentration and that there is no fundamental doping limit

[13, 14].

Therefore, the search for new diluted magnetic semiconductors grew. It focused

strongly on transition metal doped ZnO after Dietl and coworkers [15] proposed

room temperature ferromagnetism in Mn-doped ZnO theoretically and Ueda et al.
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[16] observed room temperature ferromagnetism in Co-doped ZnO films grown by

pulsed laser deposition. The valence state of Zn in ZnO is 2+ and thus matches

that of the conventional magnetic ions such as Co or Mn. This faciliates efficient

doping.

The real rush on these materials started in 2005, after Coey et al. presented

a model of bound magnetic polarons to explain ferromagnetic behavior in dilute

magnetic oxides [17]. Promising results were soon obtained and published in

high-ranking journals. One of the most astounding series of publications was

probably achieved by Kittilstved and coworkers, who managed to publish four

articles on Mn- and Co-doped ZnO within little more than a year in the Journal

of the American Chemical Society, Nature Materials and Physical Review Letters

[18–21]. The relevance of this research topic became indisputable. However,

despite all these years of intensive research, there is no report on an actual

device built on transition metal doped ZnO. Progress was slowed down by the

fact that results were poorly reproducible and that there is still no consistent

picture on how ferromagnetic exchange can be mediated which could explain all

experimental results. Nevertheless transition metal doped ZnO remains one of

the most promising candidates for a future ferromagnetic semiconductor and is

still intensely investigated. Further details on the current state of research will be

given in chapters 5 and 6.

ZnO is also of interest for optical applications in the ultraviolet (UV) spectral

region, because of its large band gap of 3.3eV and its high exciton binding energy

of 60meV at room temperature [22, 23]. Especially quantum dots which show three

dimensional quantum confinement open up possibilities for new devices. Quantum

dot lasers and photodetectors with high-temperature operation and high detectivity

have already been realized [24]. Quantum dots have also attracted considerable

attention as their spins are potential candidates for qubits in quantum information

technology [25, 26]. Colloidal quantum dots can be fabricated easily and reliably.

However, to be integrated into devices, an ex-situ fabrication step is required which

would slow down the preparation process and raise the risk of contamination. These

problems can be solved by using self-assembled quantum dots, e.g., produced by

sputtering. This way monolithic devices without interruption of the fabrication

process can be designed.
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The implementation of ZnO quantum dots in spintronic applications requires long

spin coherence times which can be realized by embedding them into high-quality

optical cavities [27]. Recently, a high-quality pillar microcavity operating in the UV

has been fabricated by radio-frequency (RF) magnetron sputtering of two Bragg

mirrors with an intermediate layer containing colloidal ZnO quantum dots [28]. The

disruption in the resonator fabrication process can be avoided by replacing colloidal

quantum dots, that have to be spin-coated outside the sputtering chamber, by their

sputtered pendants, forming a monolithic optical cavity without intermediate ex-

situ fabrication steps. As photons can mediate an effective coupling between spins

in two quantum dots, ZnO quantum dots embedded into an optical cavity may

be envisioned as spintronic devices working at room temperature [29]. Such a

system could be manipulated on a femtosecond time scale, avoiding slow electrical

contacts. First attempts to couple a single mode fibre to a micropillar cavity

with embedded quantum dots have been realized successfully [30]. An important

objective in this area is the fabrication of an efficient single-photon source in

the UV for free-space quantum communications and calibration purposes [31].

Single-photon pulses are considerably superior to weak coherent pulses created by

a laser with regard to secure data transfer in quantum information processing. The

figure shown below displays a logarithmic plot of the rate of secure bits per time

slot vs. distance. Clearly, the bit rate is highest when using single photon pulses.

(For detailed information see section 1.3 and reference [32].)
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Recently, colloidal ZnO quantum dots have been successfully embedded in a di-

electric pillar microcavity by combining RF magnetron sputtering and wet chemical
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preparation steps [28]. However, a monolithic device consisting of both sputtered

dielectric Bragg mirrors and sputtered ZnO quantum dots fabricated in one single

process would be highly desirable to avoid contamination during different prepa-

ration steps and increase the efficiency of the single-photon source. Today, ZnO

quantum dots embedded in SiO2 surroundings as well as planar UV microcavities

made of dielectric Bragg mirrors may be readily fabricated via magnetron sputter-

ing [28, 33–35]. However, thermal annealing is necessary up till now to prepare

ZnO quantum dots showing UV emission. Such steps can lead to the degradation of

the device, e.g., thermally induced interdiffusion among the alternating dielectric

layers can degrade the Bragg mirrors and hence the performance of the optical

cavity.

This thesis is devoted to the investigation of (Zn,Mn)O and (Zn,Co)O thin films

as well as ZnO quantum dots as new materials for the creation of spin-polarized

currents, single photon sources and qubits in quantum information processing.

As diluted magnetic semiconductors, (Zn,Mn)O and (Zn,Co)O could serve as spin

injectors for future devices. ZnO quantum dots were embedded into optical cavities

which are designed to operate in the UV, resulting in a monolithic structure with

potential application in quantum information processing.

Chapter 1 gives an introduction to spin-based electronics and future opto-

electronic application which motivated this work. Chapters 2 and 3 present

necessary background information about magnetism and optical phenomena.

Chapter 4 introduces the basic principles of the experimental techniques. Sam-

ple preparation by RF magnetron sputtering as well as structural characterization

by X-ray diffraction (XRD) and various techniques based on transmission elec-

tron microscopy (TEM) are explained. To obtain information about electronic and

magnetic properties, X-ray absorption (XAS), X-ray magnetic circular dichroism

(XMCD) and a superconducting quantum interference device (SQUID) were used.

Optical properties were characterized by measuring the optical transmittance, the

photoluminescence emission and by applying ellipsometry.

Chapters 5 and 6 present results obtained for (Zn,Mn)O and (Zn,Co)O thin

films. Each chapter gives an overview of the current state of research, followed

by the preparation procedures and the experimental results. XRD measurements

and TEM give insight into the structural properties. The magnetic behavior is
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characterized by magnetization measurements using a SQUID and—in case of

(Zn,Co)O—XMCD. XAS allows for the determination of the valence states of the

elements.

Chapter 7 presents results of sputtered ZnO nanocrystals and quantum dots.

For both systems, the preparation is explained followed by the investigation with

TEM and optical techniques such as optical transmittance and photoluminescence

measurements.

Concluding remarks and an outlook to future work are given in chapter 8.
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1 ZnO and possible future spin-based

applications

1.1 ZnO—a wide gap semiconductor with high

application potential

ZnO is widely present in everyday applications. Rubber manufacturers use ZnO

to activate vulcanization. It is known as UV protector in sun lotion, whitening

pigment in paint or—more recently—as transparent conductive oxide doped with

Al for front contacts of solar cells.

ZnO is a direct semiconductor with a bandgap of 3.3 eV and a large exciton bind-

ing energy of 60meV [22, 23]. The bonding in ZnO is strongly ionic. It crystalizes in

the non-centrosymmetric wurtzite structure. Together with the ionic bonding, the

crystal structure is responsible for the piezoelectricity of the material. Undoped

ZnO shows n-type conductivity due to O vacancies and Zn interstitials. The Zn ion

has a valence of 2+ which matches those of transition metal ions such as Mn and

Co. This facilitates effective doping by substitution of Zn at its lattice sites with

transition metal ions.

The crystal structure of ZnO is shown in figure 1.1. The two different colors

gray and red symbolize Zn2+ and O2- ions, respectively. The lattice is hexagonal

(a) (b)

c

a a

Figure 1.1:

Crystal structure of ZnO. (a) Gray and

red spheres symbolize Zn and O ions,

respectively. Black lines visualize the

ionic bonds, blue lines are a guide

to the eye to illustrate the hexagonal

structure. (b) Top view on the (001)

lattice plane.
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ZnO and possible future spin-based applications

as illustrated in figure 1.1b which is a top view onto the (001) lattice plane. The

individual types of ions each form a sublattice with an ABAB stacking sequence,

i.e., a hexagonal close-pack. Oxygen fills half of the tetrahedral positions in the

Zn sublattice making every Zn ion tetrahedrally coordinated by four oxygen ions,

and vice versa. Black lines in figure 1.1 illustrate the ionic bonds. The tetrahedral

coordination can be seen cleary. Blue lines are a guide to the eye to visualize

the hexagonal structure. The lattice parameters of ZnO as labeled in figure 1.1a

are a = 3.250Å and c = 5.207Å [36]. On Si(001) and Al2O3(0001) substrates ZnO

grows c-axis oriented, i.e., the (001) lattice plane is parallel to the surface of the

substrate.

1.2 ZnO quantum dots and excitons

Quantum dots are crystalline structures which consist of 103–104 atoms and ac-

cordingly have a diameter of only few a nanometers. In case of such small sizes,

quantum mechanical effects lead to new properties. In contrast to classical bulk

semiconductors which have continous energy bands in k-space, semiconductor

quantum dots have discrete energy levels like atoms. This property arises from

three dimensional quantum confinement in quantum dots. Since the energy levels

are sharp, a photon emitted by the recombination of an electron-hole pair has a

well-defined energy. The diameter below which quantum effects occur strongly

depends on the properties of the material. Whereas in GaAs quantum effects can be

realized for sizes of about 11nm, in ZnO the size has to be much smaller [37]. This

is due to exciton localization which strongly depends on the static permittivity ǫs

and the electron and hole effective masses me and mh of the material. An exciton is

an electron-hole pair, that originates from an electron which was excited from the

valence band. The electron-hole pair is coupled by Coulomb interaction. Adapted

from the model of the hydrogen atom, the Bohr radius of the exciton is given by

a✍B ✏ aB ☎ ǫsm0

µ
, (1.1)

using the reduced mass µ ✏ memh④♣me � mhq, the mass of free electrons m0 and

the Bohr radius aB = 5.29Å [37]. The binding energy of the excitons is given by the

exciton Rydberg energy R✍ which is related to the Rydberg energy RH = 13.6eV,

8
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i.e., the binding energy of the 1s electron of the hydrogen atom, by

R✍ ✏ RH ☎ µ

m0ǫ2
s

(1.2)

[37]. In case of ZnO ǫs = 8.1, me = 0.24m0 and mh = 0.78m0. Equations 1.1 and 1.2

yield a✍B = 2.34nm and R✍ = 38.06meV [38]. Measurements show that R✍ is even

as high as 59meV whereas in GaAs R✍ is only about 5meV [37]. The discrepancy

of theoretical and experimental values can be explained by the deviation from

parabolic valence bands [37]. The large exciton binding energy which exceeds

thermal energy at room temperature (25meV) is one of the main reasons why

ZnO is especially interesting for applications. However, the exciton Bohr radius

of 2.34nm means that quantum effects in ZnO can only be realized for structures

smaller than 5nm. Quantum effects of slightly larger structures (5–7nm) are weak

to moderate [39].

1.3 Applications

Spintronic devices require an efficient injection of a spin-polarized current. The

obvious approach to generate a spin-polarized current and inject it into a semicon-

ductor is to use conventional ferromagnets such as Fe or Co. However, there is

a large conductivity mismatch between these metals and semiconductors which

results in a poor efficiency of spin injection [2]. Making use of ferromagnetic semi-

conductors such as Co- or Mn-doped ZnO instead of conventional ferromagnets

would bypass this difficulty.

The maybe best-known example of a spin-based electronic device is the spin

field effect transistor (spin FET) as it was proposed by Datta and Das in 1990

[40]. The spin FET became a pilot project in spintronics because it requires the

efficient combination of injection, manipulation and detection of spins. Compared

to a conventional FET, a spin FET can be designed to consume three orders

of magnitude less energy which is a significant increase in performance [41].

Figure 1.2 illustrates the architecture.

Source and drain are made of ferromagnetic materials. The source injects a spin-

polarized current into the highly mobile two-dimensional electron gas (2DEG)1. By

1The spin FET could also be realized with a two-dimensional hole gas.
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ferromagnetic
source

ferromagnetic
drain

gate

2DEG

source
magnetization

electric field
originating
from gate

flow of spin-polarized electrons

InGaAs

InAlAs

Figure 1.2:

Architecture of a spin FET with a de-

tailed view of the 2DEG when a gate

voltage is applied [42].

applying a gate voltage, the spin of the injected charge carriers can be rotated using

the Rashba effect: treating charge carrier movements in an electrical field with

relativistic effects yields that in the frame of reference of the carrier, the electrical

field acts like a magnetic field and accordingly is able to rotate the spin (spin-orbit

coupling). No additional magnetic layers are required to provide a magnetic field

to change the spin orientation and the gate voltage can be easily controlled as

in conventional FETs. The overall resistance of the spin FET depends on the

spin orientation at the drain. If no gate voltage is applied, the orientation of the

magnetic moments of the charge carriers is parallel to the drain magnetization and

they can easily enter the drain leading to a low resistance of the device. However,

if a gate voltage is applied in a way that the magnetic moments of the charge

carriers at the drain are antiparallel to the drain magnetization, the resistance will

be high since no empty states are available in the drain material. Using a diluted

magnetic semiconductor as a spin injector is not only of advantage because of the

conductivity match. It was shown that heterostructures of (Zn,Co)O/ZnO can have

full spin polarization which will lead to high spin polarization of the current [43].

Therefore, ferromagnetic semiconductors are highly desirable.

A second application of ferromagnetic semiconductors as spin injectors is the spin
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light emitting diode (LED). Spin LEDs and also spin lasers emit circularly polarized

light by recombination of spin-polarized charge carriers. The architechtures of two

types of spin LEDs are shown in figure 1.3.

active region

spacer

spin
injector

magnetic
field

active region

spacer

spin
injector

magnetic
field

(a) (b)

Figure 1.3:

Architecture of a spin LED in the Fara-

day geometry (a) and the quasi-Voigt

geometry (b) [44].

Figure 1.3a shows the surface emitting Faraday geometry for which an external

magnetic field is applied perpendicular to the LED surface to orient magnetization

of the spin injector. The spacer layers prevent the interdiffusion of elements from

the injectors into the active region. It is essential to keep the spacer layers thin in

order to prevent spin scattering. The recombination takes place in an active region

and results from a spin-polarized with an unpolarized charge carrier. Selection

rules are best understood for this geometry and hence conversion between spin of

the charge carriers and polarization of the light is fairly easy. However, since for

thin films the easy axis of magnetization is in plane due to shape anisotropy, large

external fields are required to generate a sufficient spin-polarization in the spin

injector. Another drawback of the Faraday geometry is that the emitted light has to

pass through the spin injector which might result in a change of polarization due

to magnetic circular dichroism. This could be prevented by collecting the emission

from the backside. However, such a device is more complicated to fabricate.

Figure 1.3b shows the complementary edge-emitting quasi-Voigt geometry. It

can be operated with low magnetic fields since the in-plane direction is the easy

axis of the spin injector. It is also less sensitive to a change in polarization of the

light due to magnetic circular dichroism. However, the selection rules which allow

for easy determination of carrier spin orientation from the knowledge of the optical

polarization are no longer valid in this geometry, making data evaluation harder.

Both types of spin LEDs also need spin injectors to obtain a spin polarized current

in a semiconductor which, for the same reasons as for the spin FET, should be
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made of a diluted magnetic semiconductor. Spin LEDs have been realized with

(Ga,Mn)As as spin injector [9]. However, (Ga,Mn)As shows p-type conductivity and

a low hole spin lifetime which both lead to only low spin polarization of the emitted

light. Using an n-type semiconductor with preferably high electron spin lifetimes

would be ideal. This could be realized by ferromagnetic Co-doped ZnO. ZnO is

intrinsically n-type and ferromagnetism in Co-doped ZnO has also been observed

for an n-type system [19]. The same ideas hold true for spin-polarized lasers.

Conceivable applications include straightforward detection of spins, cryptography

and advanced optical switches and modulators. [44]

Diluted magnetic semiconductors are not only discussed with regard to possible

spin injectors. They are also of interest for the development of new memory

technologies. The ultimative goal is to combine the advantage of nowadays dynamic

random access memory (DRAM), namely short and numerous read and write cycles,

with the non-volatility of flash memory. A widely known concept is the magnetic

random access memory (MRAM) in which the information is stored in the direction

of the magnetization of domains. The device consists of two magnetic layers

which are separated by a tunneling barrier. In one of the layers the orientation of

magnetization is fixed whereas it can be switched by a magnetic field induced by

a current in the second layer. The memory cell is operated by making use of the

tunneling magnetoresistance. Despite their non-volatility and their short read and

write cycles, MRAM cells are not widely used because high currents are needed to

switch the magnetization which itself prevents the miniaturization of the device.

Proposals for new types of memory cells also include quantum dots. The idea

of data storage is based on the strong localization of charge carriers in quantum

dots. The storage time increases with increasing localization energy. In contrast to

flash memory which relies on SiO2 with a high energy barrier to maintain the non-

volatility, quantum dots have adjustable localization energy and barrier height. The

barrier height cannot only be tuned by doping, i.e., by bandgap engineering, but

also by applying a voltage to the final device. This allows for a temporary decrease

of the barrier height for write cycles without losing the non-volatility. Accordingly,

injection of hot electrons to overcome the high barrier which effectively destroy

the device during a write cycle as in flash memory can be circumvented. It has

been shown that read/write times can be as fast as 10ns which is in the order of

read/write times for DRAM. The estimated storage time exceeds 106 years. For
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detailed information on different device structures and first results see [45–48].

Quantum dots cannot only be used for memory cells. Quantum dots lasers

exist already. They show a low and temperature independent threshold current,

high-frequency modulation with negligible chirping effect and a non-linear gain

effect [49]. Additionally, they can be fabricated easily to emit different colors by

controlling the size of the quantum dots. Quantum dots can also be used to build

optical amplifiers for long distance communication which surpass conventional

semiconducting amplifiers in speed, bandwidth and stability in time [50].

Intensive research activity is put into the investigation of quantum dots for the

realization of quantum information processing. Quantum information processing

using linear optics became accessible after Knill, Laflamme and Milburn developed

a technique requiring only beam splitters, phase shifters, single photon sources and

photo-detectors [51]. It was the first proposal with no need for non-linear couplings

between optical modes containing only a few photons. The latter is a main obstacle

in implementation because non-linear coupling requires strong electromagnetic

fields. This proposal stimulated the search for ideal single photon sources which

could be realized by quantum dots. Figure 1.4 shows a logarithmic plot of the rate

of secure bits per time slot vs. distance, i.e., the length of the optical fibre, which

can be transmitted at 1300nm using single photon pulses (SPP, blue) and weak

coherent pulses (WCP, green and red) by the so-called BB84 protocol [52]. Clearly,
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Figure 1.4:

Rate of secure bits per time slot for

a single photon pulse (SPP, blue) or

weak coherent pulses (WCP) with op-

timized (green) or fixed (red) aver-

age photon number Nph transmitted

at 1300nm with standard telecommu-

nication parameters [32].

the bit rate is highest when using SPP.2 For WCP, the average number of photons

2To obtain a true rate per second, the bit rate needs to be multiplied with the repetition rate of the
setup.
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per pulse Nph can be optimized for the length of the fibre (green) which yields a

significant improvement compared to a fixed Nph (red). Nevertheless, using SPP

surpasses any WCP configuration by at least two orders of magnitude. Standard

telecommunication parameters provided by the British Telecom group have been

used for calculation [32].

Nowadays, quantum dots are commonly produced via self-organization in molec-

ular beam epitaxy (MBE) and metalorganic vapour phase epitaxy (MOVPE) or

wet-chemically as colloidal quantum dots in solutions. MBE is difficult to apply in

industrial processes since it is a time consuming and expensive technique. MOVPE

is already widely used in industry, e.g., for the growth of GaN. However, contami-

nation of the device by organic components such as carbon, oxygen and hydrogen

which are left-over after the deposition cannot be avoided completely. Additionally,

the metalorganic precursers are expensive and care has to be taken when dealing

with the precursers since metalorganics pose a threat to human health. Colloidal

quantum dots cannot be prepared in-situ but have to be spin-coated which can

easily lead to a contamination of the future device. These drawbacks can be

circumvented by using self-organized sputtered quantum dots. Sputtering is a

comparatively low-cost technique which is widely used in industry application, i.e.,

for anti-reflection coating or coating of data storage devices. Hence, the production

of sputtered quantum dots could be easily integrated into the production routines

using the already existing infrastructure. Sputtered quantum dots are prepared

in-situ, opening up the possibility of monolithic devices which can be prepared in a

single fabrication step.

ZnO is not yet widely used in optical and semiconducting applications because

of the lack of p-type conductivity. This disadvantage has been circumvented by

using p-type materials different from ZnO such as p-type GaN in heterojunctions

which like GaN are compatible with ZnO in terms of lattice parameters and lattice

structure [53]. But also progress has been made in producing stable p-type ZnO by

doping with nitrogen and implementing it into homojunctions [54].
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2 Magnetism and diluted magnetic

semiconductors

2.1 Diluted magnetic semiconductors

The functionality of conventional semiconductors is based on the principle of

doping. A foreign element is introduced into the host material and changes its

conduction properties. The same idea can be applied to magnetic doping, aiming

for magnetic semiconductors.

(c)(b)(a)

Figure 2.1: Illustration of a non-magnetic semiconductor (a) a diluted magnetic semiconductor (b)

and a magnetic semiconductor (c) [7].

Figure 2.1a illustrates a non-magnetic semiconductor which is composed of two

elements (yellow and green) like GaAs. None of the two components is magnetic

as bulk material. In contrast, figure 2.1c shows a ferromagnetic semiconductor

in which one of the two elements has a local magnetic moment. EuO and other

Eu-based chalcogenides are prominent examples [3]. Figure 2.1b shows the desired

diluted magnetic semiconductor, in which a few atoms of a non-magnetic material

are substituted by atoms which possess local magnetic moments. The best-known

example is (Ga,Mn)As, in which a few percent of the Ga atoms are substituted by

Mn.

To be suitable for application, ferromagnetic semiconductors have to possess
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transition temperatures well above room temperature. There have been different

approaches to realize such material systems. A straightforward approach is to use

a ferromagnetic semiconductor (figure 2.1c) such as EuO with a low transition

temperature of TC = 69K and to increase TC by doping. In case of EuO a well-

established dopant is Gd which is capable of boosting TC to 170K [4]. Attempts to

increase TC further are still unsuccessful.

A second possibility is to take a conventional semiconductor and to make it

ferromagnetic by doping with magnetic elements. This should result in a diluted

magnetic semiconductor as shown in figure 2.1b. Si as well as Ge are obvious

prospects, since nowadays electronics is based on Si and both Si- and Ge-based

ferromagnetic semiconductors could be easily implemented. However, there is no

room temperature ferromagnetic Si or Ge available up to now. In Mn-doped Ge

phase segregation is difficult to avoid and the observed ferromagnetism is usually

multi-fold originated [5]. In Mn-doped Si, it is still unclear if Mn can substitute Si at

its lattice site [5]. Another promising candidate of a diluted magnetic semiconductor

is (Ga,Mn)As. But as in (Eu,Gd)O, the transition temperature is well below room

temperature and could not be increased above 173K until now [13]. More and

more, the search for diluted magnetic semiconductors focused on II-VI compounds,

since the valence of the cations matches the valence of standard magnetic elements

such as Co, Fe and Mn. It can be expected that the magnetic elements are easily

incorporated. T. Dietl and H. Ohno proposed room temperature ferromagnetism in

Mn-doped ZnO which stimulated the research for transition metal doped ZnO [15].

2.2 Paramagnetism

A paramagnet consists of atoms having non-zero magnetic moments due to unpaired

electrons. These electrons do not interact, meaning that if no external magnetic

field is applied, the magnetic moments point in arbitrary directions. Paramagnetic

materials show a positive susceptibility χ which in case of an applied magnetic

field leads to parallel alignment of the magnetic moments with the external field.

Here, it is suitable to treat paramagnetism semiclassically by assuming that the

total angular momentum approaches infinity and neglecting the fact that magnetic

moments can only point in certain directions because of quantization.

The potential energy Epot of a magnetic moment µ in a magnetic field of flux
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density B is given by

Epot ✏ ✁µB (2.1)

✏ ✁µB cos θ

where θ ✏ ❄♣µ, Bq. The magnetic moment will orient along B and—in thermal

equilibrium—will follow a Boltzmann distribution ✾ exp ♣✁Epot④kBTq. If B is as-

sumed to point in z-direction, the average magnetic moment ①µz② ✏ µ①cos θ② is
given by

①µz② ✏ µ

✂
coth x ✁ 1

x

✡
(2.2)

✏: µL♣xq

with the ratio of potential to thermal energy x ✏ µB④kBT and the so-called

Langevin function L♣xq. The magnetization M may then be calculated by mutliply-

ing the Langevin function with the saturation magnetization Ms ✏ N ☎ µ

M♣xq ✏ Ms ☎ L♣xq, (2.3)

where N is the total number of magnetic moments. M depends on both applied

magnetic field and temperature. In the limit of high temperatures with no field

applied, the magnetization follows the well-known Curie law M✾ 1④T.

Figure 2.2 shows the typical behavior of a paramagnet depending on the applied

magnetic field (a) and the temperature (b). The magnetization is given in units of

the saturation magnetization Ms. The magnetic moment per atom was assumed

to be 5µB. At low temperatures, the dependence on the magnetic field shows a

typical s-shape which is illustrated in figure 2.2a with a temperature of 2K (blue).

For high temperatures, i.e., small x, coth x can be expressed as 1④x � x④3�O♣x3q
so that L♣xq ✏ x④3 �O♣x3q. Consequently, the magnetization depends linearly

on the applied field as shown in figure 2.2a for a temperature of 300K (red).

Figure 2.2b shows the dependence on the temperature when a magnetic field

with of 10mT (red) and 20mT (blue) is applied. The magnetization rises steeply

below a temperature of about 50K. The higher the magnetic field, the higher the

magnetization at a given temperature. [55]
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Figure 2.2: Magnetic behavior of a paramagnet calculated with the Langevin function: (a) Normalized

magnetization vs. applied magnetic field at a temperature of 2K (blue) and 300K (red).

(b) Normalized magnetization vs. temperature in a magnetic field of 10mT (red) and

20mT (blue).

2.2.1 Superparamagnetism

If a ferromagnetic particle is small enough1, it will consist of a single domain,

because the formation of a domain wall would cost more energy than the increase

in demagnetization energy. In an aggregation of such single domain particles,

each particle behaves like a large magnetic moment. Thus, the magnetic behavior

of such an aggregation can be characterized by a Langevin function (equation

2.2), where µ now is the total magnetization of one particle and not the magnetic

moment of an atom. This phenomenom is called superparamagnetism.

Single domain particles are usually not completely isotropic in their properties,

but there will be some anisotropic contributions, e.g., caused by the shape of

the particle. The easiest type of anisotropy is uniaxial, i.e., the energy only

depends on the angle of the magnetization with respect to the symmetry axis. The

anisotropy can be characterized by an anisotropic constant Ka which is larger for

stronger anisotropy. At a gradual decrease of temperature, the fluctuations of the

particles will be overcome by the anisotropic energy and the paricles will align

their magnetization along the applied magnetic field one by one. The temperature

at which this transition occurs is called the blocking temperature Tb. It strongly

1For the explanation of ferromagnetism see section 2.3
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depends on Ka and on the volume V of an individual particle and is given by

Tb ✏ KaV

25kB
(2.4)

where kB is the Boltzmann constant [56]. Typical particle radii for Tb at room

temperature are, e.g., 40Å for hcp Co, 140Å for fcc Co and 125Å for Fe [56].

Measurements of the magnetization in dependence of an external magnetic

fields qualitatively yields the same behavior as for a paramagnet (see figure 2.2a).

However, the dependence on the temperature is different and resembles the

behavior of a spin glass (see below) with a characteristic splitting of the zero field

cooled (ZFC) and field cooled (FC) curve as shown in figure 2.3. In case of ZFC

conditions the sample is first cooled down in zero magnetic field. Then a static field

H is switched on and the magnetization or magnetic susceptibility is measured

during warm-up. If the sample is cooled down when H is already applied and the

magnetization or magnetic susceptibility is measured during cooling finally below

Tb, the resulting data is called the FC curve. [55]
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Figure 2.3:

Schematic diagram of the DC susceptibility vs. temperature

of a superparamagnet. The ZFC curve shows a characteristic

cusp at the blocking temperature Tb.

2.3 Magnetic interactions

There are different types of magnetic interactions which can lead to a long range

order, i.e., the alignment of magnetic moments in a material without external

fields. Magnetic dipolar interaction is always present, but it is weak and only

relevant at very low temperatures. The reason for magnetic ordering at higher

temperatures is quantum mechanical exchange interaction between two electrons.

It can lead to magnetic ordering in a way that the material shows a spontaneous

magnetization even in the absence of an external magnetic field. This phenomenon
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is called ferromagnetism and the magnetic moments are aligned parallelly. The

transition temperature below which ferromagnetic ordering is observed is called

Curie temperature TC. If adjacent magnetic moments are oriented antiparallelly in

a way that they compensate one another, the material is antiferromagnetic and no

spontaneous magnetization can be observed, even if an external field is applied.

The transition temperature in this case is called Néel temperature TN.

Direct exchange interaction is short ranged because in many cases there is not

sufficient overlap between two magnetic orbitals.

Long range magnetic order can be caused by superexchange in ionic solids

which is mediated, e.g., by an intermediary oxygen atom. Magnetic d-metal oxides

such as MnO and cubic CoO are well-known examples for superexchange as origin

of antiferromagnetism, whereas EuO and other magnetic f -metal oxides show

ferromagnetism due to superexchange. Not only oxygen can act as a mediator for

magnetic exchange. Also elements which show mixed valency, e.g., Fe as Fe2+ and

Fe3+ in Fe3O4 can effectively communicate magnetic coupling.

In metals, the RKKY interaction2 which is mediated by conduction electrons

is distinct. It is an oscillatory interaction and results in ferromagnetic as well

as antiferromagnetic coupling depending on the distance between the magnetic

moments.

2.3.1 Exchange bias

When a ferromagnetic layer is adjacent to an antiferromagnetic layer, the so-

called exchange bias can be observed if the system shows a ferromagnetic Curie

temperature TC greater than the Néel temperature TN of the antiferromagnet. If

the ferromagnet is strongly exchange-coupled to the antiferromagnet, its spins

at the interface will be pinned, since the antiferromagnet is not influenced by an

external magnetic field. If the system is cooled below TN in an external magnetic

field, the hystersis loop will exhibit exchange bias: coercive fields are different for

applied positive and negative fields, in other words, the hystersis loop is not axially

symmetric as it is for conventional ferromagnets. [55]

2the name is derived from its discoverers Ruderman, Kittel, Kasuya and Yosida
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2.3.2 Ferromagnetism of nanocrystals

In 1962, Néel suggested that nanostructures of materials which are antiferromag-

netic as bulk material can show ferromagnetism. According to Neél, the reason

for this behavior is the presence of uncompensated surface spins and/or lack of

internal structural perfection [57]. Ferromagnetism has been identified for a wide

range of nanocrystals, among which are various Mn and Co oxides. MnO and

Mn3O4 were found to be ferromagnetic3 with diameters up to 22nm and blocking

temperature ranging from 10K to 41K [58, 59]. Cubic CoO can even show room

temperature ferromagnetism even if CoO usually exhibits antiferromagnetism with

TN = 298K [60]. Interestingly though, wurtzite CoO does not show ferromagnetic

behavior for any crystal size [61, 62].

2.3.3 Spin glass behavior

J. A. Mydosh defines a spin glass as “a random, mixed-interacting, magnetic system

characterized by a random, yet co-operative, freezing of spins at a well-defined

temperature Tf below which a highly irreversible, metastable frozen state occurs

without the usual long-range spacial magnetic order” [63, page 3].

What does it mean? Magnetic order exists when spins on lattice sites have a

well-defined orientation with respect to each other. The alignment of neighboring

spins is given by the coupling condition, e.g., ferromagnetic or antiferromagnetic

coupling. The spins attempt to align in a way to minimize energy. By the alignment

of two spins the bonding conditions to the other neighboring spins have to be

satisfied as well. It is the essential characteristic of a spin glass that (some of) the

spins cannot satisfy all bonding conditions simultanously. They are called frustrated.

The origin of this frustration can be caused by different types of interaction and/or

a random occupation of the lattice sites with magnetic ions. Above the transition

temperature, the spin glass behaves like a conventional paramagnet. If the material

is cooled down below its transition temperature at which the magnetic interaction

is strong enough to overcome thermal fluctuations, some spins will freeze into

arbitrary directions due to competing interactions towards different neighbors.

The transition temperature is called freezing temperature Tf. There exist many

3or rather superparamagnetic, see section 2.2.1
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different ground state configurations which are energetically degenerate, highly

irreversible and which lack long-range spacial magnetic order.

Figure 2.4 depicts two two-dimensional lattices exhibiting spin glass behavior.

Magnetic atoms having spins are shown in blue and frustrated spins are marked

as “?”. In figure 2.4a a randomly distributed number of atoms have magnetic

moments. The magnetic ordering is assumed to be ferromagnetic (ÒÒ) between
nearest neighbors and antiferromagnetic (ÒÓ) between next-nearest neighbors. The

upper three rows of atoms can easily satisfy the coupling conditions. However,

if the ferromagnetic coupling strength is twice the antiferromagnetic coupling

strength, the two lowest spins are frustrated, since the upper of them should form

a ferromagnetic bond with the centered spin above, but antiferromagnetic bonds

with the two outer spins. It passes on its frustration to the lowest spin.

(a) (b)

?

?
? ?

??

Figure 2.4: Frustration of spins illustrated with two-dimensional lattices. (a) Cubic lattice with

randomly distributed magnetic atoms which show ferromagnetic interaction between

nearest neighbors and antiferromagnetic interaction between next-nearest neighbors.

(b) Hexagonal lattice with antiferromagnetic interaction between nearest neighbors. [63]

Figure 2.4b shows a hexagonal two-dimensional lattice in which coupling is

assumed to be antiferromagnetic for nearest neighbors. If the spin orientation of

the centered atom is chosen to point “up”, then the two outer spins of the centered

row are forced to point “down”. However, this leads to frustration of all other spins,

because they cannot fulfill antiferromagnetic bonds with both the centered and the

two outer spins.

Well-known examples for spin glasses are AuFe and CuMn with little concentra-

tions of Fe and Mn. These alloys show RKKY interaction between the magnetic

atoms which can either be ferromagnetic or antiferromagnetic. If there is a random
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occupancy of lattice sites by magnetic atoms, then a spin glass can occur. [64]

Magnetic behavior of spin glasses

The irreversibility of the ground state configuration of a spin glass can easily be

probed by magnetization measurements under so-called ZFC and FC conditions.

Figure 2.5 illustrates the temperature dependence of the DC susceptibility χDC

of a spin glass. Above the freezing temperature Tf, both ZFC and FC curves can

be described by a Langevin function and a Curie law χDC✾1④T in the limit of high

temperatures. At Tf the ZFC curve shows a cusp and a decrease by further lowering

the temperature, whereas for FC conditions the susceptibility stays constant or

rises only slowly at low temperatures.
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Figure 2.5:

Schematic diagram of the DC suscep-

tibility vs. temperature of a spin glass.

The ZFC curve shows a characteristic

cusp at the freezing temperature Tf.

Since χ ✏ ❇M④❇H, a similar behavior can be observed for M. From ZFC/FC

magnetization measurements the freezing temperature Tf can be extracted at the

point where the two curves seperate, i.e., at the cusp of the ZFC curve.

The distinction between a superparamagnet and a spin glass is not always trivial,

although—from a microscopic point of view—they are fundamentally different. In a

superparamagnet the interactions of the particles are not important whereas the

interaction of the magnetic moments in the spin glass are vital. The superparam-

agnet shows a gradual blocking of the magnetic moments in contrast to the spin

glass which shows a real phase transition. [55]
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2.4 Exchange interactions in diluted magnetic

semiconductors

Ferromagnetism in diluted magnetic semiconductors cannot be explained by mag-

netic dipolar interaction or common exchange mechanisms as introduced in sec-

tion 2.3. The distance between magnetic ions is too large to enable these types of

coupling.

In 2000, Dietl and coworkers developed a model which describes ferromagnetism

in zinc-blende magnetic semiconductors with mediation by weakly localized holes

[15]. Curie temperatures for Mn-doped semiconductors were calculated and yielded

that especially ZnO should have a transition temperature above room temperature.

These results directed the search for diluted magnetic semiconductors to ZnO,

that was subsequently not only doped with Mn, but also with Co and Fe and other

magnetic (and non-magnetic) elements.

A different and probably the most popular model was introduced by Coey and

coworkers in 2005 and provided an easy explanation of the observed ferromag-

netism [17]. It was proposed that ferromagnetic exchange in dilute magnetic oxides

is mediated by shallow donor electrons which are provided by oxygen vacancies.

These donor electrons were thought to form bound magnetic polarons which over-

lap to create a spin split impurity band. However, its predictions, especially the

dependence of the Curie temperature on the donor concentration, have never been

validated substantially. On the contrary, ferromagnetism for Mn-doped ZnO was

not observed for n-type ZnO, but for p-type ZnO which was allegedly achieved by

nitrogen doping [19].

Up to now, the exchange mechanism in diluted magnetic semiconductors is still

not clear. However, more and more researchers conclude that ferromagnetism in

these materials might not be an intrinsic property but instead caused by secondary

phases, contaminations or by even more exotic mechanisms like a ferromagnetic

foamlike grain-boundary network [65].
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3 Optical properties used to

characterize ZnO nanostructures

3.1 Optical transmittance

The measurement of the optical transmittance allows for the calculation of the

bandgap energy Eg. The optical transmittance T is defined as

T ✏ I

I0
, (3.1)

where I and I0 are the intensities of the transmitted and the incident light, respec-

tively. To determine Eg, it is necessary to calculate the absorbance A out of T by

neglecting the reflectivity1 of the sample:

A ✏ ✁ log10 T . (3.2)

Whereas for the model introduced by Meulenkamp [66] (see below) the knowledge

of A is sufficient, other methods are based on the evaluation of the optical absorp-

tion coefficient α. Using the Lambert-Beer law and again neglecting reflectivity, α

is related to T via

T ✏ e✁αd, (3.3)

where d denotes the film thickness. Different models exist to extract Eg from T .

Assuming direct transitions for a semiconductor with parabolic bands, the bandgap

energy Eg may be extracted from

α ✏ C ☎❛Eph ✁ Eg, (3.4)

1The reflectivity is about 4% for an SiO2 layer.
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Optical properties used to characterize ZnO nanostructures

where C is a constant and Eph is the photon energy [67]. By plotting the square

of the optical absorption coefficient α2 vs. Eph, Eg can be extracted from the

intersection of a linear fit to the absorption edge with the energy axis. The method

is illustrated in figure 3.1. The sample consists of a sputtered ZnO layer of 132nm

thickness on an Al2O3(0001) substrate. A linear fit to the data in the region of the

absorption edge (dotted line) intersects the energy axis at Eg = 3.26(1) eV. Note that

this simplified model does not account for excitonic effects and therefore slightly

underestimates the bandgap [68]. The bandgap energy can also be obtained by

plotting ♣αEphq2 vs. Eph and again determining the intersection of the linear fit to

the region of the absorption edge with the energy axis. This model was proposed

by Davis and Mott and should be used for amorphous semiconductors [69], but

was also applied to crystalline ZnO [33, 70]. In case of the 132nm thick ZnO layer,

it yields a bandgap energy of 3.27(1) eV which is close to the model of parabolic

bands. These two models allow for the calculation of the bandgap in bulk material.
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Figure 3.1:

Square of the optical absorption coef-

ficient α2 vs. photon energy Eph illus-

trating the linear fit to the absorption

edge region for extrapolation of Eg.

The situation is different considering quantum dots. Since quantum dots do not

have energy bands but discrete energy levels, ideally the absorption edge should

be a steep, step-like function. However, different quantum dot sizes and thermal

effects lead to a broadening of the step. An appropriate model to extract the

bandgap in this case was introduced by Meulenkamp [66]. Here, Eg corresponds to

the wavelength λ1④2 at which the absorption A is 50% of the excitonic peak/shoulder.

This is motivated by the assumption that by neglecting thermal effects, a sample

consisting of quantum dots all having same sizes, should have a step-like absorption
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3.1 Optical transmittance

function, i.e., a bandgap of a medium quantum dot size is selected. However, the

excitonic shoulder is difficult to identify in most quantum dot samples since the

overall absorption is low which makes the model inapplicable to some extent.

Optical transmittance measurements were also used to determine the quality of

optical cavities which consist of two dielectric mirrors and an intermediate layer

holding ZnO quantum dots. The mirrors are composed of two dielectric materials

with different refraction indices ni (i = 1, 2). They are deposited alternately with

optical film thicknesses in a way that the intensity for a desired center wavelength

λc of the cavity is minimized due to destructive interference. The optical film

thickness nidi is then given by

nidi ✏ λc④4 (3.5)

where di is the deposited film thickness which was determined by calibration

with a quartz microbalance and ellipsometry. Figure 3.2 shows a transmittance

measurement of an optical cavity with a low quality factor Q without ZnO quantum

dots (a) together with a schematic drawing of the sample structure (b). The sample

2.0 2.5 3.0 3.5 4.0 4.5

Photon energy, Eph (eV)

0

25

50

75

100

T
ra
n
s
m
it
ta
n
c
e
,
T

(%
)

∆λ

300400500600

Wavelength, λ (nm)

λc
(a)

top
Bragg
mirror

bottom
Bragg
mirror

λ/2
cavity

SiO2Ta O2 5

(b)

Figure 3.2: (a) Optical transmittance of a low-Q cavity consisting of 3.5 layer pairs of Ta2O5/SiO2

and an SiO2 spacer layer. (b) Schematic drawing of the cavity structure.

consists of 3.5 layer pairs of Ta2O5/SiO2 and an SiO2 spacer layer on an Al2O3

substrate. Individual deposited film thicknesses are 42nm in case of Ta2O5, 67nm

in case of the SiO2 λ/4 layers and, accordingly, 2×67nm = 134nm in case of the

SiO2 λ/2 spacer layer. The resonance of the cavity is observed at λc = 396nm and
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Optical properties used to characterize ZnO nanostructures

has a full width at half maximum of ∆λ = 6nm. The quality factor is calculated by

Q ✏ λc④∆λ (3.6)

[71] and is determined to be Q = 66 in this case.

Higher Q-factors and, for this reason, higher reflectivities R of individual Bragg

mirrors can be achieved by a large number N of dielectric layer pairs. The

reflectivity at normal incidence may be calculated by

R ✏
✒

n0 ✁ ns♣n1④n2q2N

n0 � ns♣n1④n2q2N

✚2

(3.7)

✓
✒

1✁ ♣n1④n2q2N

1� ♣n1④n2q2N

✚2

,

where n1 ➔ n2, ns is the refractive index of the substrate and it is assumed that

n0 = 1 (air) [72]. The bandwidth ∆ω of the Bragg mirror may be calculated by

∆ω ✏ 4ωc

π
arcsin

✂
n2 ✁ n1

n2 � n1

✡
, (3.8)

where ωc is the center frequency of the stopband [73].

3.2 Photoluminescence emission

Exposing a semiconductor to light which has a photon energy Eph larger than the

bandgap energy Eg results in electron-hole pairs which recombine after a short

period of time. The energy generated by this recombination can be released in

different forms, e.g., as phonons, Auger electrons or photons. The emission of

photons is called photoluminescence and is distinct in direct semiconductors such

as ZnO. Both the maximum of the valence band energy and the minimum of the

conduction band energy are located at the same wave vector. Therefore, only

a phonon with an energy of about 0.05meV is needed2 to fulfill conservation of

momentum for a photon with an energy of a few electron-volts. Since 0.05meV is

far below thermal energy at room temperature (25meV) it can be provided easily by

thermal excitation enabling optical transitions. The detection of photoluminescence

2given the speed of sound is a few thousand meters per second
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3.3 Stokes shift

emission allows to draw conclusions about the energy of excitons. Also, defect

levels can be identified since different defects result in the emission of light with

different wavelengths.

3.3 Stokes shift

Comparing the photoluminescence emission energy EPL to the optical bandgap en-

ergy Eg resulting from transmittance measurements, the so-called Stokes shift can

be identified. It is defined as the energy difference between absorption and emis-

sion (= Eg ✁ EPL). Figure 3.3 illustrates the phenomenon. The photoluminescence

emission is observed at energies below the absorption.
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Figure 3.3:

Illustration of the Stokes shift [74].

The origin of the Stokes shift in quantum dots is still under debate. It is not

even clear whether it is a positive of negative property of the samples. An increase

of the Stokes shift with decreasing particle size was observed for ZnO quantum

dots and attributed to the exciton localization, meaning that the localization is

enhanced by the decrease of the particle size [75, 76]. Attributing the Stokes shift

to localization implies that quantum dots with large Stokes shifts have higher

luminescence efficiency, since non-radiative recombination is suppressed by the

localization. However, high Stokes shifts were also used as a negative indicator of

the sample quality [77].

In bulk wide bandgap semiconductors, the Stokes shift is caused by the inho-

mogenous broadening of the exciton density of states due to spatial fluctuations in

composition [74]. In photoluminescence measurements, the generated excitons are

observed at the low-energy side after relaxation processes. In contrast, absorption
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Optical properties used to characterize ZnO nanostructures

appears over the entire energy range leading to the observed energy shift between

absorption and emission. Possibly, a similar mechanism occurs in an ensemble of

differently sized quantum dots: The excitons relax towards the low-energy side of

available states, i.e., propagate from smaller to larger quantums dots. However,

the physical mechanism of such a dot-to-dot transfer is not clear.

Bagga and coworkers developed a different model and successfully compared

their theoretical data to experimental values of CdSe quantum dots [78]: The

Stokes shift originated from a splitting of the exciton states by electron-hole

exchange interaction. After generation of the exciton, the electron and hole are

in a singlet state and first have to thermalize into a triplet state with the help

of phonons. Only from this triplet state, recombination is quantumechanically

permitted. ZnO is similar to CdSe considering the wurtzite crystal structure,

i.e. impact of the crystal field, and the large effecive masses. Both properties

are important conditions for the validity of the model. This explanation is more

plaubsible than the inhomogeneous broadening of the exciton density of states by

different dot sizes since the theoretical background is sound and is not leaving any

open questions concerning energy transfer mechanisms.

3.4 Optical modelling for ellipsometry

Ellipsometry3 is used to determine the film thickness, the refractive index n and

the extinction coefficient k. n and k depend on the wavelength λ of the incident

light. Ellipsometry does not yield these values directly, but requires a fit of an

optical model that implies the refractive index and the extinction coefficient. For

transparent materials it is common to use the empirical Cauchy equations which

are

n♣λq ✏ An � Bn

λ2
and (3.9)

k♣λq ✏ Ak �
Bk

λ2

[79]. An, Ak, Bn and Bk are specific for each material and are used as fitting

parameters.

3see section 4.6.3
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3.4 Optical modelling for ellipsometry

The empirical Sellmeier model is also suitable for transparent materials:

n2♣λq ✏ 1� B1λ2

λ2 ✁ C1
and (3.10)

k♣λq ✏ 0

[79]. In both models terms with higher orders of λ, i.e. λ4 etc., can be added to

increase accuracy. They are simple and can be implemented easily. The results

are sufficiently correct for materials like SiO2 and Ta2O5 when applied in the

visible spectral region far away from the optical bandgap of Eg, SiO2 = 8.9eV and

Eg, Ta2O5 = 4.1–4.2eV, where there is no fundamental absorption of these materials

[80, 81]. Both models do not obey Kramers-Kronig relations which characterize

the relationship of the refractive index and the extinction coefficient and are

indispensable for causality.

In case of ZnO, the bandgap energy is in the near-UV spectral region which

makes fundamental absorption more important. The Sellmeier equation for n can

also be used for ZnO, however, the absorption below the band edge as well as the

excitonic structure below and near the direct band have to be taken into account

by an expression of k as

k♣λq ✏ Akλe
✁Bk

✁
1

Ck
✁ 1

λ

✠
(3.11)

[82].

31





4 Experimental techniques

4.1 Sample preparation via radio-frequency magnetron

sputtering

All samples investigated in this thesis were prepared by radio-frequency (RF)

magnetron sputtering. Sputtering provides a fast and comparatively low-cost way

of preparation and is already widely used in industry, e.g., for thin film production

in semiconductor industries, compact disc coating or front contact coating of solar

cells. It is therefore an ideal technique with regard to future mass production.

The principle of magnetron sputtering is illustrated in figure 4.1. A standard

magnetron sputtering system consists of a negatively charged cathode, strong

magnets—commonly rare earth—to generate a permanent magnetic field and a

target which consists of the required material. The system is pumped down to

pressures between 10-6–10-8mbar, depending on the construction of the machine.

After evacuation, a sputtering gas such as Ar is introduced into the chamber.

Typical working pressures are in the order of 10-3mbar.

Figure 4.1:

Bombardment of the target with gas

ions (purple) generates particles (light

yellow). The particles hit the substrate

by ballistic transport.

By applying a voltage to the cathode, a gaseous plasma is generated (purple
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cloud) and the positively charged gas ions (purple circles) are accelerated towards

the target (light yellow). The particles which are generated by erosion of the

target (light yellow circles) hit the surface of a substrate by ballistic transport,

resulting in a thin coating. The magnets are arranged in a way that their field

traps the electrons (blue circles) near the surface of the target to keep them from

bombarding the substrate and instead generating more ions out of the still (or

again) neutral gas atoms. If desired, a reactive gas such as oxygen or nitrogen can

also be introduced into the chamber which facilitates the sputtering of oxides or

nitrides from metallic targets. To avoid charging effects of dielectric targets or

targets with low conductivity, an RF field is applied instead of a DC field.

Two different sputtering machines were used for sample preparation. Except

for samples containing ZnO quantum dots, all samples were prepared in a Leybold

Z400 sputtering machine. The lowest possible base pressure was 1×10-6mbar.

This still left enough residual oxygen to oxidize samples effectively even when they

were sputtered from metallic targets without adding oxygen as sputtering gas. This

is a significant drawback, since a substantial variation of the oxygen concentration

in (Zn,Co)O samples, that was explicitly desired, could not be achieved. However,

at that time there was no alternative sputtering system available. The working

pressure was directly given by the gas flow, since the pump capacity could not be

reduced, e.g., by partially closing a gate valve. This further reduced the flexibility

of the system.

Later on, the aquisition of an ATC Orion 5 UHV sputtering machine manu-

factured by AJA International, Inc. enabled much lower base pressures down to

1.3×10-8mbar and accordingly better control of the experimental conditions. That

facilitated the fabrication of ZnO quantum dots in a clean and stable deposition

environment. In constrast to the Z400 system, the sample holder of the ATC Orion

could be rotated which resulted in homogeneously thick layers. If a gradient in

thickness was desired, e.g., for tuning resonances in optical cavities within one

sample, the rotation could be switched off. Deposition of SiO2 onto a 10cm diame-

ter Si wafer at a power of 150W and a working pressure of 4×10-3mbar at 140mm

working distance yields a remarkable uniformity of ± 2.08% [83].
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4.2 X-ray diffraction

4.2 X-ray diffraction

X-ray diffraction (XRD) is a standard technique to obtain information about crystal-

lographic properties of the sample, such as lattice parameters or quality of the film.

XRD was performed using a Siemens D5000 diffractometer in the Bragg-Brentano

configuration which is shown in figure 4.2. The X-ray gun is operated at 30mA and

40kV and emits Cu K radiation. A crystal monochromater is used to filter Cu Kβ

radiation and bremsstrahlung, leaving the Kα1
and Kα2 radiation for measurements.

The Cu Kα2 cannot be filtered, causing the reflections to be slightly asymmetric or—

if the crystalline quality is high enough, as it is in single crystalline substrates—to

be split into two discrete reflections. The focal point of the crystal monochromator,

the entrance slit of the detector and the sample are located on the focusing circle.

In addition, the focal point and the entrance slit of the detector are located on

the measuring circle. Since the X-ray gun and hence the focal point of the crystal

monochromator conveniently are a at fixed position, the sample and the detector

are rotated in a way that once the sample is rotated by an angle θ, the detector is

rotated by 2θ. This scan mode is called locked-coupled or θ④2θ configuration and is

the most convenient way to scan.

X-ray gun

scintillation
counter

θ 2θ
sample

crystal
monochromator

S1: crystal entrance slit
S2: crystal exit slit
S3: slit at focal point of crystal
S4: slit to block scattered X-rays
S5: slit at detector determines resolution

S1

S2

S3

S4

S5

Figure 4.2: Bragg-Brentano configuration of the X-ray diffractometer D5000 [84].

The resolution is significantly determined by the detector entrance slit (S5). It

was set to 0.1mm which results in an opening angle of 0.03° [84]. Slit S4 which

reduces detection of scattered instead of properly diffracted X-rays was set to
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0.6mm resulting in an opening angle of 0.3° [84]. S3 at the focal point of the

crystal monochromator is used to limit the irradiated sample area and was set to

0.2mm.

To evaluate the θ④2θ diffraction patterns, Bragg’s law can be applied which

gives the reciprocal lattice spacing drec depending on the wavelength of the X-ray

radiation λCu = 1.5406Å and the diffraction angle θ:

λCu ✏ 2drec sin θ (4.1)

[85, 86]. Note that X-ray diffraction as well as electron diffraction in transmission

electron microscopy always yields reciprocal lattice paramaters arec and crec. Since

ZnO is hexagonal, arec has to be converted into the real space lattice parameter a

via

a ✏ 2❄
3
☎ arec (4.2)

whereas the real space lattice parameter c equals crec. See figure 1.1 for explana-

tion of the lattice parameters in ZnO.

From an XRD pattern, the mean grain size D of spherical crystallites may be

calculated by using the Scherrer formula

D ✏ 0.9 ☎ λCu

FWHM ☎ cos θ
(4.3)

with FWHM representing the full width at half maximum (in radians) of the in-

vestigated diffraction peak. This formula is well known from XRD, but may also

be applied to selected area electron diffraction1 [87, 88]. The wavelength of the

incident radiation then has to be replaced by the de Broglie wavelength of the

electrons.

4.3 Electron microscopy

Transmission electron microscopy (TEM) was used to investigate the microstruc-

ture of the samples. All TEM images were recorded in the group of Prof. Dr. Dagmar

1see section 4.3
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Gerthsen at the Karlsruhe Institute of Technology under supervision of Dr. habil.

Reinhard Schneider. Cross sectional TEM samples were prepared using standard

preparation techniques, including grinding, polishing to a thickness of about 10–

20µm, dimpling, and finally Ar�-ion thinning. Conventional and high-resolution

TEM (HRTEM) images and selected-area electron diffraction (SAED) measure-

ments were taken at a Philips CM 200 FEG/ST microscope. Electron energy loss

spectroscopy (EELS), scanning transmission electron microscopy (STEM) by means

of a high angle annular dark field detector (HAADF) and energy filtered TEM

(EFTEM) images as well as energy dispersive X-ray analysis (EDX) were obtained

using a Zeiss LEO 922 Omega and a Philips CM 20 FEG/GIF200 microscope. An

FEI Titan 80–300 cubed system was available for HAADF STEM, X-ray mapping

and additional (HR)TEM images, EELS and EDX measurements.

Figure 4.3 illustrates the principle of a TEM which is similar to a conventional

optical microscope. The incident electrons pass through the sample and are

collected with an objective lens to form the image in the image plane. A diffraction

pattern of electrons which are diffracted under the same angle 2θ is created in the

back focal plane. Figure 4.4 illustrates different modes of operation. To obtain a

objective lens

back focal plane
(reciprocal space)

image plane
(real space)

diffraction pattern

electron
microscope
imageelectron

beam

specimen
(real space)

2θ

2θ

Figure 4.3: Principle of a transmission electron microscope according to [89]. The incident electrons

pass through the sample and are collected with an objective lens to form the image. In

the back focal plane, a diffraction pattern is created.

bright-field (BF) image, an aperture is introduced in the back focal plane in a way

that only the direct beam contributes to the image (figure 4.4a). On contrast, a

dark-field (DF) image is obtained when the aperture is used to select a diffracted

beam to form the image and the direct beam is blocked (figure 4.4b). Since
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Rutherford scattering of electrons is stronger for elements with higher atomic

number Z, BF and DF images differ in intensity: bright areas in the BF image are

caused by light elements and bright areas in the DF image are caused by heavy

elements, i.e., there is an element contrast in these two images.

(a) (b) (c)

transmitted beam
diffracted beam

Figure 4.4: Illustration of different TEM modes of operation: (a) bright-field mode, (b) dark-field

mode and (c) high resolution mode.

In general, contrast between two adjacent areas in a TEM image is created either

by difference in amplitude or in phase of the electron wave. Amplitude contrast

can be split into mass-thickness contrast and diffraction contrast. Mass-thickness

contrast arises from Rutherford scattering which is incoherent, elastic, forward

peaked and a strong function of the atomic number Z and the thickness of the

sample. Consequently, an inhomogeneous thickness of the sample will lead to

contrast in the TEM image since thicker regions will scatter more electrons than

thinner regions. Also, regions with high Z will scatter more electrons than regions

with low Z. Due to its high intensity in forward direction, mass-thickness contrast

is visible well if the image is taken at low angles.

Diffraction contrast is most prominent in crystalline samples and arises from

coherent elastic scattering, i.e., Bragg diffraction of the electron wave. Diffraction

contrast can be caused either by different crystal structures in adjacent regions or

by different crystal orientation.

Phase contrast is always present if more than one beam contributes to the

image (figure 4.4c). Generally, the resolution of the image can be increased by

collecting more beams, so phase contrast is closely related to high-resolution TEM

(HRTEM) which yields atomic resolution. HRTEM images are suitable to investigate
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4.3 Electron microscopy

crystallographic properties of the sample. They can be evaluated additionally using

fast Fourier transformation (FFT) which yields a diffraction-like pattern, that can

be used, e.g., to obtain information about lattice parameters. Note that the ability

to distinguish between the different kinds of contrast is a key qualification when

interpreting TEM images.

Besides BF, DF and HRTEM images, TEM holds a variety of other imaging

techniques. In selected area electron diffraction (SAED), an aperture is used to

select an area in the image plane which is formed by the objective lens. This results

in a virtual aperture in the plane of the sample, allowing only electrons from the

selected part of the sample to contribute to the diffraction pattern. The resulting

pattern can then be used to identify the crystal structure along with the lattice

parameters and the orientation of crystallites towards each other or towards the

substrate. It usually originates from a larger area of the sample than the FFT of a

HRTEM image. As in XRD, equation 4.1 can be used to determine the reciprocal

lattice parameters and equation 4.2 for the conversion of reciprocal to real space

parameter a. The X-ray wavelength then has to be substituted by the de Broglie

wavelength of the electrons which is, e.g., 2.7424pm for an accelerating voltage

of 200kV. Compared to λCu = 1.5406Å, the de Broglie wavelength is about an

order of magnitude smaller and hence the diffraction angles are smaller. Whereas

diffraction angles of typically 30°–50° are used in XRD (although smaller and larger

angles exist of course), the angles in SAED are about 1° and less.

Many microscopes also allow for the operation in a scanning mode (STEM) in

which the electron beam scans over the sample. The technique is useful because

no lenses are required to form an image. The image resultion is effectivly limited

by the beam diameter and not by defects in the imaging lenses, e.g., chromatic

aberration. However, the STEM image quality depends on the lenses used to

create the probing electron beam. The beam itself has to remain parallel to the

optic axis at all times, since a change in the incident direction would lead to

different diffraction properties making data evaluation nearly impossible. The

beam properties are realized by two scan coils which are used to shift the beam

before hitting the sample. Like all scanning techniques, STEM uses serial recording

instead of parallel recording as in standard TEM, so the obvious drawback is higher

time consumption. Deduced from STEM, the high-angle annular dark-field (HAADF)

STEM or so-called Z-contrast technique can be used to distinguish elements with
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different atomic number Z well. Thereby, the image is not recorded using the

direct but the diffracted beam. The detector is an annular DF detector which

sourrounds the BF detector. The image is recorded using electrons which were

scattered at high angles, so the Z-contrast is prominent: Rutherford scattering

effects are maximized at high angles, but the intensity is low since the scattering

is predominantly forward peaked. Contrast due to diffraction at high angles is

smoothed out.

The TEM techniques discussed so far yield information about the sample morphol-

ogy and the crystal structure. However, it is also interesting to obtain information

about the elemental composition of the sample, qualitativly as well as quanti-

tatively. For this purpose, energy-dispersive X-ray analysis (EDX) and electron

energy-loss spectroscopy (EELS) are appropriate techniques. EDX is based on the

detection of element specific X-rays caused by the impact of the electrons and can

be implemented in a standard electron microscope, i.e., no transmission electron

microscope is needed. The X-rays are analyzed in intensity vs. their energy. By

evaluating the absolute number of X-ray photons, even a quantitative analysis is

possible. A Be window is commonly used to shield the detector which is usually

cooled with liquid N2 from the main chamber. However, X-rays with energies below

✒ 1keV are absorbed by the window and hence the Kα X-rays of light elements such

as B, C, N, and O cannot be detected. Additionally their detection is complicated

by the fact that light elements predominantly relax from an excited state by the

emission of an Auger electron instead by the emission of an X-ray photon. Although

EDX can identify even quantitatively, it is useful to apply EELS to get information

about the light elements. In EELS, the energy distribution of the transmitted

electrons is analyzed. The energy-loss of the electrons which arises from inelastic

collisions—usually with other electrons—yields information about the chemistry

and the electronic structure of the atoms. EELS offers a higher analytical sensitiv-

ity2 and a better spacial resolution than EDX. However, EELS is more challenging

as an experimental technique. Whereas EDX can be performed with a standard

scanning electron microscope, a TEM is required to obtain EEL spectra. [89]

Conventional scanning electron microscopy (SEM) images, Ga ion beam milling

and EDX analysis which was averaged over an area of 400×550µm2 could be

performed in a Zeiss CrossBeam 1540XB at the University of Konstanz.

2less than 1eV in energy resolution
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4.4 X-ray absorption and X-ray magnetic circular dichroism

4.4 X-ray absorption and X-ray magnetic circular

dichroism

X-ray absorption (XAS) of a material yields information about the chemistry and

electronic structure of the atoms, similar to EELS. X-ray magnetic circular dichro-

ism (XMCD) additionally gives information about the magnetic behavior of the

elements.

To measure XAS of a sample, electrons are excited with X-rays from core levels

to unoccupied states in the conduction band which is achieved by synchrotron

radiation. The relaxation of these electrons into their ground states is accompanied

by the emission of Auger electrons. The number of emitted Auger electrons will be

high, if the energy provided by the X-rays matches a transition energy from a core

level to the unoccupied states. Hence, the intensity of Auger electrons vs. X-ray

energy yields information about the energy of core level states. The position of

the maximum in intensity is element specific and also characteristic for different

oxidation states. For direct observation of the X-ray absorption the samples have

to be thin. This is inexpedient and therefore not the absorption is detected but the

current which is needed to replace the emitted electrons or the emitted electrons

themselves. The measurement is surface sensitive because of the short escape

depth of electrons.

Figure 4.5 explains the origin of an XAS spectrum. The 2p level holds six

DOS

Energy, E

2p3/2

2p1/2

(a)

d states

s, p
states

DOS

Energy, EEF

(b)
XAS L3

L2

Photon energy, Eph

(c)

+

Figure 4.5: Explanation of the origin of an XAS spectrum. The DOS of the 2p core levels (a) are

convoluted with the DOS of the empty valence states above EF (b) (area shaded gray).

The two peaks in the XAS spectrum (c) are resulting from 2p to 3d transition whereas the

step function (gray line) originates from transition to emtpy s and p states. [90]

electrons and is split by spin-orbit interaction into two sub-levels called 2p1④2 and

2p3④2 with total angular momentum j = 1⁄2 and j = 3⁄2, respectively. The 2p1④2 state

itself holds two electrons with z-components mj = ± 1⁄2 whereas the 2p3④2 state holds
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the other four electrons with z-components mj = ± 1⁄2 and mj = ± 3⁄2. By convention,

the 2p1④2 to 3d transition is called L2-edge, whereas the 2p3④2 to 3d transition is called

L3-edge. The density of states (DOS) of the 2p core levels (figure 4.5a) is convoluted

with the DOS of the empty valence states above the Fermi energy EF (figure 4.5b,

area shaded gray). The two peaks in the XAS spectrum (figure 4.5c) are resulting

from 2p to 3d transitions whereas the background (gray line) originates from

transitions to empty s and p states. Since magnetism in transition metals is caused

by the 3d states, the background is usually subtracted via a step function.

To measure XMCD, a magnetic field is applied to the sample and two XAS spectra

are recorded with polarized X-rays for two opposite field directions. The intensity

of the individual transitions3 is given by the according dipol matrix element which

takes into account the helicity of the indicent X-rays. The intensity is different for

spin-up and spin-down oriented electrons, but it is also different for 2p1④2 and 2p3④2

electrons yielding four different transition possibilities as shown in figure 4.6 for

right circularly polarized X-rays. For j = 3⁄2 the transition possibility for spin-up

j = 3/2

j = 1/2

75%25%

empty 3d states

62.5% 37.5%

Figure 4.6:

Probabilities of transitions from 2p to

3d caused by right circularly polarized

X-rays separated by spin and total an-

gular momentum j.

electrons is 62.5% and thus significantly higher than for spin-down electrons which

is 37.5%. For j = 1⁄2 the asymmetry is vice versa, i.e., the transition possiblity is

higher for spin-down (75%) than for spin-up electrons (25%). If a magnetic field

is applied, it introduces a spin-polarization at the Fermi energy which lies in the

empty 3d states. Hence the number of available states is different for spin-up and

spin-down electrons. Since a spin-flip is quantumechanically prohibited for dipole

transitions, the polarization of the light is preseved by the spin orientation of the

electron. Consequently, the asymmetry in transition possibilities combined with

the spin polarization at the Fermi energy results in a difference of the XAS spectra

32p1④2 to 3d and 2p3④2 to 3d
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4.5 Magnetic characterization using a superconducting interference device

depending on the helicity of the X-rays and the direction of the applied magnetic

field. This is illustrated in figure 4.7a for fixed X-ray helicity aligned parallelly (ÒÒ,
black) and antiparallelly (ÒÓ, blue) with respect to the applied magnetic field. The

XMCD spectrum (figure 4.7b) is computed by subtracting ÒÒ from ÒÓ. Since the

XMCD effects are of opposite sign for the L2 and L3 edge, the resulting spectrum

shows a positive and a negative peak.

XAS L3

L2

Photon energy, Eph

(a)

Photon energy, Eph

XMCD
(b)

L3

L2

↑↑↑↑

0

0

Figure 4.7:

(a) Two XAS spectra obtained for par-

allel (ÒÒ, black) and antiparallel (ÒÓ,
blue) alignment of the helicity of the X-

rays and the direction of the magnetic

field. (b) XMCD spectrum obtained by

subtracting ÒÒ from ÒÓ. [90]

XMCD spectra allow for the determination of the orbital and spin angular mo-

mentum ①Lz② and ①Sz② by applying the sum rules. The momenta depend essentially

on the integral of the XMCD peaks and the number of holes in the valence band.

An excellent introduction to XMCD with further information is given in [90].

XAS- and XMCD-spectra of (Zn,Co)O samples were recorded at the bending

magnet beamline PM 3 at BESSY II (Berlin, Germany) in the surface sensitive total

electron yield (TEY) mode at room temperature with a typical energy resolution of

E/∆E = 5000. A maximum external field of ± 2T was applied, using a fast switching

superconducting magnet system to flip the external field at each energy data point

within 6s. XAS of (Zn,Mn)O samples were recorded at the WERA beamline at

ANKA (Karlsruhe, Germany) with an energy resolution of E/∆E = 2400 at the Mn

L2,3-edge.

4.5 Magnetic characterization using a superconducting

interference device

Although XMCD provides element specific information about the magnetic proper-

ties of a sample, it is not suitable for everyday use since synchrotron radiation is

required to perform the measurements. Standard magnetic characterization—not

element specific—was performed using a superconducting quantum interference

device (SQUID) MPMS XL5 manufactured by Quantum Design. Magnetization
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can be recorded in a temperature range from 1.9–400K and in external magnetic

field of up to ± 5T. The MPMS XL5 consists of several superconducting parts

which are a magnet to generate large magnetic fields, a detection coil coupling

inductively to the sample, a SQUID sensor connected to the detection coil and a

magnetic shield surrounding the SQUID. Figure 4.8 shows a schematic drawing

of the detection circuit including the pick-up loop (figure 4.8a) and the readout

circuit (figure 4.8b). The MPMS XL5 is operated as a second order gradiometer

+1

-1
-1

+1

sample

magnetic
field

pick-up loop

magnetic
field

input coil

Josephson
junction

SQUID
sensor

current

(a)

pick-up loop
(simplified)

voltage
readout

(b)

readout coil
RF bias

Figure 4.8: (a) Second-order gradiometer superconducting detection coil (pick-up loop) according

to [91]. (b) SQUID sensor coupled to the pick-up loop via an additional input coil. The

readout coil is used to obtain a voltage via the current which is induced by the SQUID

sensor and to supply the SQUID sensor with an RF bias [92].

which increases the sensitivity since external stray fields are almost homogeneous

at the detection coil, i.e., do not exhibit a field gradient, and accordingly do not

influence the measurement. In contrast, a sample close by will possess a strong

gradient and have a high contribution to the collected signal. The MPMS XL5 holds

an RF SQUID sensor which is composed of a superconducting ring incorporating a

Josephson junction [91]. The SQUID sensor is coupled inductively to an RF tank

circuit which is operated at its resonance frequency. The tank circuit is used to

apply an RF bias to the SQUID sensor as well as for signal readout.

A superconducting ring can only hold an integral multiple of magnetic flux quanta

φ0 ✏ h④♣2eq where h is the Planck constant and e is the elementary charge. If a

magnetic field is applied to the ring, supercurrents are induced to preserve the
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4.6 Optical characterization

flux state of the superconducting loop. However, there is a critical supercurrent,

i.e., also a critical magnetic field and a critical bias current, above which the

superconductor becomes a normal conductor. In the normal conducting state,

a flux quantum can tunnel in or out of the superconducting loop. The RF bias

is applied in a way that it periodically switches the Josephson junction—which

has a small diameter and hence a lower critical current than the ring—from

the superconducting to the resistive mode. In the normal conducting state the

Josephson junction consumes energy which is extracted from the tank circuit.

Consequently the tank circuit is damped and the voltage at the capacitor is reduced.

The voltage drop is proportional to the flux applied to the SQUID sensor. An

additional external field applied to the SQUID sensor by a sample will change the

flux through the ring and can be measured by a voltage drop. The SQUID is able

to detect changes in the external field which approach 10-15 T, yet it can also be

operated with fields in the order of a few teslas. [93]

4.6 Optical characterization

The optical properties of the samples were characterized by measuring the photo-

luminescence emission and the optical transmittance. These techniques provide

access to the optical bandgap energy and reveal the existence of excitons. Ellip-

sometry was applied to determine the film thickness and the refractive index as

well as the extinction coefficient.

4.6.1 Optical transmittance

Optical transmittance T was measured using either a commercial Agilent 8453E

UV-Vis spectrometer with a resolution of 1nm or—for measurements requiring a

higher resolution—a spectrometer built of a Hamamatsu L9455-11 Xe flash lamp,

an Acton SpectraPro SP2358 monochromator and an Andor Newton DU920P-BU

CCD camera. The setup is shown in figure 4.9. Typical exposure time was 0.5 s.

A UV grade optical fibre QP230-2-XSR fabricated by Ocean Optics was attached

to the flash lamp. The light was collimated using an Ocean Optics 74-UV collimating

lense made of fused silica which was designed for 200–2000nm. The light was

focused to a spot size of 0.5mm using a pinhole and two UV grade lenses. The
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Figure 4.9: Setup for high resolution transmittance measurements using a Hamamatsu L9455-11 Xe

flash lamp and spectrometer composed of an Acton SpectraPro SP2358 monochromator

and an Andor Newton DU920P-BU CCD camera.

monochromator was equipped with three gratings of which the 1200 l/mm grating

was chosen for measurements (blaze wavelength 500nm). The flash frequency

was chosen to be 50Hz and the final spectrum was averaged over 100 individual

accumulations. The entrance slit of the monochromator was opened to 75µm.

4.6.2 Photoluminescence emission

The experimental setup to measure UV photoluminescence emission is drawn

schematically in figure 4.10. A HeCd cw-laser manufactured by KIMMON Koha

Co., Ltd. (model no. IK3151R-E) with maximum power of 23mW was used for

excitation. The laser light was damped by a metallic neutral density (ND) filter

wheel to gain excitation powers of 0.5–2mW. The emission wavelengths of a

HeCd laser are 325nm and 441.6nm. Model no. IK3151R-E is designed to emit

325nm only, however, a small fraction of 441.6nm was still detectable. Hence,

a prism served to separate the two lines. UV enhanced Al mirrors on fused

silica substrates were used to obtain maximum reflectivity in the UV spectral

region. The photoluminescence emission was collected using a Mitutoyo Plan-

NUV objective with a magnification of 100x and a numerical aperture (NA) of

0.5. The light was focused into a spectrograph consisting of an Acton SpectraPro

SP2358 monochromator and an Andor Newton DU920P-BU CCD camera. Typical

exposure times of the CCD chip were 0.1–0.5 s, depending on the intensity of

the photoluminescence emission. Lenses were made of fused silica with UV anti-

reflection coating. The monochromator was equipped with three gratings: 150 l/mm

(blaze wavelength 500nm), 300 l/mm (blaze wavelength 300nm) and 1200 l/mm

(blaze wavelength 500nm).
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Figure 4.10: Setup for photoluminescence emission measurements using a HeCd laser, a 100x

Mitutoyo Plan-NUV objective and a spectrograph consisting of an Acton SpectraPro

SP2358 monochromator and an Andor Newton DU920P-BU CCD camera.

The sample was excited from the side to avoid exposure of the objective to direct

laser light, because the objective itself shows luminescence emission. Although the

objective was not directly exposed, it still collected enough laser light scattered

by the sample to possibly damage the highly sensitive CCD camera. Hence, a

dielectric long pass filter4 was used to block intense laser light from the CCD

camera. However, Fabry-Pérot interference fringes of the filter were observed in

the green to red spectral region of the photoluminescence measurements, that

could not be eliminated. To align the optical components, it was necessary to also

have a direct laser beam through the objective with little power falling onto the

CCD. This beam had to be convertible into the beam used for side exposure without

moving the components. Therefor, one mirror was mounted on a flip mount and

could be switched into the direct beam path (see figure 4.10).

4.6.3 Ellipsometry

Ellipsometry measurements which were performed with a spectroscopic imaging

ellipsometer EP3-SE manufactured by Nanofilm Technologie GmbH5 were used to

determine film thickness and refractive index as well as the extinction coefficient.

Exact knowledge of these parameters in dielectric mirrors is essential to fabricate

4RazorEdge® LP03-325RU by Semrock
5now Accurion GmbH
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high-Q optical cavities.

Ellipsometry makes use of the fact that reflection of light from a surface leads to

a change in its polarization. By detecting the difference in polarization compared

with the incident beam, conclusions can be drawn about film thickness and optical

properties. Figure 4.11 shows a standard setup for nulling ellipsometry.

light source
CCD

A

objective

P

C

sample

stage

Figure 4.11:

Schematic drawing of a nulling ellip-

someter according to [94]. Abbrevia-

tions stand for polarizer (P), compen-

sator (C) and analyzer (A).

The sample is illuminated with polarized monochromatic light which in case of

the EP3-SE is generated by a laser, a Xe arc lamp, a polarizer and a compensator

plate. The system allowes for a variation of the wavelength of the incident light

from 365nm to 1000nm using a filter wheel equipped with 46 color filters. Hence

the refractive index and the extinction coefficient could be determined as a function

of the wavelength. Before hitting the sample the light passes through a combination

of a polarizer P and a compensator plate C which both change the polarization of

the incident light in a way that the light reflected from the surface of the sample

is linearly polarized. An objective is used to collect the reflected light and the

analyzer A is rotated in a way to minimize the light intensity at the CCD camera.

This approach is called nulling. It is the most exact and sensitive way to measure,

since angles are measured instead of light flux, avoiding problems of the stability

of the light source or non-linearity of the detectors. In a typical measurement cycle,

C is held at a fixed position and P and A are rotated. There are four independent

combinations of P, C and A which all lead to a mininum in light intensity at the CCD

camera.6 By measuring all four combinations, the accuracy can be increased which

proved to be crucial. A major drawback of the EP3-SE is the limited possibility to

measure in near-UV spectral region which is essential to characterize the desired

6C at ± 45° each time combined with two orthogonal positions of P
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optical properties of ZnO.

An ellipsometric measurement effectively yields a combination of the so-called

ellipsometric angles ∆ and Ψ. These cannot be solved analytically for the refractive

index or the extinction coefficient. Also the extraction of the film thickness is

not straightforward. Hence a model has to be defined, from which the expected

ellipsometric angles are calculated and which is then fitted to the data. The

applicability of this model is the most crucial and difficult part in ellipsometry.

Several models and their scope of application were introduced in section 3.4.
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5 The mixed oxide (Zn,Mn)O:

ferromagnetism induced by phase

segregation

5.1 Current state of research

ZnO doped with Mn attracted considerable attention after Dietl et al. proposed

room temperature ferromagnetism for this material [15]. They suggested that

ferromagnetism was mediated by holes, so efforts were made to realize p-type

(Zn,Mn)O, e.g., by codoping with nitrogen followed by the investigation of the

influence of carriers [19, 20, 95–98]. Scientific progress however was slowed down

after the first promising attemps because reproduciblity of the experimental results

was poor. While many groups reported ferromagnetism [18–20, 96, 99, 100], other

groups could only find paramagnetism [101, 102] or antiferromagnetism [103, 104].

Banerjee et al. even reported vanishing ferromagnetism in pure ZnO after doping

with Mn [105]. It soon became evident that the magnetic properties of (Zn,Mn)O

strongly depended on the preparation conditions and that ferromagnetism might

not be an intrinsic property. Secondary phases such as various manganese oxides

were often dismissed as possible origin of the observed ferromagnetism since

except for Mn3O4, which is ferrimagnetic below its Curie temperature of 43K,

these oxides are antiferromagnetic or paramagnetic as bulk materials [95, 99, 100,

106–112]. The same applies to bulk mixed phases like ZnMnO3 or ZnMn2O4 which

do not show ferromagnetism but antiferromagnetism as well [113, 114]. It was pro-

posed that ferromagnetism is caused by a metastable Mn-rich Mn2-xZnxO3-δ phase

[115]. To some extent, this was validated by Costa-Krämer et al. and García et al.

who claimed that the origin of the ferromagnetism came from surface interactions

of ZnO and MnO2 nanoparticles or ZnO/Mn2O3 interface regions, respectively [112,
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116]. This model however is not able to account for all of the observed different

results. Schumm et al. studied ZnO which was heavily implanted with various

transition metals by Raman spectroscopy and X-ray diffraction and found formation

of ZnMnO3 and ZnMn2O4, however did not investigate the magnetic properties

[117]. A reasonable explanation for ferromagnetism in Mn-doped ZnO without

phase segregation was given by Straumal and coworkers, who related the ferro-

magnetism observed in numerous experimental publications to a ferromagnetic

grain boundary foam [65, 118].

5.2 Sample preparation

(Zn,Mn)O thin films with a thickness of 190–310nm were prepared by RF mag-

netron sputtering on Si(001) substrates from a metallic ZnMn target with a compo-

sition of 92:8wt.%. Pure N2 was used as sputtering gas with a working pressure

of 2.3✂10✁3mbar. Before sputtering, the chamber was pumped down to a base

pressure of ✒ 2✂10✁6mbar, leaving a high enough residual oxygen partial pressure

to provide complete oxidation of the (Zn,Mn)O films. During the deposition the

substrate was kept at 500°C. Post-annealing at 500°C was performed in either

Ar, O2 or N2 atmosphere. It was carried out in a rapid thermal annealing oven

RTP-1200-100 manufactured by Unitemp. The oven was equipped with an ILMVAC

MP 601 Tp diaphragm pump for evacuation of the annealing chamber down to a

base pressure of less than 2mbar. The samples were heated with a constant rate of

5 °C/s to a temperature of 500°C. The chamber was flushed during the annealing

process with the different gases at a flow rate of 100sccm.

Different Mn concentrations varying from 3.5at.% to 18.5at.% were achieved

by different sputtering rates which could be controlled by the RF input power

PRF. Low sputtering rates in the order of 2Å/s (PRF = 180W) yielded low Mn

concentrations whereas high sputtering rates up to 4.3Å/s (PRF = 300W) yielded

high Mn concentrations.

5.3 Mn-doped ZnO

Samples discussed in this section show low doping levels of 3.5at.% Mn. They

exhibit homogeneous element distribution with no evidence to the existence of

52



5.3 Mn-doped ZnO

secondary phases.

5.3.1 Structural properties

Figure 5.1 shows an XRD pattern of a (Zn0.93,Mn0.07)O sample directly after growth

(blue) and after heat treatment for 1h at 500 °C in N2 (red). The spectra have been

shifted vertically for clarity. The patterns can be indexed by reflections of wurtzite

ZnO and Si. The growth direction is predominantly [001]. The (101) reflection is

slightly visible. No secondary phases can be observed within the resolution of XRD.

Heat treatment does not influence the crystalline quality of the sample.
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Figure 5.1:

XRD pattern of a (Zn0.93,Mn0.07)O sam-

ple as grown (blue) and after heat

treatment for 1h at 500°C. The spec-

tra have been shifted vertically for clar-

ity.

The Si(002) reflection is barely visible since the according structure factor is

zero. However, the substrate is doped with P to an electrical resistivity of 1–20Ωcm

which leads to different atomic form factors so that the (002) reflection can be

observed.

5.3.2 Magnetic properties

The magnetic properties of the Mn-doped ZnO samples have been characterized

by SQUID, measuring the dependence of the magnetization on the magnetic field

at 10K and 300K as well as the dependence on temperature in a magnetic field

of 10mT under ZFC and FC conditions. The diamagnetic background caused by

the substrate was measured separatly and subtracted from the sample measure-

ment. Additional background is caused by the diamagnetic behavior of ZnO, that

automatically contributes to the measurement [119].
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Figure 5.2 shows M♣Hq and M♣Tq measurements for the sample as grown. The

sample is paramagnetic at 10K as well as at 300K (figure 5.2a). No ZFC/FC

splitting can be observed (figure 5.2b). The measurements can be fitted by a

Langevin function (equation 2.2) using the magnetic moment per Mn ion as conjoint

fitting parameter of all four curves, resulting in 3.7µB per Mn ion.

−6 −4 −2 0 2 4 6

Applied field, µ0H (T)

−40

−20

0

20

40

M
a
g
n
e
ti
z
a
ti
o
n
,

M
(1
0

3
A
/m

)

(a)

M at 300K

M at 10K

fit

fit

0 50 100 150 200 250 300 350 400

Temperature, T (K)

10−3

10−2

10−1

100

M
a
g
n
e
ti
z
a
ti
o
n
,

M
(1
0

3
A
/m

)

(b)
ZFC in 10mT

FC in 10mT

fit Figure 5.2:

Measurements of the magnetization of

a (Zn0.93,Mn0.07)O sample. (a) Mag-

netization at constant temperature

of 10K and 300K in dependence of

the applied field (dots) including the

fits using the Langevin function (solid

lines). (b) Magnetization at constant

field of 10mT in dependence of tem-

perature for FC (gray) and ZFC (blue)

conditions also including the fit (red).

The same analysis can be performed for the sample after heat treatment. The

result is shown in figure 5.3 for measurements at constant temperature (a) and

at constant magnetic field (b). Fitting the data with a Langevin function the same

way as in figure 5.2 yields 4.1µB per Mn ion.

The evaluation of the magnetic moment per Mn ions is based on the knowledge of

the film thickness and Mn concentration. These values are determined by ellipsom-

etry and EDX. Although no TEM investigations exist on this sample, comparisons of
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Figure 5.3:

Measurements of the magnetization of

a (Zn0.93,Mn0.07)O sample after heat

treatment at 500°C for 1h. (a) Mag-

netization at constant temperature

of 10K and 300K in dependence of

the applied field (dots) including the

fits using the Langevin function (solid

lines). (b) Magnetization at constant

field of 10mT in dependence of tem-

perature for FC (gray) and ZFC (blue)

conditions also including the fit (red).

EDX and ellipsometry measurements with TEM results of other samples proved a

good agreement between the different methods. The film thickness was determined

to be 480(20)nm and the Mn concentration to be 3.5(5) at.%. Both uncertainties

have direct impact on the magnetic moment per Mn ion which accordingly could be

wrong in the order of 20%, i.e., approximately 0.6µB in both cases. Compared to

this, the estimated error from the fit which is less than 1% can be neglected. Both

cases lead to magnetic moments which are less than 5µB per Mn ion which would

be ideal for Mn2+ in the typical high spin state. The reduced magnetic moment can

be explained by a contribution of Mn2+ in a low spin state or by Mn3+ contribu-

tions. Mn3+ is later shown to contribute significantly to XAS spectra of (Zn,Mn)O

samples with high concentration of Mn. The spin states of Mn are illustrated in

figure 5.4: Only Mn2+ in its high spin configuration shows a maximum of 5µB. The
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Mn2+ low spin configuration possesses only 1µB, whereas Mn3+ posseses 4µB and

2µB in its high and low spin configuration, respectively. The occupation can be

derived considering the crystal field splitting for d orbitals. Another reason for a

reduced magnetic moment could be the inaccurate substraction of the (unknown)

paramagnetic contribution of ZnO to the magnetization measurements.

[Ar] 3d 5

(b) Mn   low spin2+(a) Mn   high spin2+

[Ar] 3d 5

(d) Mn   low spin3+

[Ar] 3d 4

(c) Mn   high spin3+

[Ar] 3d 4

Figure 5.4: Possible spin states of the two different oxidation states of Mn. (a) and (b) show high

and low spin state of Mn2+, (c) and (d) show high and low spin state of Mn3+.

5.4 (Zn,Mn)O with high concentrations of Mn

Earlier studies by different groups revealed that Mn-doped ZnO can show phase

segregation even at low doping concentrations [107, 120]. This motivates the

search for the origin of the formation of such phases and their way of appearance.

Mn-doped ZnO with low concentrations of Mn does not show phase segregation.

However, in samples with high concentrations of Mn phase segregation could be

studied. Note that all TEM images and TEM related measurements except for

large area EDX scans were recorded in the group of Prof. Dr. Dagmar Gerthsen

at the Karlsruhe Institute of Technology under supervision of Dr. habil. Reinhard

Schneider.

5.4.1 Structural characterization

Figure 5.5 shows X-ray diffraction patterns of three different (Zn0.67,Mn0.33)O

samples as grown (a), annealed at 500°C for 1h under N2 atmosphere (b) and at

500 °C for 1h under Ar atmosphere (c). Gray lines display the measured data, blue

lines are curves with Pseudo-Voigt profiles fitted to the data to extract the lattice

parameters. The composition was determined by EDX by averaging over a large

area of 400×550µm2.

All XRD patterns can be indexed by wurzite ZnO, cubic MnO and the Si substrate.
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Figure 5.5: X-ray diffraction patterns of three different (Zn0.67,Mn0.33)O samples as grown (a) and

annealed for 1h at 500°C in N2 (b) or Ar (c). Apart from reflections by ZnO and Si, the

MnO(200) reflection is observed. The reflections become narrower by annealing, i.e., the

crystallites within the samples grow.

The reflection labeled with a star (✍) in figure 5.5(a) is presumably also MnO(200).

The large shift compared to the annealed samples can be explained by the lattice

distortion before annealing. Evaluation of the MnO(200) reflection yields an MnO

lattice parameter of a‖ = 4.34Å before and a‖ = 4.43Å after annealing parallel to

the [100] direction, shifting towards the lattice parameter of bulk MnO which is

4.44Å [121]. The results are identical for heat treatment in N2 and Ar.

An evaluation of the XRD patterns can also be done to obtain ZnO lattice param-

eters. The reflections shift towards higher diffraction angles. The heavily distorted

lattice with c = 5.30Å and a = 3.30Å relaxes during annealing towards lattice
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parameters of c = 5.24Å and a = 3.28Å. These are still large but closer to bulk

values than before heat treatment. The lattice parameters of ZnO decrease by

annealing, whereas the lattice parameter of MnO increases. This suggests a phase

separation during which the Mn and Zn atoms separate into their own phases.

Before annealing, the reflections are much broader than afterwards which is

due to the larger size of the crystallites after heat treatment. The smaller the

crystallites, the broader the reflection peaks. During the process of annealing,

the crystallites grow, i.e., the reflections become sharper. The diameter D of the

crystallites can be calculated using the Scherrer formula (equation 4.3). Evaluation

of the (101) and (002) diffraction peaks of ZnO yields a mean crystallite size of 6nm

before and 18nm after annealing. The crystallite sizes for the sample annealed in

N2 are identical to that annealed in Ar. The MnO (200) reflection yields crystallite

sizes of 6nm before annealing, 25nm in case of N2 annealing and 27nm in case of

Ar annealing. The MnO crystallites are oriented with their [200] direction parallel

to [001] of ZnO, otherwise further MnO reflections would be visible in the XRD

pattern. A summary of the XRD results is given in table 5.1.

as grown 1h in N2 1h in Ar literature

ZnO(002) c 5.30Å 5.24Å 5.24Å 5.20Å [36]
ZnO(101) a 3.30Å 3.28Å 3.28Å 3.25Å [36]

D 6nm 18nm 18nm

MnO(200) a‖ 4.34Å 4.43Å 4.43Å 4.44Å [121]
D 6nm 25nm 27nm

Table 5.1: Evaluation of the XRD patterns displayed in figure 5.5.

Note that the patterns in figure 5.5 are labelled with Roman numbers (I, II and

III), which denote different magnetic states as explained in the following section

concentrating on magnetic properties.

Figure 5.6 shows a TEM-BF image (a) and a HRTEM image (b) of a (Zn0.63,Mn0.37)O

state III sample which was annealed for 1h at 500°C in N2. The composition was

determined by EDX by averaging over a large area of 400×550µm2. The layer is

about 200nm thick and clearly not single crystalline, but composed of grains with

diameters of up to 50nm. XRD patterns of this sample reveal that the average

grain size is 36nm. The grains themselves are irregular and differently oriented.
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5.4 (Zn,Mn)O with high concentrations of Mn

This can also be seen by the SAED pattern displayed in figure 5.7a. A multitude

of diffraction spots are observed, resulting almost in a ring-shaped pattern for

reflections at low wave vectors as it is found for polycrystalline samples. From the

diffraction pattern an SAED linescan can be extracted which is shown in figure 5.7b

(red line) together with the simulated patterns for ZnO (green bars) and MnO (blue

bars).
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20nm

(b)

Si

(Zn,Mn)O

Figure 5.6: TEM-BF image (a) and HRTEM image (b) of a (Zn0.63,Mn0.37)O state III sample which was

annealed for 1h at 500°C in N2.

Figure 5.7: (a) SAED pattern of a (Zn0.63,Mn0.37)O sample. (b) SAED linescan with simulations for

ZnO and MnO with ideal bulk lattice parameters.

When using the bulk lattice parameters of ZnO and MnO as reported in liter-

ature, only the MnO(200) fits the simulated spectrum well. All other reflections

are observed at higher wave vectors, i.e., at smaller lattice parameters. This
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could mean that the MnO crystallites are distorted parallelly to the substrate,

i.e., perpendicular to the [200] direction. It would be conceivable that there are

two different lattice parameters in MnO so that the crystallites are not entirely

cubic but rather tetragonal. Fitting the hypothetical two lattice parameters to

the SAED linescan leads to a‖ = 4.42(1)Å for the lattice parameter parallel to

the [200] direction and a❑ = 4.39(2)Å for the lattice parameter perpendicular to

the [200] direction. Applying the fit to obtain wurtzite ZnO lattice parameters,

yields a = 3.238(8)Å and c = 5.24(1)Å. a‖ as well as the c-axis parameter of ZnO fit

excellently to the values obtained by XRD. The a-axis parameter of ZnO cannot be

determined by XRD in case of this sample since it is not observed.

Figure 5.8 shows the SAED linescan (red) together with the simulated patterns

using the lattice parameters obtained by the fit to a tetragonal lattice structure

of MnO and standard wurtzite ZnO. Especially for the reflections at higher wave

vectors, the linescan fits the simulated patterns much better than in figure 5.7.
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Figure 5.8:

SAED linescan with simulations for

ZnO and MnO with fitted lattice param-

eters.

The phase segregation of a (Zn0.63,Mn0.37)O state III sample into Zn- and Mn-rich

regions can clearly be seen in the EFTEM images displayed together with a TEM-BF

overview in figure 5.9. The sample has been cut and glued face to face for imaging.

Accordingly, the resulting images show two sections of the (Zn0.63,Mn0.37)O layer.

The substrate can be seen at the left and right edges of the images. Images

have been taken at the O K-edge and the Zn and Mn L2,3-edges. Oxygen (blue) is

distributed over the entire sample whereas Zn (red) appears mainly at the surface

and in direct contact to the substrate. Mn (green) is enriched at the bottom of the

sample on top of the thin Zn-rich layer.
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Figure 5.9:

TEM-BF and EFTEM images of a fer-

romagnetic (Zn0.63,Mn0.37)O sample.

Oxygen (blue) is distributed over the

entire sample whereas Zn (red) and

Mn (green) are enriched in certain re-

gions.

The Zn and Mn EFTEM images can be composed into a single image. The result

is shown in figure 5.10. The two contributions complement one another to yield a

full image without large blank spots. This supports the assumption that there are

two phases present.
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Figure 5.10:

Composed EFTEM images of a ferromagnetic (Zn0.63,Mn0.37)O sam-

ple.

Consistent with EFTEM, local EDX and EELS analysis show that there exist

grains predominantly at the interface to the substrate which consist mainly of Mn

and O. EELS reveals a composition of 51% Mn and and 49% O in one of these

grains. The O K-edge spectra is identical to that of MnO. Local EDX investigations

of several grains show that they also contain Zn in different concentrations, ranging
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from 5% to 20% and increasing towards the surface. In the near-surface region,

the Mn concentration is as low as 5%. Together with XRD it can be concluded that

crystalline MnO is indeed present in large areas of the sample.

5.4.2 Magnetic properties

The impact of the phase segregation on the magnetic properties is illustrated in

figure 5.11. It shows a series of magnetization measurements, both M♣Hq and
ZFC/FC curves, directly after growth (a and b), after annealing for 1h under N2

atmosphere at 500°C (c and d) and after further annealing under N2 atmosphere

at 500°C for another hour (e and f).

Three different states of magnetic behavior can be observed: State I is purely

paramagnetic with no hysteresis (a) or ZFC/FC splitting (b). For state II a small

opening in the M♣Hq curve at 10K is observed (c) and the ZFC/FC curves start

to deviate from each other at temperatures below 38K (d). The magnetization

measurement at 300K shows paramagnetism. In state III a strong hysteresis at

10K can be seen (e) and also a strong splitting between ZFC and FC measurement

(f), while the sample is paramagnetic at 300K.

Annealing in Ar makes hardly any difference to the outcome of the magnetic

properties. This is illustrated in figure 5.12 which shows M♣Hq and ZFC/FC curves

for two samples annealed for 1h at 500 °C in N2 (a and b) or Ar (c and d). Although

the samples differ in remanent magnetization and low temperature range of the

ZFC curve, the overall behavior is similar: they both show hysteresis with a large

coercive field and a strong splitting of the ZFC/FC curves with a phase transition

at 38K. In case of the sample annealed in Ar, the coercive field Hc amounts to

210mT. The sample annealed in N2 does not only show coercivity but also a small

exchange bias: the coercive field is µ0Hc = 100mT and the exchange bias amounts

to µ0Hex = 7mT.

Note that the exact structural compositions of the samples are difficult to re-

produce since the configuration is unstable. Otherwise it would not be possible

to introduce phase segregation effectively when annealing at a temperature not

higher than the deposition temperature. However, this implies that 1h annealing

can lead to different magnetic behavior, explaning the fact that strong ferromag-

netism was observed after 1h of heat treatment in figure 5.12 but not until after
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Figure 5.11: (a) Magnetization vs. applied magnetic field M♣Hq of a (Zn0.68,Mn0.32)O sample as

grown and (b) corresponding ZFC/FC curves in a field of 10mT (state I). (c) and (d) after

annealing in nitrogen atmosphere for 1h at 500 °C (state II). (e) and (f) after annealing

in nitrogen atmosphere for 2h at 500°C (state III).
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Figure 5.12: (a) Magnetization vs. applied magnetic field M♣Hq of a (Zn0.66,Mn0.34)O sample after

annealing at 500°C in N2 for 1h. (b) Corresponding ZFC/FC curves in a field of 10mT.

(c) M♣Hq of a (Zn0.67,Mn0.33)O sample after annealing at 500°C in Ar for 1h. (d)

Corresponding ZFC/FC curves in a field of 10mT.

2h of heat treatment in figure 5.11. Annealing has an influence on the composition

of the samples. The Mn content of the samples is reduced by heat treatment.

Annealing under oxygen atmosphere even leads to pure ZnO without any Mn, even

if the initial Mn concentration was as high as 28at.%.

Apart from phase segregation, magnetic measurements point towards a cluster-

like behavior due to the strong splitting which was observed in ZFC/FC measure-

ments. MnO as bulk material is antiferromagnetic with a Néel temperature of 120K

[111]. However, it has been shown that MnO clusters can display ferromagnetism

including strong hysteresis and blocking due to uncompensated surface spins [59,

122]. Superexchange which accounts for the coupling between the Mn2+ ions is

mediated by O2- ions. Assuming that MnO is not entirely pure but partially substi-
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tuted with Zn ions, these could disturb the magnetic ordering in MnO which could

lead to spin glass-like behavior explaining the blocking of spins [63]. It has already

been proven that ferromagnetism in (Zn,Mn)O can be caused by a metastable

Mn-rich Mn2-xZnxO3-δ phase at the interface between ZnO and MnO [115]. To some

extent, this was validated by Costa-Krämer et al. and García et al. who claimed

that the origin of the ferromagnetism could stem from surface interactions of ZnO

and MnO2 nanoparticles and ZnO/Mn2O3 interface regions [112, 116]. However,

none of the groups carried out magnetic investigations under both ZFC and FC

conditions. So it is complicated to conclude whether the samples in these articles

really show cluster-like behavior. Further discussion will be carried out after the

presentation of the results obtained by XAS.

5.4.3 X-ray absorption

Figure 5.13 shows X-ray absorption spectra at the Mn L2,3-edge obtained with

total electron yield (TEY) of two different (Zn0.67,Mn0.33)O samples in the magnetic

states II and III (a) and of MnO and Mn2O3 reference samples (b). Since MnO is
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Figure 5.13: X-ray absorption spectra at the Mn L2,3-edge of two (Zn0.67,Mn0.33)O samples in the

magnetic states II and III (a) and of reference samples (b).

sensitive to surface oxidation, the MnO reference sample was cleaned by sputtering

before the measurement [123]. In contrast, the (Zn0.67,Mn0.33)O samples have not

been sputtered. XAS at the Mn L2,3-edge of the reference sample provides spectra

of Mn2+ (MnO) and Mn3+ (Mn2O3). These spectra agree well with those reported
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earlier [123]. The two (Zn0.67,Mn0.33)O samples are similar and have to contain a

Mn oxide with an oxidation state of Mn3+ apart from MnO since they clearly differ

from the Mn2+ reference spectrum.

By a first visual examination, the spetrum of the state III sample seems to have a

higher ratio of Mn2+ to Mn3+ than the spectrum the state II sample. This can be

seen with aid of the three vertical lines in figure 5.13. Line 1 marks the first peak

in the Mn2+ spectrum of the sputtered MnO and is hardly present in the sample in

magnetic state II, whereas a slight increase in intensity can be seen for the sample

in magnetic state III. Furthermore, the peaks marked by line 2 (predominantly

Mn2+) and line 3 (predominantly Mn3+) have a different ratio of intensity. The

state II sample shows a slightly lower ratio of peak 2 to peak 3 than the state III

sample. Both considerations lead to the conclusion that the sample in magnetic

state II should contain less Mn2+ than the sample in state III.

To validate this assumption, the reference spectra have been fitted to the spectra

of the (Zn0.67,Mn0.33)O samples by independent variation of the two intensities. The

result is shown in figure 5.14. Both (Zn0.67,Mn0.33)O spectra can be represented
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Figure 5.14: X-ray absorption spectra at the Mn L2,3-edge of samples with fitted reference spectra in

the magnetic states II (a) and III (b).

well by a combination of the reference spectra. The Mn3+ contribution is significant.

For the state II sample, the fit yields 68% of Mn2+ and 32% of Mn3+. The Mn3+

contribution is slightly lower for the state III sample, i.e., 72% of Mn2+ and 28% of

Mn3+. Concluding, this means that the sample showing weaker ferromagnetism

contains more Mn3+ ions as already proposed by the visual examination. This
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points towards ferromagnetism that is related to a compound containing Mn2+. The

(Zn0.67,Mn0.33)O spectra are similar to the spectra of unsputtered MnO obtained

by Gilbert et al. [123]. The authors attributed the Mn3+ to a surface oxidation of

MnO to Mn2O3. The finding that samples containing larger amounts of Mn2+ are

more ferromagnetic compared to samples containing large amounts of Mn3+ or

Mn4+ was already described earlier [124].

To explain the overall behavior of (Zn,Mn)O with high concentrations of Mn, a

short review of the magnetic and electronic properties of different Mn oxides is

necessary. In all Mn oxides, oxygen is present as O2-. MnO is antiferromagnetic

with a Neél temperature of 120K. The Mn ions are present as Mn2+ which is a very

stable oxidation state of Mn. However, other Mn oxidation states occur, especially

Mn3+ and Mn4+. Mn3+ is present in Mn2O3 which is antiferromagnetic with a phase

transition at 90K. Mn4+ can be found in MnO2 which becomes antiferromagnetic at

84K. There is also the possiblity of mixed Mn2+ and Mn3+ valence states in Mn3O4.

Mn3O4 is the only Mn oxide of interest which does not show antiferromagnetism

but ferrimagnetism below 43K. [125]

Although most Mn oxides are antiferromagnetic, ferromagnetism has been ob-

served for small crystals of MnO and Mn2O3 [58, 126, 127]. This is important to

notice since often Mn oxides have been dismissed as possible origin for ferromag-

netism observed in (Zn,Mn)O [95, 99, 100, 106].

There are two basic ideas to explain the behavior of (Zn,Mn)O which will be

discussed in detail in the following:

1. Apart from ZnO, the samples are composed of MnO and Mn3O4. The Mn3O4

regions are small enough to show cluster-like ferromagnetism which is nec-

essary to explain the splitting of the ZFC and FC curve. The exchange bias is

caused by its coupling to antiferromagnetic MnO. The presence of Mn3+ in

XAS can be related to the Mn3+ ions in Mn3O4.

This explanation of the observed phenomena is fairly easy. Similar behavior

of core-shell MnO/Mn3O4 nanocrystals has been reported before [125, 128,

129]. Additionally, obtaining MnO without Mn3O4 impurities is difficult [130].

These impurities are not necessarily detected by XRD due to the limited

resolution because their concentration is only in the order of a few atomic
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percent [125, 130]. Mn3O4 is a likely impurity in MnO since the natural

defect in MnO is a Mn2+ vacancy which can be compensated by formation of

Mn3+. An aggregation of the resulting Mn2+/Mn3+ complexes can lead to the

formation of Mn3O4 [129]. Despite their little content, these impurities can

dominate the magnetic properties of MnO [130]. Although Mn3O4 has a Curie

temperature of 43K, blocking temperatures of 38K have been reported when

Zn is present in the order of a few atomic percent [115]. However, no phase

transition of paramagnetic to antiferromagnetic MnO has been observed at

120K which suggests that antiferromagnetic MnO is not present and hence

also not responsible for the exchange bias. Additionally, the Néel temperature

of MnO is greater than the Curie temperature of Mn3O4 which is unusual

for exchange bias, but has already been observed [129]. XAS has shown that

the sample in magnetic state III which is more ferromagnetic contains less

Mn3+ ions, pointing towards ferromagnetic behavior that is related to Mn2+.

It is also known that Mn3O4 converts to MnO by annealing and not vice-versa

[130]. If Mn3O4 is responsible for the observed ferromagnetism, the clusters

should have a size of about 8nm [58]. These clusters are difficult to detect by

conventional XRD or TEM, however, should show up in HRTEM images.

2. Apart from ZnO, the samples are composed of MnO and Mn2O3. MnO is

either some kind of a spin glass by the aid of Zn which disturbs the magnetic

interaction or it shows cluster-like ferromagnetism, presumably due to un-

compensated surface spins. Both magnetic phases can explain the splitting

in the ZFC/FC curves. The exchange bias is related to the presence of either

Mn2O3 and/or large MnO clusters which behave like bulk material. The

presence of Mn3+ in XAS can be related to the Mn3+ ions in Mn2O3.

As already mentioned, the sample in magnetic state III which is more ferro-

magnetic contains more Mn2+ ions, pointing towards ferromagnetic behavior

that is related to Mn2+. The X-ray absortion spectra are identical to those

obtained by Gilbert and coworkers who related the observation of the Mn3+

oxidation state to the presence of Mn2O3, a phase that in their case could not

be identified by XRD [123]. A similar magnetic behavior implying a Mn-rich

Mn2-xZnxO3-δ phase has already been reported and verified [112, 115, 116].

In the samples discussed here, ZnO and MnO were obviously mixed before
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heat treatment to some extent, otherwise a strong shift in lattice constants as

observed by XRD would not have been present. However, a complete phase

segregation did not take place and a fraction of Zn atoms is left over in the

MnO phase as proven by local EDX measurements. A transition temperature

of 45K has already been reported for a (ZnO)1-x(MnO)x composite system

with x = 10% which is close to the transition temperature observed here

[112]. The difference could be caused by the different Mn concentrations.

No paramagnetic to antiferromagnetic phase transition was observed at

120K, suggesting that MnO is not predominantly antiferromagnetic. On the

other hand, a missing phase transition in MnO bulk material has already been

reported by Hauser and coworkers [131]: They found spin glass behavior

in MnO with a slight off-stoichiometry of MnO1.01 which vanished for exact

stoichiometry. The more pronounced the spin glass transition, the less clearly

could the antiferromagnetic phase transition be identified. However, it could

not be completely ruled out that the transition was linked to the presence

of superparamagnetic Mn3O4 clusters. Similar to bulk material, a missing

antiferromagnetic phase transition of ferromagnetic MnO nanoparticles has

also been reported [59, 122].

Nevertheless, an explanation of the missing phase transition from paramag-

netic to antiferromagnetic of Mn2O3 at 90K is still outstanding. It may be

that content of Mn2O3 as well as the resolution of the measurements are too

low to yield a significant rise in the M♣Tq curves. It is questionable whether

the appearence of ferromagnetism is linked to the presence of Mn3+ and not

only to Mn2+. Even though Mn3+ was found to be an essential mediator [131],

here, Mn3+ was only observed by XAS and not by local EDX, meaning that

Mn3+ appears mainly at the surface of the sample, in contrast to the aggre-

gation of Mn2+ which occurs at the interface to the subtrate. Additionally,

stronger ferromagnetism was observed for the sample containing less Mn3+.

The transition at 38K observed in the state III sample should be antiferromag-

netic to spin glass or ferromagnetism, since above the transition temperature

in ZFC/FC curves the magnetization is zero (antiferromagnetism). For sam-

ples in the magnetic states I and II, paramagnetism can be observed. Possibly

the (partial) mixing of ZnO and MnO prevents the antiferromagnetic phase
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transition. The heavily distorted lattice could also contribute to the preven-

tion of antiferromagnetic order since the effective mediation of exchange is

disturbed.

It has still to be clarified whether the MnO phase behaves like a spin glass or

rather like a ferromagnet. The ZFC/FC curves point towards ferromagnetic

behavior, since FC curves do not saturate below the transition temperature as

it is known for spin glasses [60]. Additionally, clusters of MnO were observed

instead of bulk material. Earlier findings which favored a spin glass transition

in MnO found an off-stoichiometry toward an supersaturation of oxygen [131,

132]. The contrary is observed here, i.e., EEL spectra and EDX point towards

a slight undersaturation of oxygen.

Concluding at this point, the overall behavior of (Zn,Mn)O showing phase segre-

gation can most likely be explained by the cluster-like ferromagnetic behavior of

a Mn-rich phase in the form of Zn-doped MnO. This is similar to earlier observa-

tions of ferromagnetism of a Mn-rich Mn2-xZnxO1-δ phase [115]. The observation

of Mn3+ in XAS is related to surface effects and is most likely independent of the

magnetic behavior. A slight exchange bias can be explained by the presence of

larger, antiferromagnetic MnO clusters or to an antiferromagnetic core of the MnO

clusters as observed earlier [122]. The antiferromagnetic phase transition of MnO

at 120K remains unaccounted. However, this is not the first report of a missing

antiferromagnetic phase transition of ferromagnetic MnO clusters [59, 122].

5.5 Avoided phase segregation in (Zn,Mn)O

As shown in the last section, phase segregation can lead to strong ferromagnetism

in (Zn,Mn)O. However, not only phase segregation can be responsible for extrinsic

ferromagnetism. Ferromagnetism can also be observed in samples with high Mn

content that do not display secondary phases. This behavior will be discussed

using the example of a (Zn0.71,Mn0.29)O sample. Note that all TEM images and

TEM related measurements presented in the following were recorded in the group

of Prof. Dr. Dagmar Gerthsen at the Karlsruhe Institute of Technology under super-

vision of Dr. habil. Reinhard Schneider. The composition was determined by EELS.

EDX yields a comparable result of Zn0.72Mn0.28O. However, a second EELS mea-
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surement in a different region of interest led to a composition of (Zn0.68,Mn0.32)O,

i.e., the sample is inhomogeneous.

The XRD pattern displayed in figure 5.15 shows only the reflection belonging to

the (002) lattice plane and the (004) reflection of the Si substrate. No secondary

phases are observed within the resolution of XRD. Evaluation of the (002) reflection

leads to a lattice parameter of c = 5.37Å. This value is much larger than for pure

ZnO which is 5.20Å [36]. The discrepancy can be explained by the incorporation of

Mn which results in a distorted lattice and a larger c-axis constant. No other growth

directions such as the [100] direction are observed. This means that although

crystallites can be rotated with respect to each other, the preferred orientation

towards the substrate is [001].
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Figure 5.15:

XRD pattern of a (Zn0.71,Mn0.29)O sam-

ple. Only the (002) and substrate re-

flections are visible. No secondary

phases can be observed.

To exclude secondary phases, a detailed TEM study was performed. Figure 5.16

shows a TEM-BF and three EFTEM images of the (Zn0.71,Mn0.29)O sample at the

Zn L2,3-edge (red), the O K-edge (blue), and the Mn L2,3-edge (green). From the

TEM-BF image, a film thickness of about 330nm can be deduced. The growth is

c-axis oriented, i.e., the [001] zone axis of (Zn,Mn)O is parallel to the [001] zone

axis of Si. The distribution of all elements is homogeneous. No secondary phases

such as clusters of MnO can be observed.

This result is corroborated by X-ray maps obtained by taking HAADF STEM

images which are highly sensitive to Z-contrast. The images are shown in fig-

ure 5.17. X-ray maps of all elements have been obtained using the element specific

Kα radiation. Origin of the bright-dark contrast in the HAADF STEM image are

most likely variations in thickness. As EFTEM, the X-ray maps show a homoge-
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Figure 5.16:

TEM-BF and EFTEM images obtained at

the Zn L2,3-edge (red), the O K-edge
(blue), and the Mn L2,3-edge (green).

All elements are distruted homoge-

neously.

neous distribution of the elements in the film. Si (orange) can only be found in the

substrate. The film is composed of Zn (green), O (red) and Mn (yellow) as expected.
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Figure 5.17:

HAADF STEM and X-ray maps of a

(Zn0.71,Mn0.29)O sample. The X-ray

maps show a homogeneous distribu-

tion of the elements in the film.

Figure 5.18 shows an SAED pattern of the (Zn,Mn)O/Si interface region recorded

along the [110] zone axis of Si. The regular, circularly-shaped reflections belong

to Si, whereas the elongated spots belong to (Zn,Mn)O. For clarification, some Si

reflections have been marked with circles and some of the (Zn,Mn)O reflections
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Figure 5.18:

SAED pattern of the (Zn,Mn)O/Si interface region recorded along the

[110] zone axis of Si. Circles mark Si reflections, arrows point towards

(Zn,Mn)O reflections.

have been marked with arrows. The (Zn,Mn)O reflections nearly form diffraction

rings which indicates that the film consists of crystallites with different orientations.

XRD patterns and TEM-BF images have already shown that the [001] zone axis

of (Zn,Mn)O is parallel to the [001] zone axis of Si. However, the rotation of

the individual grains along the [001] direction is nearly arbitrary. The SAED

pattern can be used to obtain the lattice parameters by indexing the different

(elongated) reflections and determining their reciprocal lattice constant. This

yields a = 3.41(1)Å and c = 5.21(1)Å. The c-axis parameter is almost identical to

pure ZnO, whereas the a-axis parameter is 5% larger. SAED therefore shows a

completely different result from XRD. But XRD averages over the entire sample,

whereas SAED probes locally. In addition to the different EDX/EELS results, this is

additional evidence that the sample is inhomogeneous.

Figure 5.19 shows a HRTEM image and FFT of several selected regions. The

Si substrate is clearly visible in region 1 and 3, e.g., the (002) reflection can be

observed. In region 2, two areas, blue and green, are marked which are oriented

along the [110] and [110] zone axis of (Zn,Mn)O. These areas can be identified via

the (110) and (110) reflections in the FFT. The (002) reflection cannot be assigned

to a distinct zone axis, since it is visible in both orientations. According to the

HRTEM image the sample consists of grains of 5–10nm in diameter which are

differently oriented with respect to each other. From 5.19, the grain boundary area

as defined by Straumal and coworkers [65] can be calculated to be 3.3×108m2/m3

which will be discussed later.

Measurements of the magnetization M depending on an applied external field H

(figure 5.20) show a ferromagnetic contribution without opening of the hystersis

loop at 10K (a, blue) as well as at 300K (b, red). For clarification the M♣Hq
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Figure 5.19: HRTEM image of a (Zn0.71,Mn0.29)O sample, also showing FFT of several selected regions.

The substrate is clearly visible in regions 1 and 3. Region 2 displays different orientations

of (Zn,Mn)O.

measurements have been split into two diagrams. Note that the y-scale is identical.

Subtraction of the paramagnetic component leads to a saturation magnetization of

the ferromagnetic component of 600A/m at 10K and 400A/m at 300K.

Measurements of the temperature dependence of the magnetization in a mag-

netic field of 10mT (figure 5.21a) as well as 2mT (figure 5.21b) yields that there

is no ZFC/FC splitting, not even at low magnetic fields. This excludes spin glass

behavior or superparamagnetism as origins of the observed ferromagnetic contri-

bution. Compared to the samples showing phase segregation, the homogeneous

samples do not display an opening of the hystersis loop. The explanation of the

observed ferromagnetic contribution is far from trivial. Straumal and coworkers

investigated numerous publications on Mn-doped ZnO and were able to relate the

magnetic behavior in those samples to a ferromagnetic grain boundary network

[65]. The samples were sorted into different classes ranging from epitaxial films to

porous grains. They showed ferromagnetic behavior if the grain boundary area was

beyond the threshold of 2×105m2/m3. Evaluating HRTEM images yields that the
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Figure 5.20: Magnetization in dependence of the applied magnetic field at (a) 10K and at (b) 300K.

Both curves show a ferromagnetic contribution without opening of the hysteresis loop.
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Figure 5.21: Magnetization in dependence of temperature at constant magnetic fields of (a) 10mT

and (b) 2mT. No ZFC/FC splitting can be observed, not even at low fields.

grain boundary area in the sample discussed here is 3.3×108m2/m3. This value is

in the region of dense grains and accordingly is expected to show ferromagnetism.

Up to now this is the only expedient explanation of the observed phenomena,

because a Mn concentration of 14.5% leads by no means to a diluted magnetic

semiconductor, so theoretical models for diluted magnetic semiconductors do not

hold.
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5.6 Conclusions

(Zn,Mn)O thin films with Mn concentrations ranging from 3.5at.% to 18.5at.%

have been prepared by RF magnetron sputtering under N2 atmophere. Different

Mn concentrations could be achieved by different sputtering rates. Post annealing

was performed under N2 atmosphere at 500°C.

For samples with low concentrations a predominantly c-axis oriented growth was

observed with no secondary phases before as well as after heat treatment for 1h at

500°C in N2 atmosphere. Magnetization measurements depending on an applied

field and on temperature showed purely paramagnetic behavior and could be fitted

with a Langevin function with the magnetic moment per Mn ion as conjoint fitting

parameter. From the fit, the magnetic moment could be estimated to be 3.7(6)µB

and 4.1(6)µB before and after annealing. This is less than the expected 5µB for

high spin Mn2+ which can be explained by the presence of either low spin Mn2+

and/or Mn3+ contributions. These spin configurations exhibit magnetic moments

of 1–4µB per Mn ion.

The behavior is entirely different in samples with high Mn concentrations. There,

a phase segregation from a strongly mixed (Zn,Mn)O phase into ZnO and MnO

compounds could be introduced by heat treatment at 500°C in N2 or Ar. XRD

patterns show not only single phase ZnO, but also reflections belonging to other

ZnO directions and MnO. The lattice parameters shifted during annealing from a

strongly distorted lattice towards bulk parameters of ZnO and MnO. Nevertheless,

a complete phase segregation did not take place. Local EDX measurements showed

that small fractions of Zn and Mn atoms are left over in the MnO and ZnO phase,

respectively. According to TEM investigations, MnO aggregated mainly at the

interface towards the substrate, whereas ZnO was located at the surface of the

sample. The samples were paramagnetic before phase segregation, whereas they

showed ferromagnetic behavior including strong hysteresis and a splitting of the

ZFC and FC curves at 38K. Ferromagnetic behavior of MnO clusters including

blocking has already been reported before [59, 122]. There, ferromagnetism was

explained by uncompensated surface spins and the blocking was related to the

presence of an antiferromagnetic core. The presence of Mn3+ can be explained
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by surface oxidation of the sample, since it was only observed by XAS and not by

EELS.

Not all samples with high concentrations of Mn showed phase segregation. It

was possible to obtain samples with 14.5at.% Mn in which all elements were

homogeneously distributed according to various EELS and X-ray mapping by

HAADF STEM. XRD did not reveal secondary phases, either. Measurements of the

magnetization depending on an applied field showed a ferromagnetic contribution

up to 300K, however, lacking an opening of the hysteresis loop. ZFC and FC curves

did not split.

The explanation of the observed ferromagnetism is far from trivial. An expedient

explanation is given by Straumal and coworkers who investigated numerous publi-

cations on Mn-doped ZnO and were able to relate the magnetic behavior in those

samples to a ferromagnetic grain boundary network [65]. Evaluation of HRTEM

images yield that the sample discussed here is in the region of dense grains and

according to [65] is expected to show ferromagnetism.
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6 The mixed oxide (Zn,Co)O:

paramagnetism despite phase

segregation

6.1 Current state of research

First experimental results obtained by different research groups regarding Co-

doped ZnO were very promising. They showed magnetic moments of up to

1.8µB/Co-atom and Curie temperatures above 300K [16, 133, 134]. Later re-

sults were only partially in agreement with the first observations. High magnetic

moments such as 6µB/Co-atom and ferromagnetism at room temperature were ob-

served, as well as low temperature ferromagnetism or low saturation magnetization

[135–137]. Furthermore, the strength of the magnetization remained ambiguous.

Results were irreproducible and in contrast to early reports, even paramagnetism

and antiferromagnetism were discovered [138–140]. Several reports described

ferromagnetic behavior if the sample was measured by SQUID but paramagnetic

behavior of Co atoms of the same sample measured by XMCD [141–144]. Later the

formation of a secondary phase such as Co clusters was considered to be the origin

of ferromagnetism [145–148]. To avoid this clusters formation, Co-doped ZnO was

co-doped with other elements like Eu [149].

Theoretical models based on different exchange coupling mechanisms like Zener

exchange, bound magnetic polarons, and double exchange as well as density

function calculations predict different magnetic behavior [15, 17, 150–155]. Calcu-

lations claiming carrier mediated ferromagnetism stimulated experimental work

with additional co-doping [156, 157]. Zn vapor and hydrogen annealing was found

to strongly enhance ferromagnetism whereas ferromagnetism was decreased by

annealing in nitrogen or air [19, 21, 158–161]. An enhancement of ferromagnetism
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was also observed for samples prepared with reduced oxygen partial pressure

or thermal annealing under vacuum conditions [134, 162]. These results lead to

the assumption that electrons as free carriers provided by oxygen vacancies or

Zn interstitials could be responsible for the ferromagnetism in Co-doped ZnO.

However, a final explanation of the observed magnetic behavior is still outstanding.

Parts of the results discussed in this chapter were already presented in [163].

However, especially TEM, XAS and XMCD data needed further clarification. TEM

images have originally been taken for samples prepared on silicon and are now

discussed in comparison with new images obtained from samples grown on

Al2O3(0001). To demonstrate the high sensitivity of the XMCD technique, XAS and

XMCD spectra are related to each other by a scale of values (in arb. units).

6.2 Sample preparation

(Zn,Co)O thin films with a thickness of 150–200nm were prepared via RF mag-

netron sputtering from a metallic ZnCo target with a composition of 90:10wt.%.

Al2O3(0001) and Si(001) single crystals were used as substrates. Si(001) substrates

were not etched prior to deposition, leaving the natural SiO2 layer of 2–5nm on

top. The substrate temperature was kept at 500°C during deposition and for

another 60min after deposition to achieve higher crystalline quality of the samples.

Sputtering was performed with Ar or a mixture of Ar and O2 as sputtering gases

at a working pressure of ✓ 3×10-3mbar to prepare oxygen-poor and oxygen-rich

samples, respectively. A comparatively high base pressure of 1×10-6mbar provided

complete oxydation of samples due to residual oxygen in the chamber even if

they were prepared in pure Ar. Deposition was carried out with rates of 1–3Å/s.

To further distinguish between oxygen-rich and oxygen-poor samples, samples

prepared in Ar/O2 atmosphere were annealed ex-situ in oxygen for 2h at 600 °C to

ensure oxygen saturation. Samples prepared on Al2O3(0001) under oxygen-poor

conditions were post-annealed under vacuum condition (10-9mbar) for 3h at 750 °C

to introduce oxygen vacancies. Oxygen-poor samples prepared on Si(001) did not

receive any ex-situ post-annealing treatment to avoid formation of zinc silicate

(Zn2SiO4) which may occur at temperatures as low as 700°C [33]. If not denoted

otherwise, the presented results always refer to the post-annealed samples.

Composition was determined by EDX, which yielded a total Co concentration
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of 3at.% in the samples, i.e., the denotation is (Zn0.94,Co0.06)O. The difference in

Co content of the samples compared to the target may be explained by different

sputtering behaviors of Zn and Co. Since Zn is non-magnetic, it is sputtered faster

than Co, giving a lower Co/Zn ratio in the sample than in the target.

6.3 Structural properties

Structral properties of the samples were investigated by XRD and various tech-

niques based on electron microscopy. Note that all TEM images and TEM related

measurements presented here were recorded in the group of Prof. Dr. Dagmar

Gerthsen at the Karlsruhe Institute of Technology under supervision of Dr. habil.

Reinhard Schneider. Figure 6.1 shows an XRD pattern (semi-logarithmic) of a

sample prepared under oxygen-poor conditions recorded in θ④2θ configuration. The

blue pattern was taken from the sample directly after growth, whereas the red

pattern was obtained after annealing under vacuum conditions. Both patterns show
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Figure 6.1:

XRD pattern of a (Zn0.94,Co0.06)O sam-

ple grown under oxygen-poor con-

ditions. The blue pattern was ob-

tained from the sample before post-

annealing, whereas the red pattern

was obtained from the same sample

after the post-annealing process. The

reflections can be assigned to the c-

axis of (Zn0.94,Co0.06)O and to the

substrate. The small reflection at 2θ
= 64.6° originates from the sample

holder.

two reflections originating from the (Zn0.94,Co0.06)O layer, which can be assigned

to the c-axis of wurtzite ZnO. The strongest reflection can be assigned to the single

crystalline Al2O3(0001) substrate. A fourth reflection is observed at 2θ = 64.6°

which is caused by the sample holder. Before heat treatment the (002) and (004)

reflections of (Zn0.94,Co0.06)O appear at 2θ = 34.2° and 2θ = 72.1°. After annealing

they are shifted to a slightly higher diffraction angles of 2θ = 34.4° and 2θ = 72.4°,

i.e., before heat treatment the sample exhibits a smaller lattice constant. This can
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be explained by the healing of defects and the associated lattice relaxation due

to the annealing process. Applying Bragg’s law (equation 4.1), the c-axis lattice

constant of (Zn0.94,Co0.06)O can be evaluated to be 5.24Å before and 5.21Å after

heat treatment. The results fit well to c = 5.207Å reported in literature for bulk

ZnO and supports the idea of a relaxed lattice after annealing [36]. The slightly

increased lattice constant of (Zn,Co)O compared to pure ZnO is also in agreement

with earlier results [164].

Figure 6.2 shows an XRD pattern (semi-logarithmic) obtained with θ④2θ con-

figuration of a sample grown under oxygen-rich conditions after post-annealing

in oxygen. Again, the reflections can be assigned to (Zn0.94,Co0.06)O, the Al2O3

substrate and the sample holder. The reflections of the c-axis of (Zn0.94,Co0.06)O

appear at 2θ = 34.5° and 2θ = 72.7°. Evaluation of the lattice constant yields c =

5.20Å, which is in good agreement with the value reported in literature, like the

sample prepared under oxygen-poor conditions after heat treatment [36].
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Figure 6.2:

XRD pattern of a (Zn0.94,Co0.06)O

sample prepared under oxygen-rich

conditions after annealing in oxy-

gen atmosphere. The reflections

can be assigned to the c-axis of

(Zn0.94,Co0.06)O, to the substrate and

to the sample holder.

Secondary phases are neither observed for samples grown under oxygen-poor

nor oxygen-rich conditions. XRD patterns of both types of samples look flawless, as

expected for single phase (Zn0.94,Co0.06)O. In both cases, (Zn0.94,Co0.06)O grows

c-axis oriented with lattice constants close to bulk ZnO. However, the resolution of

XRD is limited and small precipitates might only be found with several minutes of

integration time per step if at all [146].

Consequently, the microstructure was investigated by electron microscopy. Fig-

ure 6.3 shows a low-magnification TEM-BF (top) and a TEM-DF (bottom) image

of a sample prepared under oxygen-poor conditions on Si(001). The growth is
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Figure 6.3:

TEM-BF (top) and TEM-DF (bottom)

images of a sample grown under

oxygen-poor conditions on Si(001).

(Zn0.94,Co0.06)O grows columnar, with

columns oriented vertically to the sub-

strate.

columnar, with columns oriented vertically to the substrate surface. A bright SiO2

layer can be seen between the (Zn0.94,Co0.06)O film and the substrate. The TEM

contrast in this case stems from diffraction because the individual columns are

rotated with respect to each other. Samples grown under oxygen-rich conditions

exhibit the same growth direction, as can be seen in figure 6.4.
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Figure 6.4:

TEM-BF (top) and TEM-DF (bottom) im-

ages of a sample grown under oxygen-

rich conditions on Si(001). Like for

samples prepared under oxygen-poor

conditions, (Zn0.94,Co0.06)O grows

columnar, with columns oriented ver-

tically to the substrate.
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Figure 6.5 shows a HRTEM image of a sample grown under oxygen-rich con-

ditions including fast Fourier transformations (FFT) of the substrate and of the

(Zn0.94,Co0.06)O film. On top of the single crystalline Si(001) substrate, an amor-

phous SiO2 layer of about 5nm can be seen. Regarding the FFT image, the

(Zn0.94,Co0.06)O film on top of the SiO2 layer shows good crystalline growth, al-

though it is not single crystalline. Several dislocations can be seen where the

crystal structure is irregular.
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Figure 6.5:

HRTEM image with according FFT

of two specific regions of a sam-

ple grown under oxygen-rich condi-

tions. The crystalline structure of the

(Zn0.94,Co0.06)O is good, although sev-

eral dislocations can be seen.

Figure 6.6 shows a TEM-BF image and four EFTEM images of a sample grown

under oxygen-poor conditions, taken at the element specific L2,3 ionization edges

in case of Zn and Co and at the K ionization edge in case of O and Si. From the
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Figure 6.6:

TEM-BF image (top) with four EFTEM

images recorded at the Zn and Co L2,3-

edge and at the O and Si K-edge of a

sample grown under oxygen-poor con-

ditions. All elements are distibuted ho-

mogeneously.

TEM-BF image the film thickness can be evaluated to be approximately 150nm.

The growth is columnar perpendicular to the substrate as mentioned before. The

EFTEM images show the element distribution in the sample, which is homogeneous

for all elements. No secondary phase formation was discovered, being in agreement
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with the XRD results which did not show secondary phases or orientations for the

post-annealed sample. The layer on top of the (Zn0.94,Co0.06)O film consists of Pt

and protects the film during the ion milling process.

The same study was performed for a sample grown under oxygen-rich conditions,

including post-annealing in oxygen atmosphere. The top image in figure 6.7

displays the according TEM-BF image, from which a film thickness of approximately

200nm can be derived. Here the columnar growth perpendicular to the substrate
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Figure 6.7:

TEM-BF image (top) with four EFTEM

images recorded at the Zn and Co L2,3-

edge and at the O and Si K-edge of a

sample grown under oxygen-rich con-

ditions. The Co and Zn distribution

is not homogeneous. Co enrichment

occurs mainly at the interface to sub-

strate and goes along with Zn deple-

tion.

is even better recognizable than in figure 6.6. The EFTEM images clearly show a

non-homogeneous element distribution in case of Zn and Co. Co-rich grains appear

predominantly at the interface to the substrate with a diameter of 20–40nm. The

Co enrichment goes along with Zn depletion. The oxygen distribution however is

homogeneous.

These Co-rich grains can be investigated further by EELS. Figure 6.8 shows

two EELS measurements recorded at areas indicated in the TEM inset image

by the two lines. Consistent with the EFTEM images, it is clearly visible that

the Co content in the grain is enriched compared to the surroundings. Since

oxygen is distributed homogeneously, it may be concluded that the Co-rich regions

are composed of a cobalt oxide. The most common oxides obtained from Co are

CoO and Co3O4, Co2O3 is difficult to prepare [167, 168]. Co3O4 has the greatest

thermodynamic stability and is generally obtained by oxidative procedures [60,

169, 170]. However, comparing the oxygen and Co spectra obtained for the Co-rich

grains to electron loss near edge structures measured by Zhang and to XAS O K-
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Figure 6.8:

EELS measurements of a sample pre-

pared under oxygen conditions. Two

different areas were investigated: a

grain enriched with Co and a homoge-

neous environment. By comparing the

O K-edge to electron loss near edge

structures obtained by Zhang [165]

and to XAS spectra obtained by Kur-

maev et al. [166] it may be concluded

that the grains consist of CoO.

edge spectra obtained by Kurmaev et al. it may be concluded that the grains consist

of CoO and not of Co3O4. Especially the O K-edge shows dominant features which

allow to distinguish between CoO and Co3O4 [165, 166]. CoO and Co3O4 as bulk

materials are antiferromagnetic but can also display hysteresis and coercivity when

appearing in small clusters [60, 170–173]. This behavior is commonly explained by

uncompensated surface spins or lack of internal structural perfection [57].

Since the clusters cannot be identified in HRTEM images, it can be concluded

that these CoO clusters are of wurtzite crystal structure and not cubic, the latter

being the more common phase for CoO. Wurtzite CoO has first been observed by

Redman and Stewart [174]. Risbud et al. reported lattice parameters of CoO to

be a = 3.244(2)Å and c = 5.203(4)Å and Seo et al. found a = 3.2518(2)Å and c

= 5.1967(3)Å [61, 175]. Not only are these values in excellent agreement with

each other, they also agree very well with lattice parameters of ZnO, which are a =

3.250Å and c = 5.207Å [36]. Having such similar lattice parameters, it is evident

why these CoO clusters could not be identified with XRD and HRTEM. Additionally,

if a secondary phase of cobalt oxide in (Zn,Co)O samples exists, it is likely to be

wurtzite CoO, even if other cobalt oxides are more stable. DFT calculations in fact

confirm that there is an energy gain when moving Co ions to nearest-neighboring

positions [176]. This makes clustering highly probable.

TEM and EFTEM images have also been taken for samples grown on Al2O3(0001).

The same behavior has been observed as for samples grown on Si, i.e., samples

grown under oxygen-poor conditions show a homogeneous distribution of all el-

ements, whereas samples grown under oxygen-rich conditions exbihit Co-rich
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regions which go along with Zn depletion. The according TEM and EFTEM images

are shown in figures 6.9 (oxygen-poor) and 6.10 (oxygen-rich). Figure 6.9 looks
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Figure 6.9:

TEM-BF image (top) with four EFTEM

images recorded at the Zn and Co L2,3-

edge and at the O and Si K-edge of a

sample grown under oxygen-poor con-

ditions on Al2O3(0001). All elements

are distibuted homogeneously.
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500 nm Figure 6.10:

TEM-BF image (top) with four EFTEM

images recorded at the Zn and Co L2,3-

edge and at the O and Si K-edge of a

sample grown under oxygen-rich con-

ditions on Al2O3(0001). The Co and Zn

distribution is not homogeneous. Co

enrichment occurs mainly at the inter-

face to substrate and goes along with

Zn depletion.

flawless, but Co-rich clusters can be observed in figure 6.10. They are even better

recognizable than in figure 6.7. Additionally, a slight depletion of oxygen can be

seen in the region of the Co-rich clusters. These samples have been post-annealed

under oxygen conditions whereas samples grown on Si(001) did not receive any

post-annealing treatment (to prevent formation of Zn2SiO4). This suggests that

by further annealing a formation not of CoO but of Co clusters may occur which

could be responsible for ferromagnetism observed in different reports and which

cannot easily be detected since their formation strongly depends on the preparation

procedure and the initial conditions. However, since the clusters occur preferably

at the interface to the substrate this effect might also be related to the different

substrates.
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6.4 Magnetic and electronic properties

Magnetic properties of the samples were characterized using SQUID measure-

ments and XMCD. To obtain XMCD spectra, it is necessary to record XAS which

additionally yields information about the valence state of the elements. Espe-

cially the valence state of Co is of interest since it allows to exclude Co clusters

within the escape depth of the electrons generated by the absorption of the X-rays.

To minimize the substrate contribution in SQUID measurements, the substrate

was measured separately before deposition. The substrate contribution was then

subtracted from the sample measurement.

Figure 6.11 shows a measurement of the magnetization M vs. the applied ex-

ternal field H at 10K of a sample prepared under oxygen-rich conditions on

Al2O3(0001). The behavior is purely paramagnetic. Clearly, the CoO clusters

do not show ferromagnetic order down to 10K. Superparamagnetic behavior of
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Figure 6.11:

Magnetization measurements at 10K

of a sample prepared under oxygen-

rich conditions. The magnetization

depends linearly on the applied field,

leading to the conclusion that the sam-

ple is paramagnetic.

CoO nanoparticles has been observed by other groups, some even with blocking

temperature up to room temperature [60, 172, 177, 178]. However, CoO nanopar-

ticles in these publications were always of cubic crystal structure, whereas the

clusters reported here are wurtzite-type. Dietl et al. proposed that ferromagnetism

in (Zn,Co)O should be caused by uncompensated surface spins of wurtzite CoO

nanoparticles with high Néel temperature [179]. However, other theoretical as

well as experimental studies revealed that these nanoparticles do not exhibit ferro-

magnetic order [61, 180]. Hanafin et al. calculated that regardless of the shape of

wurtzite CoO nanoparticles, they do not show superparamagnetism if incorporated
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6.4 Magnetic and electronic properties

into ZnO but can be characterized by a general spin frustration [62]: The wurtzite

structure consists of sheets in an ABAB stacking sequence with hexagonal rings of

alternating Co2+ and O2- ions. This leads to a tetrahedral lattice of Co. Although

the superexchange via Co2+–O2-–Co2+ may be strong, there is no way to satisfy all

interactions simultanously which leads to frustration [181].

Magnetization measurements at 300K and 10K of samples prepared under

oxygen-poor conditions on Al2O3(0001) displayed in figure 6.12 show differences for

samples that were prepared identically. The primary contribution in both cases is
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Figure 6.12: Magnetization measurements at 300K and 10K of two samples prepared under identical

oxygen-poor conditions. In (a) the sample shows a small contribution of ferromag-

netism to the primarily paramagnetic sample [144] whereas in (b) the sample is purely

paramagnetic.

paramagnetic, but whereas figures 6.12c and 6.12d display a purely paramagnetic

sample, figures 6.12a and 6.12b show a weak ferromagnetic contribution at low

89



The mixed oxide (Zn,Co)O: paramagnetism despite phase segregation

temperature as well as at 300K. The measurements are extremely noisy due to the

minute ferromagnetic contribution and the comparatively large background which

has to be subtracted. This contribution may have several origins. An intrinsic

ferromagnetism of the (Zn0.94,Co0.06)O film as intended is possible. But it could

also originate from a secondary phase which was not detected by XRD because

of a lack of resolution and which was missed in TEM. For samples prepared on

Al2O3(0001) under oxygen-rich conditions there is a tendency to form not only

CoO clusters, but to decrease the oxygen content in the CoO region below the

stoichiometric composition which could finally lead to Co clusters. If by chance

such clusters were missed in XRD as well as TEM, they could be the origin of

the ferromagnetic contribution. Since preparation via magnetron sputtering with

a base pressure as high as 1×10-6mbar leads to varying initial conditions, no

formation of clusters in one sample but CoO or Co clusters in the other samples is

conceivable. A plausible origin might also be a substrate contribution. Although

the pure substrate was measured beforehand, an interdiffusion of contaminating

atoms during the post-annealing step, e.g., from the substrate holder, is possible.

A detailed XMCD study was performed on the sample presented in figure 6.12a

to further investigate the origin of the observed ferromagnetic contribution. Figure

6.13 shows XAS TEY spectra recorded in a ±2T field taken for parallel (ÒÒ) and
antiparallel (ÒÓ) alignment between the sample magnetization and the photon beam

direction. The L3- and L2-edges were observed at 779eV and 795eV, respectively.

The shape of the XAS spectra is different from that of metallic Co: the multiplet
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Figure 6.13:

XAS spectra at the Co L2,3-edge

recorded for parallel (ÒÒ) and antipar-

allel (ÒÓ) alignment between the sam-

ple magnetization an the photon beam

direction [144]. The L3- and L2-edges

are observed at 779eV and 795eV, re-

spectively. The inset shows a clear dif-

ference between the two spectra.

structure at the L3-edge, which is shown in the enlarged inset of figure 6.13, is

90



6.4 Magnetic and electronic properties

characteristic for Co2+ [182]. However, at this point it is not yet appropriate to

conclude that Co is incorporated as Co2+. The multiplet structure has also to be

present in the XMCD spectrum to finally exclude Co clusters within the TEY escape

depth [146, 183].

The XMCD signal which is calculated by subtraction of the two XAS spectra

(ÒÒ ✁ ÒÓ) shows small features which are related to Co2+ and do not appear for

metallic Co. The high frequency modulation is caused by charging effects in the

TEY signal. The differences compared to XMCD of metallic Co are marked with

two circles in figure 6.14. XMCD of metallic Co does neither show a rise before
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Figure 6.14:

XMCD signal obtained from the XAS

spectra at the Co L2,3-edge [144].

the L3-edge nor a kink at the rising slope of the edge [146]. The lack of a distinct

multiplet structure may be explained by the limited resolution of the XAS spectra.

However the possibility of Co clusters in the film cannot be excluded completely.

Even if TEM investigations did not show any Co cluster formation, this behavior

has been reported frequently and might also have been overlooked due to the

extremely low magnetization and low cluster density [145–147]. Co clusters in XRD

patterns have been recorded only with a strongly increased integration time [146].

From the XMCD spectrum the ratio of the expectation value of the orbital ①Lz②
and the spin angular momentum ①Sz② may be extracted. The absolute expectation

values of the momenta are nearly impossible to derive without a reliable 3d electron

occupation number and an accurate knowledge of the X-ray absorption edge jump

[177]. Hence only the orbital to spin relative magnetic moment ①Lz②/①Sz② will be
compared. Applying the sum rules [184], ①Lz②/①Sz② ✓ 0.2 can be calculated from

the XCMD spectrum at the Co L2,3-edge in ±2T at room temperature. Gacic et al.
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obtained values of ①Lz② = 8×10-3µB and ①Sz② = 2.6×10-2µB leading to ①Lz②/①Sz② ✓ 0.3

[141]. Tietze et al. found a non-vanishing orbital moment of about 25% with respect

to the spin moment [143]. The values are in reasonable agreement with each other

considering various calculation errors like the uncertainty of the beginning and

end of the ionization edges or background corrections. Because of strong crystal

field interaction compared to spin-orbit interaction, the orbital contribution to the

magnetic moment is strongly quenched for the Co2+ free ion in a 3d high spin

configuration [55]. Quenching seems to be less important in (Zn,Co)O, because

complete quenching would imply a significant XMCD signal at the L2-edge which

was not observed here [185].

Figure 6.15a shows XMCD Co L3-edge spectra recorded at various magnetic

fields. The intensity of the XMCD signal clearly depends on the applied magnetic
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Figure 6.15:

(a) XMCD signal for various magnetic

fields obtained from XAS spectra at

the Co L3-edge. (b) The maximum ab-

solute XMCD value increases linearly

with the applied external field.
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field strength. The stronger the field, the higher the maximum absolute XMCD

signal. It vanishes nearly completely in a field of 0.25T. Figure 6.15b illustrates

this behavior further. The maximum absolute XMCD value depends linearly on

the applied magnetic field. The errorbars take into account the limited resolution,

the according estimation error and the background correction. The straight line

illustrates a linear fit to the data points. This linear behavior leads to the conclusion

that the Co2+ atoms are uncoupled and behave paramagnetically. The same results

were found earlier with samples which showed even stronger ferromagnetism in

SQUID measurements [141, 142].

Figure 6.16a shows an XAS spectrum of (Zn0.94,Co0.06)O at the O K-edge. The

spectrum agrees well with those obtained by Krishnamurthy et al. and Chang

et al. obtained for undoped ZnO [186, 187]. No visible change of the spectral

features between 530eV and 544eV due to the presence of oxygen vacancies can

be observed, suggesting that an effective introduction of oxygen vacancies was

not achieved [137, 186, 187]. To clarify that the observed ferromagnetism is not

induced by oxygen itself, XMCD measurements at the O K-edge were performed

in an external field of ±2T. Figure 6.16b shows the resulting XMCD spectrum.

An XMCD signal cannot be observed suggesting that oxygen is not the origin of

ferromagnetism. The same result has been reported earlier for Co:ZnO and for

Li-codoped Co:ZnO [143].
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Figure 6.16: (a) XAS spectrum recorded at the O K-edge [144]. The spectrum agrees well with those

of undoped ZnO [186, 187]. (b) XMCD spectrum calculated from the XAS spectra at the

O K-edge in a magnetic field of ±2T. No dichroic signal can be observed.
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6.5 Conclusions

(Zn0.94,Co0.06)O thin films were prepared by RF magnetron sputtering under

oxygen-poor and oxygen-rich conditions to investigate carrier mediated ferro-

magnetism. The samples were post annealed under vacuum conditions or in

oxygen atmosphere to introduce oxygen vacancies or ensure oxygen saturation,

respectively.

XRD revealed a c-axis oriented growth for both preparation conditions. TEM

investigation showed a good crystalline growth with a few dislocations. The

growth direction is columnar perpendicular to the substrate. EFTEM images

for the samples prepared under oxygen-poor conditions revealed a homogeneous

element distribution in the film for all elements before and after the post annealing

process. Co-enriched regions with a diameter of 20–40nm were found for samples

prepared under oxygen-rich conditions. These regions appear predominantly at the

interface to the substrate and go along with Zn depletion. The oxygen distribution

is homogeneous for the sample prepared on Si(001). A slight oxygen depletion

is found in the sample prepared on Al2O3(0001). Consistent with EFTEM, EELS

shows an enrichment of Co in these regions in comparison to the surroundings.

Comparing EELS spectra obtained for the Co enriched regions to electron loss near

edge structures obtained by Zhang and to XAS spectra obtained by Kurmaev et al.

it may be concluded that these regions consist of CoO [165, 166]. The fact that

these CoO clusters cannot be identified in HRTEM images leads to the conclusion

that the clusters are of wurtzite and not of cubic crystal structure.

SQUID measurements revealed that samples grown under oxygen-rich conditions

show purely paramagnetic behavior despite the presence of CoO clusters. This

is consistent with the observation of other groups that wurtzite (in constrast to

cubic) CoO clusters do not exhibit superparamagnetism [61, 62, 180]. Samples

grown under oxygen-poor conditions show different results for identically prepared

samples. The primary contribution is also paramagnetic, but a small ferromagnetic

contribution was oberserved which was further investigated by XAS and XMCD at

the element specific edges. XAS spectra suggested that Co is incorporated as Co2+

substituting Zn at its lattice sites. The XMCD spectra at the Co L3-edge showed a

linear increase of the maximum absolute XMCD value in dependency of the applied

field. This linear dependency is typical for paramagnetic behavior meaning that
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the Co spins are uncoupled. A similar behavior was reported earlier [141, 142].

XAS spectra at the O K-edge are similar to those obtained for undoped ZnO lacking

the change in the spectral features which is characteristic for oxygen vacancies

[137, 186, 187]. Accordingly, the intended introduction of oxygen vacancies was

not achieved by the vacuum annealing process. XMCD spectra at the O K-edge

did not show a dichroic signal, suggesting that also oxygen is not responsible for

the ferromagnetic contribution. The non-magnetic behavior of Zn in Co-doped

ZnO has already been observed earlier [141]. The results found by Akdogan et al.

which showed hysteresis loops with coercivity measured by XMCD at the Co L2,3-

as well as at the O K-edge could not be substantiated [188]. It is also conceivable

that (Zn0.94,Co0.06)O is a true diluted magnetic oxide which in this case did not

display ferromagnetism in the surface region (see XMCD), but only deeper in the

sample. However it is unclear, why a sample with a homogeneous distribution of

all elements should display ferromagnetism only in deeper regions.

Exchange mechanisms as introduced in section 2.4 could then be responsible

for the observed ferromagnetism. The possibility of clusters which are located at

the interface to the substrate and which have been overlooked by XRD as well

as TEM remains, although this is unlikely. However, ferromagnetism has also

been observed in undoped ZnO flakes when mechanical strain is applied. The

effect has been attributed to the creation of defects or grain boundaries and

disappeared after annealing in oxygen [189]. A similar explanation was given by

Straumal and coworkers who qualitatively investigated the ferromagnetic behavior

of pure and Mn-doped ZnO in nearly 70 publications and concluded that the

ferromagnetism is caused by a grain boundary foam [65, 118]. This is an expedient

explanation, since different initial conditions can easily lead to different crystalline

quality in the samples. The threshold of the so-called grain boundary area above

which ferromagnetism occurs in Co-doped ZnO is given by 2×106m2/m3. Using

the equation to obtain the grain boundary area as defined in [65], a value of

✓ 2×107m2/m3 for the (ferromagnetic) sample investigated by TEM can be derived

which is well beyond the critical value. Although this is a reasonable explanation,

other possibilities have to be kept in mind and also a contamination of the samples

during the annealing process, e.g., by the sample holder, cannot be neglected

completely.
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7 Sputtered ZnO nanocrystals and

quantum dots

Throughout this work, the term “nanocrystal” is used for a nanometer-sized crystals

that do not show quantum confinement effects. In contrast, the term “quantum

dot” is used if quantum confinement effects can be observed. Note that all follow-

ing TEM images and TEM related measurements were recorded in the group of

Prof. Dr. Dagmar Gerthsen at the Karlsruhe Institute of Technology under supervi-

sion of Dr. habil. Reinhard Schneider.

7.1 Common preparation methods of ZnO nanocrystals

and quantum dots

Different preparation methods have been established to grow ZnO nanocrystals and

quantum dots. The most widely spread technique is sol-gel synthesis [66, 75, 190–

193] predominantly based on the work of Spanhel or Seelig and coworkers [194,

195]. Other wet chemical methods like flame spray pyrolysis or controlled double-

jet precipitation have also been successfully implemented [196, 197]. However,

wet chemical procedures require to dry the nanocrystals which may result in the

formation of secondary phases due to a large numbers of hydroxyl groups [198].

This can be avoided by solid state reactions such as mechanochemical preparation

and ion implantation [198–200]. Recently, sputtering was proven to be also suitable

as a solvent-free preparation method. The fabrication of ZnO nanocrystals via

sputtering from a special mosaic-like target has been demonstrated focussing on

the optical properties of the prepared composite systems [33, 201, 202].

The implementation of ZnO quantum dots in spintronic applications requires long

spin coherence times which can be realized by embedding them into optical cavities

with high-Q factors [27]. Such cavities were first fabricated by molecular beam
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epitaxy using self-assembled InAs quantum dots and AlAs/GaAs Bragg mirrors [203,

204]. Dielectric Bragg mirrors composed of AlGaN/GaN have been used to design

optical cavities operating in the UV [205]. Alternatively, UV optical cavities have

been accomplished by a combination of TiO2/SiO2 or HfO2/SiO2 for CdSe/ZnS or

ZnO quantum dots, respectively [28, 71].

7.2 A new technique for sample preparation

ZnO nanocrystals in an amorphous SiO2 matrix have been prepared by RF mag-

netron sputtering of a SiO2/ZnO/SiO2 trilayer on Si(001) and Al2O3(0001) sub-

strates in the Leybold Z400 machine. The fabrication is schematically illustrated in

figure 7.1. First, a 30nm thick SiO2 layer was deposited at room temperature. Gas

flows of 100 sccm Ar and 8sccm O2 were applied which lead to a working pressure

of 4.5×10-3mbar and a sputtering rate of about 0.7Å/s. Then, a ZnO layer with a

thickness of 5nm was deposited onto the SiO2 under the same conditions also with

a sputtering rate of about 0.7Å/s. Afterwards, the sample was heated to 500°C

for 1h inside the sputtering chamber. The annealing was performed to crack

the ZnO layer and provide energy for the formation of individual nanocrystals.

Subsequently, the SiO2 top layer was deposited onto the sample at 500 °C, applying

the same preparation conditions as before.

substrate
SiO2 30 nm

substrate
SiO2 30 nm
ZnO  5 nm

substrate
SiO2 30 nm

ZnO
nanocrystals

substrate
SiO2 30 nm

SiO2 30 nm

ZnO
deposition

at room
temperature

Annealing
at 500 °C

SiO
deposition

at 500 °C

2

Figure 7.1:

Schematic diagram illustrating the

preparation process: after the depo-

sition of a 5nm thick ZnO layer on

a 30nm thick SiO2 layer, the sample

was annealed at 500 °C for 1h. Subse-

quently, the 30nm thick SiO2 top layer

was sputtered onto the hot sample.

Later an AJA Orion 5 UHV sputtering system was acquired which allowed for a

much better control of the initial and preparation conditions. Using this machine,

not only nanocrystals but also ZnO quantum dots could be fabricated by reactive
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7.2 A new technique for sample preparation

RF magnetron sputtering of ZnO and SiO2 multilayers onto Al2O3(0001) and

Si(001) substrates or carbon-coated Cu grids. A low vacuum base pressure of

3.3×10-8mbar ensured a stable and clean deposition environment. This base

pressure is two orders of magnitude lower than the base pressure obtained in

the Leybold Z400 machine. Si and ZnO targets were used at sputtering powers

of 150W and 28W, respectively. The sputtering process was carried out in Ar

(15sccm) and O2 (3 sccm) atmosphere. The working pressure can be controlled

independently of the gas flow and was kept at 2×10-3mbar for deposition of SiO2

and at 6.7×10-3mbar for deposition of ZnO. The entire fabrication process was

carried out at room temperature with no annealing steps. Sputtering rates here

were in the order of 1Å/s in case of SiO2 and 0.06Å/s in case of ZnO.

Figure 7.2a illustrates the sample structure. It is equivalent to the structure of

the samples containing ZnO nanocrystals, differing only in the number and thick-

ness of the layers. However, in contrast to the ZnO nanocrystals, the ZnO quantum

dots were prepared without any annealing steps in the AJA Orion 5 UHV sputtering

system. First, a SiO2 bottom layer of 15nm thickness was deposited onto the

Al2O3(0001) or Si(001) substrates to eliminate any influence of the substrate on the

growth of the quantum dots. The bottom layer was followed by 10–50 alternating

layers of ZnO (2nm nominal thickness) and SiO2 (5nm nominal thickness) resulting

in a total film thickness of 85–365nm. Since no annealing and hence no cooling is

required in this preparation process, the fabrication of a large number of equal

layers became feasible. Samples prepared on a carbon-coated Cu grid were used

85-365 nm

(a) ...

substrate

2 nm ZnO
5 nm SiO
15 nm SiO

2

2

(b)

Cu grid

2 nm ZnO
5 nm SiO2

10 nm SiO2

Figure 7.2: (a) Schematic drawing of the sputtered SiO2/ZnO multilayer structure. (b) Schematic

drawing of the sputtered SiO2(10nm)/ZnO(2nm)/SiO2(5nm) trilayer structure deposited

onto a carbon-coated Cu grid.

for top-view TEM imaging and accordingly were prepared with a thinner layer

stack to meet the TEM requirements without further processing. These samples

consistet of a trilayer of SiO2(10nm)/ZnO(2nm)/SiO2(5nm) which is illustrated
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Sputtered ZnO nanocrystals and quantum dots

in figure 7.2b. Sputtering conditions were identical to the samples prepared on

Al2O3(0001) and Si(001).

Note that using ZnO layers thinner than 5nm in case of the preparation proce-

dure carried out in the Z400 machine did not lead to the formation of ZnO quantum

dots. Instead, ZnO could not be identified anymore, i.e., a strong intermixing of ZnO

with the surrouding SiO2 is likely. Also, applying the preparation procedure which

was successfully implemented in the AJA Orion 5 UHV system for the formation of

ZnO quantum dots did not lead to the desired result. Most likely, the possibility

of low ZnO sputtering rates of 0.06Å/s which is about an order of magnitude less

than for ZnO nanocrystals, enabled the formation of ZnO quantum dots. Such

low sputtering rates were not possible using the Leybold Z400 machine since the

according power was too low to keep the Ar/O2 plasma burning.

To fabricate optical cavities, Bragg mirrors were prepared in a gas flow of

15sccm Ar and 3sccm O2 at room temperature from elemental Ta and Si targets.

Sputtering powers of 100W in case of Ta and 150W in case of Si as well as a

working pressure of 2×10-3mbar were applied. Sputtering from elemental targets

in a reactive ambient containing oxygen resulted in dielectric layers of Ta2O5 and

SiO2. The individual layers were designed as λ/4 layers which yields thicknesses of

41nm for Ta2O5 and 63nm for SiO2 if the cavity is designed with its resonance at

375nm.

7.3 Structural characterization

ZnO nanocrystals

In order to study the microscopic structure of the ZnO nanocrystals embedded

into amorphous SiO2, detailed investigations were performed by TEM. XRD cannot

be applied to investigate the crystallinity of the samples, since the total amount

of crystalline ZnO does not yield enough intensity to obtain an XRD pattern.

Figure 7.3a shows a representative cross-section HRTEM image of the ZnO layer.

The layer is approximately 5nm thick and surrounded by SiO2. Slightly elongated

ZnO nanocrystals (dark regions) dispersed within the amorphous SiO2 matrix

(bright background) are clearly discernable. A magnification of a typical inclusion

is shown in figure 7.3b confirming the high crystalline quality of the prepared ZnO
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7.3 Structural characterization

nanocrystals. Since the nanocrystals are arranged behind each other in cross-

section images, these images alone do not give a direct proof of the formation of

separated ZnO nanocrystals. Instead of being separated, the nanocrystals could as

well form a dense network.

5 nm

(a)

(b)

SiO2

ZnO

SiO2

ZnO nanocrystal

Figure 7.3:

Structure of the ZnO layer embedded in SiO2: (a) HRTEM image of

the ZnO layer in cross-section, (b) magnification of a single ZnO

nanocrystal.

To verify that the ZnO nanocrystals are indeed separated and to enhance contrast,

plane-view TEM imaging was performed. The TEM-BF image shown in figure 7.4a

demonstrates the presence of distinct ZnO nanocrystals surrounded by SiO2. The

observed nanocrystals are 1–16nm in diameter, i.e., the distribution is broad. It

will be discussed in detail below.

(a) TEM-BF

100 nm

(b) EFTEM

100 nm

(c) HAADF STEM

50 nm

Figure 7.4: (a) Plane-view TEM-BF image of the composite system, (b) corresponding EFTEM image

of the Zn distribution and (c) HAADF STEM image.

The EFTEM image (figure 7.4b) shows a representative chemical distribution

map which was recorded in plane-view using the Zn L2,3 ionization edge with
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a threshold energy of 1020eV [206]. It visualizes a strongly inhomogeneous Zn

distribution, corroborating the presence of regions highly enriched with ZnO. Local

bright-dark contrast fluctuations with an extension of approximately 15–20 nm

can be seen. Here, bright regions have a higher content of Zn. As the signal of

inelastically scattered electrons decreases exponentially with the energy loss, the

signal to noise ratio at the high energy Zn L2,3-edge at 1020eV is low. Hence, the

regions enriched with Zn may appear broadened in comparison to the TEM-BF

image. However, in contrast to BF TEM which cannot identify distinct elements,

EFTEM has the advantage of directly providing a chemical distribution map of the

sample.

Figure 7.4c shows a representative HAADF STEM image of a plane-view sample,

where the regions with ZnO nanocrystals appear brighter than the intermediate

SiO2 due to the higher mean atomic number. Consistent with EFTEM, Z-contrast

STEM imaging also shows a strongly inhomogeneous dispersion of Zn in the SiO2

matrix, confirming the presence of areas enriched with ZnO. From these TEM

measurements the regions composed of ZnO are estimated to be up to 16nm in

diameter.

To obtain a size distribution, a total number of about 1000 nanocrystals in several

TEM images were counted and their diameter was measured. Figure 7.5 shows

the resulting histogram. The distribution reveals that 73% of the nanocrystals are
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Figure 7.5:

Size distribution of the ZnO nanocrys-

tals.

(5±2)nm in diameter. Only 3% of the nanocrystals are smaller than 3nm, 25% of

the nanocrystals are larger than 7nm. The number of ZnO nanocrystals with a

diameter of less than 3nm might be underrepresented in the histogram due to the
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limited resolution of large area TEM images.

Figure 7.6a shows an SAED pattern of the ZnO/SiO2 composite system taken

from a plane-view sample with 200kV electron accelerating voltage. A radial

intensity profile of this pattern (figure 7.6b) reveals clear diffraction peaks which

can be indexed by comparison with a simulated powder diffraction diagram of the

ZnO wurtzite structure. The reciprocal lattice vector k can be translated into a

diffraction angle θ by applying the Bragg equation 2drec sin θ = λ (equation 4.1).

drec = 2π④k denotes the reciprocal lattice constant and λ the wavelength of the

incident beam. Using the Scherrer formula (equation 4.3), the mean grain size D

Figure 7.6: (a) SAED pattern of the ZnO/SiO2 composite system and (b) comparison of a radial

intensity profile of (a) (red) with a simulated diffraction pattern (black).

of the nanocrystals can be calculated. Especially the strong and well-separated

reflections (110), (103) and (112), and also (100), (002) and (101) at low diffraction

angles may be used for the evaluation and lead to D = (5±1)nm. This is in good

agreement with the results obtained from the TEM image analysis (see figure 7.5).

As only small nanocrystals broaden the FWHM of the diffraction peaks significantly,

mainly their mean grain size is invesigated with the radial intensity profile. The

peaks are also somewhat broadened by image correction, since SAED raw data

is originally not entirely ring-shaped but slightly elliptic. Hence, the diffraction

peaks may appear broader which makes the nanocrystals appear smaller than they

actually are. The mean grain size of 5nm fits well with the results of Ma et al.

obtained by XRD for nanocrystals which were, like the samples presented here,

annealed at 500°C [33].
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The diffraction measurements may also be used for the estimation of the lattice

constants, yielding a = 3.24Å and c = 5.20Å. The results are in good agreement

with the values for bulk ZnO of a = 3.250Å and c = 5.207Å, and slightly closer

to the bulk values than the parameters observed by HRTEM for a single ZnO

nanocrystal prepared by the filtered cathodic vacuum arc technique, which yields

a = 3.17Å and c = 5.17Å [36, 207].

Plane-view HRTEM imaging confirms the presence of crystalline, predominantly

small ZnO nanocrystals with sizes up to 16nm, embedded in amorphous SiO2.

These sizes are in agreement with the results obtained by SAED, because not

only large particles of 16nm in diameter but also many smaller particles with

a diameter less than or equal to 5nm were observed. Figure 7.7a presents an

image of a typical ZnO nanocrystal with a diameter of about 10nm. The FFT

3.56 nm−1

(a)

2 nm

(b)

(c)

000

1̄10

11̄0
01̄0

1̄00 010

100

Figure 7.7:

(a) Plane-view HRTEM image of an in-

dividual ZnO nanocrystal surrounded

by SiO2, (b) FFT of (a) showing hexag-

onal ZnO lattice reflection indices, (c)

the corresponding simulated electron

diffraction pattern for ZnO in the [001]

orientation.

pattern (figure 7.7b) of the HRTEM image shows clear reflections up to the second

order. Even third order reflections are visible for some orientations. The indexed

diffraction pattern simulated with JEMS software for the [001]-beam direction

(figure 7.7c) confirms the wurtzite structure for the analyzed ZnO particle [208].

From the HRTEM image in figure 7.7a a lattice constant of a = 3.24Å is derived

which is consistent with the SAED result.

ZnO quantum dots

Figure 7.8 shows a representative HRTEM image (side-view) of ZnO layers with a

nominal thickness of 2nm embedded in amorphous SiO2 on Si(001). ZnO quantum
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7.3 Structural characterization

dots may be identified as dark regions within the bright SiO2 surroundings.

Compared to the amorphous SiO2, the dark ZnO regions show a stripe-like

structure proving the crystallinity of the material. ZnO regions do not appear as

connected layers, but as separated quantum dots. However, their diameters are

difficult to estimate from these HRTEM side-view images since the quantum dots

are arranged behind each other.

20 nm

Figure 7.8:

HRTEM side-view image of ZnO quan-

tum dots embedded in SiO2 deposited

onto Si(001).

Therefore, additional microstructural investigations by HRTEM were performed

on a single SiO2(10nm)/ZnO(2nm)/SiO2(5nm) trilayer which was deposited onto a

carbon-coated Cu grid with the same preparation conditions. This sample allows for

top-view HRTEM images of single ZnO quantum dots and an evaluation of their size

distribution. Figure 7.9a shows a HRTEM image of a single ZnO quantum dot with

a diameter of 4nm embedded in SiO2. While the SiO2 surroundings are amorphous,

(a)

5 nm

(b)

Figure 7.9:

(a) HRTEM top-view image of a single

ZnO quantum dot embedded in amor-

phous SiO2. (b) Diffraction pattern cor-

responding to (a).
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the ZnO quantum dot shows a hexagonal crystal structure. The crystallinity is

confirmed by the diffraction pattern which corresponds to the HRTEM image

(figure 7.9b).

Figure 7.10 shows a representative top-view HRTEM image of ZnO quantum dots

embedded in SiO2. The quantum dots are well separated. Evaluation of several

10 nm

Figure 7.10:

Top-view HRTEM image of a single

layer of ZnO quantum dots embedded

in amorphous SiO2.

HRTEM images allows for a statistics on the size distribution of the ZnO quantum

dots with an accuracy of 1nm in diameter. The result is presented in figure 7.11.

The average quantum dot diameter is (3.5±0.6)nm, i.e., the sputtered quantum
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Figure 7.11:

Histogramm of the size distribution of

the sputtered ZnO quantum dots.

dots are almost monodisperse. No quantum dots with a diameter less than 2nm

or larger than 5nm were observed. This size distribution is comparable to that

of sputtered, but annealed, ZnO quantum dots and significantly narrower than
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the size distribution of the nanocrystals discussed in the previous section [34, 35].

The measurements of the trilayer prove that the formation of the ZnO quantum

dots does not depend on the number of sputtered layers. This is important, since

for optimum light-matter coupling only a single layer of quantum dots should be

placed in the antinode of an optical microcavity.

7.4 Optical characterization

ZnO nanocrystals

Figure 7.12 shows the square of the optical absorption coefficient α2 as a function

of photon energy Eph, calculated from the optical transmittance spectrum. ZnO-

related absorption sets in above 3.5eV. Assuming parabolic bands as in bulk ZnO,
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Figure 7.12:

α2 as a function of photon energy mea-

sured on the sample containing ZnO

nanocrystals. The dotted line is a lin-

ear fit to the absorption edge region.

Eg can be extracted from the intersection of a linear fit to the absorption edge with

the energy axis as shown by the dashed line in figure 7.12. This procedure yields a

bandgap energy of Eg = 3.19eV1. The film thickness d for calculation of α out of T

was assumed to be equal to the effective sputtered film thickness.

The quantitative estimation of the bandgap is difficult in this case, not only

because it is not clear which model is appropriate. The fact that the absorption

caused by ZnO is small due to the extremely thin ZnO layer makes definition of the

edges which are used for extrapolation difficult which leads to a large variation of

1Applying the model proposed by Davis and Tauc yields a bandgap energy of 3.23eV [69]. See
section 3.1 for detailed explanation.
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the bandgap depending on the choice of the edges. The bandgap as well as the size

of the ZnO nanocrystals prepared in this study agree well with the values found by

Tan et al. in nanocrystal-embedded ZnO thin films, which were annealed at 500°C

in a mixed O2 and N2 atmosphere [70].

The nanocrystals with their diameters between 1–16nm will also show quantum

dot-like behavior, at least to some extent. However, quantum effects will not be

observed in transmittance measurements: In contrast to SAED the large nanocrys-

tals dominate the optical transmittance spectra. The exciton Bohr radius of ZnO is

a✍B = 2.34nm which means that nanocrystals with more than ✓ 5nm in diameter

show bulk properties. Hence, the bandgap of bulk ZnO is observed here because

nanocrystals that are larger than 5nm in diameter exist and bulk material has

an energetically lower bandgap compared to smaller nanocrystals. Consequently,

their absorption emerges at lower energies, masking the absorption of the smaller

nanocrystals.

Note that ZnO nanocrystals in the amorphous SiO2 matrix, sputtered as a layer

structure, may be formed without a high temperature (>800°C) annealing step.

Such an annealing step was used by several groups to prepare ZnO nanocrystals

based on layer deposition [207, 209, 210]. However, it was shown earlier that

annealing at temperatures higher than 800°C may easily lead to the formation

of zinc silicate (Zn2SiO4) due to the large number of surface atoms of the ZnO

nanocrystals which leads to a high surface free energy and enables interface re-

actions [33]. Formation of Zn2SiO4 at post annealing temperatures which were

higher than 700°C was also observed and is in good agreement with the results

found in [33]. Figure 7.13 shows the square of the optical absorption coefficient

of three different samples containing ZnO nanocrystals prepared in a single fabri-

cation run. Whereas the absorption by ZnO can be seen for the sample as grown

(blue) and for the sample annealed at 700 °C (green), it is completely absent in the

sample annealed at 750 °C (red). The heated samples were both treated in a rapid

thermal annealing oven with gas flows of 100 sccm N2 and 25sccm O2 for 1h. This

demonstrates that formation of Zn2SiO4 is activated at a temperature between

700–750°C. Even for the sample annealed at 700°C, the absorption due to ZnO

is less than in the sample as grown. This suggests that formation of Zn2SiO4 is

possible even at temperatures significantly below 750°C if the annealing time is

sufficiently long.
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Figure 7.13:

α2 as a function of photon energy for

samples annealed at different temper-

atures.

ZnO quantum dots

To investigate the optical properties of the sputtered ZnO quantum dots, mea-

surements of the optical transmittance in the visible and UV were performed

on multilayered samples with 10 and 50 layers (85 and 365nm) deposited on

transparent Al2O3(0001) substrates.

Figure 7.14 shows the absorbance A of the ZnO quantum dots of the 10 layer

sample compared to the 50 layer sample at room temperature. The data of the
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Figure 7.14:

Comparison of A of a 10 layer (mul-

tiplied by a factor of 5) and 50 layer

sample, including the estimation of the

bandgap energy.

10 layer sample has been multiplied by a factor of five to clearify its characteris-

tics. Due to the size distribution of (3.5±0.6)nm, the model for quantum dots is

appropriate in contrast to the absorption measurements of the ZnO nanocrystals.

However, it is clear that the estimation of the bandgap energy according to refer-
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ence [66] in case of the 10 layer sample is not possible since the absorption edges

are not identifiable. Nevertheless, an onset of absorption at 3.5 eV is observed. The

estimation of the bandgap of the 50 layer sample yields Eg = 3.61eV.

To further illustrate the absorption behavior, figure 7.15 shows absorbance spec-

tra of 10–50 layer samples without additional scaling. As expected, the absorption
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Figure 7.15:

Comparison of A of 10–50 layer sam-

ples. Only the 50 layer sample exhibits

an excitonic shoulder which is neces-

sary to apply the model of reference

[66].

increases by an increasing number of ZnO quantum dots. The absorption always

sets in at about 3.5eV but can hardly be seen in the data of the 10 layer sample.

Only the 50 layer sample exhibits an excitonic shoulder which is necessary to apply

the model introduced in reference [66].

To directly compare the optical properties of the ZnO quantum dots with bulk

ZnO, a reference sample consisting of a thick ZnO layer (330nm) has been prepared

by sputtering.2 It is deposited at room temperature, but annealed for 3h at 500°C

in 5sccm O2 and 20sccm N2. Similiar thin-film preparation procedures, involving

annealing steps between 400°C and 600°C, have been reported earlier to result in

strong UV emission at 3.27–3.31eV and suppression of defect photoluminescence

in bulk ZnO [211–213]. Evaluation of the square of the absorption coefficient of the

330nm ZnO layer as shown in figure 7.16 results in a bandgap of Ebulk
g = 3.28(1) eV.

When comparing the two retrieved bandgap values for bulk ZnO and ZnO quantum

dots, a large blueshift of 330meV is observed which will be addressed later.

2The following growth conditions have been used to obtain high quality reference samples: sputter-
ing gases Ar (15 sccm) and O2 (3 sccm), working pressure p = 6.7×10-3mbar, deposition at room
temperature with additional ex-situ heat treatment at 500°C or deposition at T = 500°C, varying
power to achieve desired growth rate.
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Figure 7.16:

Square of the optical absorption coef-

ficient of a 330nm thick ZnO layer.

The room temperature photoluminescence spectrum of ZnO quantum dots in a 10

layer sample in figure 7.17a clearly displays UV emission centered at EQD
PL = 3.31eV

with an FWHM of 83meV. This UV emission is usually attributed to free exciton

transitions [33, 214]. The FWHM is comparable to that of high-quality bulk ZnO

which shows a typical FWHM of 80meV to 120meV and is evidence for the good

crystalline quality of the sample [212–215]. The additional broad emission band in
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Figure 7.17: (a) Room temperature photoluminescence (PL) spectrum of the ZnO quantum dots

showing UV exciton-related as well as visible defect-related emission. (b) Comparison

of UV photoluminescence emission of the sputtered ZnO quantum dots with a sputtered

and annealed bulk ZnO layer of 330nm thickness.

the visible region of the spectrum is attributed to electron-hole recombination of

oxygen vacancies [216]. Presumably this is the first report of UV emission at room
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temperature of non-annealed sputtered ZnO quantum dots. The high crystalline

quality and few surface defects needed to exhibit UV emission at room temperature

were achieved by using low sputtering rates of about 0.06Å/s.

Figure 7.17b depicts the UV emission of the ZnO quantum dots compared to

the UV emission of the sputtered bulk ZnO layer. Similiar to the transmittance

measurements, the photoluminescence emission of the quantum dots at 3.31eV

shows a prominent blueshift compared to photoluminescence emission of 3.25eV

of the ZnO bulk layer. The blueshift is 60meV and thus less pronounced than in

transmittance measurements. The blueshift observed both in transmittance and

photoluminescence measurements of ZnO quantum dots compared to bulk material

may be attributed to quantum confinement [33, 76, 77, 196, 217]. Since the exciton

Bohr radius in ZnO is 2.34nm, the quantum dots with a diameter of (3.5±0.6)nm

are in the moderate confinement regime [38].

Assuming free-standing spherical ZnO quantum dots, the shift of interband

transitions due to confinement for a dot diameter of 3.5nm may be estimated using

the model of Brus to be 300meV [218]. Electron and hole effective masses and

the permittivity of ZnO are taken from reference [38]. The calculated value is in

the order of the observed value of 330meV. The discrepancy might be explained

by the strong change of energy shift within only a small range of quantum dot

diameter: the theoretical shift due to quantum confinement for ZnO quantum dots

with a diameter of 2nm is 1.40eV, while it is only 70meV for 5nm ZnO quantum

dots. This is illustrated in figure 7.18. The range of (3.5±0.6)nm is shaded gray.
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Figure 7.18:

Theoretical confinement in ZnO quan-

tum dots applying the model of Brus

[218].

It can be seen that there is a huge variation of energy shifts within only a small
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range of quantum dot diameters. Additional contributions to the blueshift could be

caused by the confinement due to charges inside the quantum dots or dielectric

surroundings [219].

Fonoberov et al. theoretically investigated the UV photoluminescence emission

in ZnO nanocrystals with diameters of 2–6nm, originating either from confined

excitons or possible surface-bound ionized acceptor-exciton complexes [220]. The

computed energy shifts cannot be directly compared to the experimental data,

since the calculations have been performed for ZnO quantum dots with either water

or air as ambient media, but not with SiO2 surroundings. However, it was stated

that radiative lifetime measurements, e.g., by time-resolved photoluminescence

of the exciton might unambiguously distinguish between quantum confinement or

surface-bound exciton states [215, 220–222].

Not only energy shifts of the onset of transmission and UV photoluminescence

emission of the ZnO quantum dots with respect to bulk material can be identified.

A Stokes shift, i.e., an energy difference between absorption and emission of the

ZnO quantum dots which amounts to 300meV is observed, too (figure 7.19).3 The

Stokes shift is most likely caused by a splitting of the exciton states by electron-hole

exchange interaction as in CdSe quantum dots [78].
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Figure 7.19:

Absorbance and UV photolumines-

cence of ZnO quantum dots, illustrat-

ing the Stokes shift.

3The Stokes shift is calculated by EQD
g ✁ EQD

PL , see section 3.3.
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7.5 Optical cavities with embedded ZnO quantum dots

7.5.1 SiO2 and Ta2O5 as Bragg mirror materials

Different preparation procedures were applied to fabricate high-Q optical cavities.

Bragg mirrors were always composed of SiO2 and Ta2O5. Both materials are

transparent in the near UV spectral region which is essential since the bandgap of

ZnO which the cavities have to be tuned to is at 375nm. The combination of SiO2

and Ta2O5 was chosen not only because of the transparency, but also because of

the large difference in their refractive index. SiO2 has an refractive index of 1.49

whereas the refractive index of Ta2O5 is 2.29 in the interesting spectral region,

strongly depending on the wavelength of the incident light. The dielectric layers

have been sputtered from elemental Si and Ta targets. Compared to oxidic SiO2

and Ta2O5 targets, sputtering from the elemental targets is much faster, even

in the RF mode, because of a higher conductivity. Using elemental targets, it is

possible to gain a factor of five in process time or even more, i.e., the machine can

be used more effectively. Also, long sputtering times often go along with unstable

conditions, i.e., fluctuations of the DC potential and heat-up of target which will

lead to non-reproducible layer thicknesses. This is especially true for dielectric

targets with low conductivity which leads to discharging flash-arcs despite RF

operation. Additionally, occasional power failures can be circumvented by low

sputtering times.

The Orion 5 UHV sputtering system is equipped with a computer control to

program sample preparation routines. With little effort, Bragg mirrors with many

layers can be produced. Sputtering rates of SiO2 increased slightly with time,

whereas the sputtering rates of Ta2O5 were constant. The reason is most likely

found in the much higher and much less stable DC potential at the Si target

which is caused by the much higher electrical resistivity of 1×10-3 Ωm compared

to 1.35×10-7 Ωm of Ta [223]. The DC potential of a Si target is in the order

of 260V when a sputtering power of 100W is applied, whereas it is only 35V

for Ta with the same sputtering power. The DC potential at the Si target is

decreasing when the target is getting thinner which significantly influences the

sputtering rates. It also depends on other circumstances such as the coverage of

the target adapter with SiO2 which makes an accurate prediction of sputtering rates

difficult. Therefore, samples were prepared not only by an automatic preparation
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routine on a rotating sample plate, but also by positioning the substrates onto

the quartz crystal microbalance holder and measuring the layer thickness during

deposition. It is not possible to monitor the sputtering rate using the microbalance

and simultanously depositing onto a substrate on the rotating sample plate, since

the microbalance would shadow the substrate significantly. However, using the

microbalance, the layer thickness can indeed be controlled much more precisely

resulting in a higher output of suitable cavities. This way it can also be ensured

that the sputtered ZnO quantum dots are positioned exactly in the center of the

optical cavity which is essential for a strong interaction of the quantum dots with

the electro-magnetic field. However, when using the microbalance as substrate

holder, it is not possible to rotate the substrate which leads to inhomogeneous

layer thicknesses, i.e., the desired layer thickness can only be found on a small

area of the sample. The results of both preparation routines will be discussed in

section 7.5.

Experiments replacing Ta2O5 by HfO2 did not succeed in the course of this work.

Strongly fluctuating DC potentials at the target and extremely low sputtering

rates were observed. HfO2 was used earlier to prepare optical microcavities with

embedded colloidal ZnO quantum dots with successful characterization of cavity

modes by µ-photoluminescence in the UV [28].

Optical transmittance of SiO2 and Ta2O5

Knowledge of the optical transmittance and the refractive index n is essential

to prepare high-Q optical cavities with the desired central wavelength λc. To

obtain information about n, wavelength dependent ellipsometry measurements

have been performed. The Cauchy model (equation 3.9) was used to calculate

n from the ellipsometry values ∆ and Ψ. In case of SiO2 the Sellmeier model

(equation 3.10) was also appropriate and yielded the same results. Thick layers

of SiO2 (d = 887(5)nm) and Ta2O5 (d = 727(2)nm) prepared on 0.5mm thick

Al2O3(0001) substrates have been used to do these reference measurements. Layer

thicknesses were determined by ellipsometry. Both layers are transparent, as

shown in figure 7.20. Due to a higher refractive index, the reflection losses of

Ta2O5 at the interfaces are higher.

115



Sputtered ZnO nanocrystals and quantum dots

1.5 2.5 3.5 4.5 5.5

Photon energy, Eph (eV)

0

20

40

60

80

100

T
ra
n
s
m
it
ta
n
c
e
,
T

(%
)

SiO2

Ta2O5

800 600 500 400 300

Wavelength, λ (nm)

Figure 7.20:

Transmittance of a 887(5)nm thick

SiO2 (red) and a 727(2) nm thick Ta2O5

(blue) layer. Each layer was prepared

on a 0.5mm thick Al2O3 substrate.

For SiO2, n depends on wavelength λ as

nSiO2♣λq ✏ 1.484♣5q � 1289♣360qnm2

λ2
, (7.1)

whereas

nTa2O5♣λq ✏ 2.099♣4q � 26587♣378qnm2

λ2
(7.2)

kTa2O5♣λq ✏
1493♣155qnm2

λ2
(7.3)

for Ta2O5. Clearly, nTa2O5 strongly depends on λ and can be as high as 2.29 for

λ = 375nm which is the optical bandgap of ZnO. Modelling the ellipsometric data,

the absorption of the SiO2 layer is neglected. The absorption of Ta2O5 has to

be taken into account. However, the Xe arc lamp has only little intensity below

400nm which makes the measurements unreliable and evaluation of the absorption

difficult as it sets in slightly above 400nm. To further investigate the absorption,

transmittance measurements of figure 7.20 have been fitted with the SCOUT

software [224]. The results are shown in figure 7.21. For SiO2 (red) the fit is valid

from 300nm to the infrared spectral region when absorption is neglected. The fit

yields

nSiO2♣λq ✏ 1.4756� 3147nm2

λ2
, (7.4)
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kSiO2 = 0 and d = 891nm which is in reasonable agreement with the results

obtained by ellipsometry. Below 300nm absorption would have be taken into

account. However, this part of the spectral region is not interesting for the

investigation of ZnO quantum dots. In case of Ta2O5 (blue) the absorption sets

in at 470nm already, however stays on the order of 2%. The results obtained by

SCOUT for Ta2O5 are

nTa2O5♣λq ✏ 2.1005� 32643nm2

λ2
, (7.5)

kTa2O5♣λq ✏
37nm2

λ2
(7.6)

and d = 722nm which is—apart from kTa2O5♣λq—also in good agreement with the

ellipsometric results. k is two orders of magnitude less than the result obtained by

ellipsometry. However, it was already discussed that ellipsometry using the EP3-SE

is not accurate for short wavelengths, i.e., where the absorption of Ta2O5 sets in.

Note that the losses above the absorption threshold are due to reflection at the

interfaces and amount to almost 20% in case of Ta2O5/Al2O3.
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Figure 7.21:

Transmittance of a SiO2 and a Ta2O5

fitted with the SCOUT software.

ZnO quantum dots and Bragg mirrors have been prepared entirely at room

temperature. Nevertheless heat stability of the Bragg mirrors is of interest, since

heat cannot only occur during preparation, but also during operation of a potential

device. Special attention has to be paid to Ta2O5 since there is a phase transition

from amorphous to crystalline β-Ta2O5 between 600–900°C [81, 225].

To investigate the effects of heat treatments, the layers have been annealed in a
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rapid thermal annealing oven at 500 °C for 30min with an N2 flow of 100 sccm and

an O2 flow of 25 sccm. After annealing, no differences in either layer thickness nor

optical coefficients could be identified in case of SiO2. However, concerning Ta2O5,

remeasuring ellisometry yields:

nTa2O5♣λq ✏ 2.057♣5q � 26558♣445qnm2

λ2
, (7.7)

kTa2O5♣λq ✏
1841♣178qnm2

λ2
(7.8)

and d = 755nm. These values are comparable to those obtained by SCOUT fits of

remeasured transmittance which are

nTa2O5♣λq ✏ 2.039� 31346nm2

λ2
, (7.9)

kTa2O5♣λq ✏
41nm2

λ2
(7.10)

and d = 758nm. Obviously, the Ta2O5 layer expands during heat treatment by

approximately 5% whereas the refractive index and extinction coefficient do not

change so drastically. This is surprising as the phase transition from amorphous

to crystalline Ta2O5 was reported at lowest at 600°C which is well above the

annealing temperature [225]. Even higher transition temperatures of up to 900°C

were observed in literature, making a phase transition at 500 °C unlikely [81, 226].

XRD measurements of the annealed as well as of the as prepared sample did not

yield any crystalline structure, i.e., the Ta2O5 layer is amorphous even after heat

treatment.

Effect of Ta2O5 expansion on the heat stability of Bragg mirrors

To investigate the influence of heat on the Bragg mirrors, samples were annealed

at 500 °C in a rapid thermal annealing oven with 100sccm of N2 and 25sccm of O2,

identically to the layers in the previous section. Figure 7.22 shows transmittance

measurements of a Bragg mirror consisting of ten bilayers of Ta2O5/SiO2 on an

Al2O3(0001) substrate immediately after growth (blue), after annealing for 30min

(green) and after annealing for 150min (red). The mirror was prepared using the

rotating sample holder.
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Figure 7.22:

Transmittance of a Bragg mirror con-

sisting of 10 bilayers as grown (blue),

after annealing for 30min at 500°C

(red) and after annealing for 150min

at 500°C.

Using nTa2O5 = 2.29 and nSiO2 = 1.49 as indices of refraction, the theoretical

reflectivity and bandwidth of the stopband according to equations 3.7 and 3.8

are R = 99.8–99.9% and ∆ω = 0.79–0.83eV/h̄. This matches well with the values

obtained from transmittance measurements which are R = 99.9% and ∆ω = 0.93–

0.95eV/h̄ (larger values for sample before heat treatment). The deviation from the

theoretical values can be explaind by two facts: 1. The layers are not exactly λ/4 in

thickness since the rotating sample holder was used. In this case the deviation from

the desired film thickness can be as large as 10% for SiO2. 2. The refractive index

of Ta2O5 has to be approximated to be 2.29 since it depends on the wavelength.

The transmittance of the mirrors increases with increasing time of annealing

and saturates after about 30min. There is a slight shift of the spectrum towards

lower energies and a small increase of the width of the stopband of less than

0.03eV/h̄. As already shown, the Ta2O5 layer thickness increases during annealing

by about 5%, i.e., for λ/4 layers this means an expansion from 41nm to about

43nm. Nevertheless, the overall transmittance increases. This can be explained

by the fact that the SiO2 layers are certainly thicker than expected from the

calibration since the SiO2 sputtering rate increases during deposition. Concluding,

the relation of both layer thicknesses comes closer to ideal λ/4 layers, but as if

designed for a higher center wavelength λc. The slight decrease of the refractive

index of Ta2O5 cannot compensate for the expansion of the layer thickness. The

optical thickness of Ta2O5 after heat treatment is nTa2O5d = 96.6nm whereas it

was designed to be 375nm/4 = 93.8nm. Increasing transmittance of Ta2O5 by

annealing in atmospheres containing oxygen as reported before, was not observed
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[225]. Annealing in the sputtering chamber under optimum growth conditions for

bulk ZnO4 yielded the same transmittance properties of the Bragg mirrors.

Effects of different preparation routines on the homogeneity of the

samples

As explained in section 7.5.1, two different preparation routines were established

to grow optical cavities with embedded ZnO quantum dots. The samples were

either prepared on a rotating sample holder or on the holder of the quartz crystal

microbalance to be able to measure the sputtering rate simultanously. Trans-

mittance measurements were performed on several spots on the samples. The

size of all samples is 5×10mm2. The spots for the measurements were chosen

along the long side of the samples, centered in the middle of the short side. They

are labelled subsequently as position 1 (Pos 1) to position 7 (Pos 7). They were

chosen as equidistantly as possible, i.e., the distance between two individual spots

is 1–1.5mm. Figure 7.23 shows the results for a sample prepared with the rotating

sample holder (a) and a sample prepared on the microbalance (b) together with

a schematic drawing of the sample structure (c). A layer of ZnO quantum dots is

embedded into a λ/2 cavity consisting of a spacer layer of SiO2 and a bottom and

top mirror of 10 bilayers of Ta2O5/SiO2 each. Clearly, the first sample is much more

homogeneous. The resonances of the cavity for the sample prepared on the rotating

sample holder lie within a range of 1.5nm whereas the resonances of the sample

prepared on the microbalance are distributed over 17nm. The transmittance is in

the order of a few percent and decreases towards smaller wavelengths.

The preparation procedure has a high influence on the Q-factors of the cavities.

The samples prepared with rotation show Q-factors which are up to three times as

large as the Q-factors for samples prepared on the microbalance. For the samples

displayed in figure 7.23, these are on average Q = 1280 for the sample prepared

with rotation and Q = 450 for the sample prepared on the microbalance. Optical

cavities with Q-factors of up to 1600 were fabricated when using a rotating sample

holder.

4The following growth conditions have been used to obtain high quality reference samples: sputter-
ing gases Ar (15 sccm) and O2 (3 sccm), working pressure p = 6.7×10-3mbar, deposition at room
temperature with additional ex-situ heat treatment at 500°C or deposition at T = 500°C, varying
power to achieve desired growth rate.
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Figure 7.23: Transmittance measurements of two cavities prepared with a rotating substrate (a)

and the microbalance as substrate holder (b). (c) Schematic drawing of the sample

structure.

Figure 7.24 shows an SEM image of a planar cavity that was cut using a beam of

focused Ga ions. Both top and bottom mirror consists of ten bilayers of alternating

SiO2 and Ta2O5, starting with SiO2 in case of the bottom mirror and with Ta2O5 in

case of the top mirror. This ensures that for both mirrors Ta2O5 is the innermost

layer adjacent to the spacer layer which defines the resonance of the cavity.

The spacer layer of the cavity is formed by 15 layers of ZnO quantum dots with

2nm each, which are embedded into SiO2 to result in a total spacer thickness

of 128nm. The SiO2 and SiO2/ZnO layers can be observed as dark regions in
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figure 7.24, whereas the Ta2O5 layers are bright. The sample is coated with Au

to protect the upper layers and to form a conductive surface which facilitates

fabrication of the cross section. The roughness of the layers is below 5nm. The film

1µm

Au

SiO2/ZnO

SiO2Ta2O5

.
.
.

.
.
.

Figure 7.24:

SEM image of a planar cavity cut open

with a focussed ion beam.

thicknesses can be roughly estimated to be 50nm for Ta2O5 and about 70nm for

SiO2. The spacer layer is approximately 140nm thick. The values can be derived

only with an accuracy of about 5nm since the edges of the layers are not defined

precisely. However, the obtained values are larger than intended which supports

the assumption that especially in case of SiO2 the sputtering rate is higher than

expected from calibration.

7.6 Conclusions

ZnO nanocrystals and quantum dots with high crystalline quality were prepared by

RF magnetron sputtering. Their structural and optical properties were investigated

by TEM, optical transmittance and photoluminescence measurements.

Concerning ZnO nanocrystals, HRTEM reveals a uniform dispersion of predom-

inantly small nanocrystals with sizes up to 16nm. Individual ZnO nanocrystals

show a well-defined hcp wurtzite structure. Mapping of the Zn distribution by

means of EFTEM demonstrates the strong non-uniform distribution of Zn within

the SiO2 matrix corroborating the chemical separation of ZnO nanocrystals from

surrounding SiO2. SAED patterns confirm the wurtzite structure and together with

the TEM image analysis indicate a mean grain size of about 5nm for the smaller
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nanocrystals. Consistent with the size distribution, optical transmittance spectra

reveal the bulk ZnO bandgap since large nanocrystals dominate the spectra.

In case of ZnO quantum dots, the preparation was carried out entirely at room

temperature. The average diameter was (3.5±0.6) nm. The crystallinity and narrow

size distribution of the prepared quantum dots are verified by HRTEM imaging.

Room temperature photoluminescence spectra show the characteristic free exciton

UV emission which has not been observed for room temperature-sputtered ZnO

quantum dots before. Optical transmittance and photoluminescence spectra both

show a blueshift of the quantum dot absorption and emission as compared to bulk

ZnO material. This finding can be attributed to moderate quantum confinement.

Optical cavities with embedded ZnO quantum dots have been prepared by

sputtering using SiO2 and Ta2O5 as Bragg mirror materials. Two preparation

routines have been established which differ in control over layer thicknesses and

homogeneity.
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The mixed oxide (Zn,Mn)O

Mn:ZnO with Mn concentrations of 3.5at.% were investigated by XRD and SQUID.

XRD revealed a predominantly c-axis oriented growth with no secondary phases

before as well as after heat treatment for 1h at 500 °C in N2 atmosphere. According

to SQUID measurements, the samples are purely paramagnetic. The magnetic

moment of the Mn ions can be estimated to be 3.7(6)µB and 4.1(6)µB before and

after annealing. This is less than the expected 5µB for high spin Mn2+ which points

towards the presence of either low spin Mn2+ and/or Mn3+ contributions.

In samples with high concentrations of Mn, phase segregation could be observed.

A strongly mixed (Zn,Mn)O phase was split into a ZnO and a MnO compound by

heat treatment at 500 °C in N2 or Ar. The phase segregation was observed by XRD

by a shift in lattice parameters from strongly distorted lattices towards bulk lattice

parameters of ZnO and MnO. The evolution in phase segregation was accompanied

by the development of ferromagnetism including strong hysteresis and blocking

at a temperature of 38K. Such a behavior has already been reported for MnO

clusters. The ferromagnetism is presumably caused by uncompensated surface

spins and the blocking could be related to the presence of an antiferromagnetic

core [59, 122]. The presence of Mn3+ can be explained by surface oxidation of the

sample, since it was only observed by XAS and not by EELS.

Interestingly, even (Zn,Mn)O samples with high Mn content could be obtained

which did not show phase segregation. Neither XRD nor any available technique

based on electron microscopy revealed the presence of any phase apart from

Mn incoporated into ZnO. However, the Mn distribution in the sample was inho-

mogeneous. The sample showed a ferromagnetic contribution to magnetization

measurements, lacking an opening of the hysteresis loop and ZFC/FC splitting

up to 300K. An expedient explanation for the observed behavior is given in the

work of Straumal et al. who related ferromagnetism in (Zn,Mn)O compounds to
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the presence of a ferromagnetic grain boundary network [65].

The mixed oxide (Zn,Co)O

(Zn0.94,Co0.06)O samples have been prepared via RF magnetron sputtering under

oxygen-poor and oxygen-rich conditions. Samples fabricated under oxygen-rich

conditions showed purely paramagnetic behavior despite the presence of CoO

clusters which could be identified by TEM. In contrast, samples fabricated under

oxygen-poor conditions showed different behavior compared to each other which

most likely originates from different initial conditions in the sputtering process,

especially regarding the oxygen partial pressure. Since oxygen vacacies are pre-

dicted to play a crucial role in the mediation of ferromagnetic exchange coupling,

better control of the oxygen partial pressure would have been substantial. The ori-

gin of a ferromagnetic contribution in some samples prepared under oxygen-poor

conditions could not be finally identified. The possibility of Co clusters was studied

not only by XRD and TEM but also by XMCD. All methods did not show any clusters

formation within their resolution. However, since clusters occur predominantly at

the interface to the substrate, the information of XMCD is questionable because

the technique is surface sensitive. XMCD also showed that the ferromagnetic

contribution cannot be assigned to Co or O. Remaining possibilities as the origin

of the ferromagnetic contribution are clusters which are located at the interface

to the substrate and have been overlooked by XRD as well as TEM, although this

is unlikely. It is also conceivable that (Zn0.94,Co0.06)O is a true diluted magnetic

oxide which in this case did not display ferromagnetism in the surface region (see

XMCD), but only deeper in the sample. An expedient explanation was proposed by

Straumal and coworkers who attributed the ferromagnetism in pure and Mn-doped

ZnO to a grain boundary foam [65]. A contamination of the samples during the

annealing process, e.g., by the sample holder, cannot be neglected completely.

ZnO nanocrystals and quantum dots

ZnO nanocrystals and quantum dots have been prepared by RF magnetron sputter-

ing. In case of the ZnO quantum dots the deposition was carried out entirely at

room temperature. This important improvement compared to high temperature

preparation allows for the fabrication of nanooptical devices such as microcavities
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with incorporated ZnO quantum dots in a single sputtering run. A detailed study

of the ZnO nanocrystals with various techniques based on TEM revealed a broad

size distribution from 1–16nm with a mean grain size of (5±1)nm obtained from

SAED. The lattice parameters are in good agreement with the values from bulk

ZnO. The nanocrystals as well as the quantum dots show a well defined wurtzite

crystal structure. The sizes of the quantum dots range from 2nm to 5nm with a

mean grain size of (3.5±0.6)nm. Their size distribution is significantly narrower

than the size distribution of the nanocrystals. Optical transmittance measurements

showed that the ZnO nanocrystals display the bandgap of bulk ZnO, whereas the

quantum dots showed a blueshift compared to the bulk reference sample.

Additionally, a Stokes shift was observed in case of ZnO quantum dots. Most

likely, it can be related to a splitting of the exciton states by electron-hole exchange

interaction as in CdSe quantum dots [78]. The blueshift in both transmittance as

well as photoluminescence measurements can be explained by moderate quantum

confinement. Further contributions can be related to the confinement due to

charges inside the quantum dots or dielectric surroundings.

Optical cavities with embedded ZnO quantum dots were fabricated with Bragg

mirrors consisting of Ta2O5 and SiO2. Both dielectric materials showed transmit-

tance in the interesting spectral region which was not influenced by annealing

at 500°C. However, Ta2O5 layers expanded during heat treatment by about 5%

whereas SiO2 layers did not change.

Outlook

The question whether ZnO doped with transition metals can serve as a diluted

magnetic semiconductor is still open. Recent developments including the results

of this work indicate that not the proper incorporation of the transition metals

but secondary phases or structural imperfections are responsible for the observed

ferromagnetism. A consistent theoretical model to explain all experimental results

is still outstanding and has to be developed. This is complicated by the fact that it

is not sure whether all observed phenomena can indeed be explained by a single

model.

For Cu-doped ZnO ferromagnetism was shown to originate from Cu impurities

which are coupled to oxygen vacancies. Hystersis loops obtained by soft-XMCD

127



Conclusions and outlook

spectra unambiguously related the observed ferromagnetism to the presence of

these Cu impurities [227]. For Mn- and Co-doped ZnO a similar result is still out-

standing. Although Akdogan and coworkers published hystersis loops showing

ferromagnetism obtained at the Co L3- and O K-edge of Co-doped ZnO by XMCD,

an according poster presentation was withdrawn later since it could not be ruled

out completely that ferromagnetism did not come from Co clusters which were

observed within the substrate [228]. In case of Mn-doped ZnO, Thakur and cowork-

ers measured XMCD at the Mn L-edge, however did not show hysteresis loops or

XMCD at zero magnetic field, i.e., lacking the final proof that ferromagnetism is

really related to Mn [185]. These and many other attempts that failed to relate

ferromagnetism unambiguously to Mn or Co suggest that it is difficult if not impos-

sible to obtain a true diluted magnetic semiconductor by doping ZnO with these

transition metal ions. It is therefor doubtful that further XMCD measurements will

lead to more promising results. In general, an investigation of the model suggested

by Straumal and coworkers seems appropriate since there is no detailed expla-

nation of the exchange mechanism given in related works [65, 118]. Concerning

the results presented here, further investigations by SQUID and XAS/XMCD could

identify the origin of the observed ferromagnetism.

The results obtained for sputtered ZnO quantum dots are much more promis-

ing. There is the need of identifying the exact nature of the observed blueshift.

Therefore, radiative lifetime measurements of the exciton, e.g., by time-resolved

photoluminescence measurements could be used to distinguish between quan-

tum confinement and surface-bound exciton states [215, 220–222]. Furthermore,

Faraday rotation could be applied to investigate whether the spin coherence time

can really be increased by embedding ZnO quantum dots into optical cavities.

Additionally, microcavities, such as pillar resonators, could be fabricated and their

optical properties probed by µ-photoluminescence and optical transmittance of

individual resonators. For this purpose planar cavities with less losses, i.e., higher

transmittance at the resonance frequency have to be fabricated. An extension

of the ATC Orion 5 UHV sputtering system by an in-situ film thickness monitor

operating with interferometry or reflectometry would be desirable to be able to

precisely monitor the deposited film thicknesses. Technically, there is enough space

in the chamber top cover to install a monitoring system. Good precision would be

on the order of 1–2%, i.e., a deviation of 1nm from an intended film thickness of
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60nm. Ideal precision would even allow for a maximum deviation of 1nm from

the λ/2 layer thicknesses which are about 120nm. Since the roughness of the

dielectric films was not investigated in the course of this work, the requirement

of higher precision might demand a modification of the sputtering parameters to

maximize smoothness of the films.

The ambitious goal of developing a diluted magnetic semiconductor with a

Curie temperature above room temperature using transition metal doped ZnO

proved to be more difficult than initially thought. The systems and the underlying

mechanisms are complex and manifold. It became doubtful whether Mn:ZnO and

Co:ZnO are suitable for future spin-based applications. However, sputtered ZnO

quantum dots and UV optical cavities are promising candidates for monolithic

spin-based devices.
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