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Chapter 1

Introduction

In the past years, the scientific interest in ZnO was renevesdse improved process-
ing and better theoretical understanding raised hope faows new applications, for
instance in optoelectronics, spintronics, and nanotdolgydJagadish 2006, Klingshirn
2007, Ozgur 2005]. ZnO is a lI-VI semiconductor compoundhwitarge, direct band gap
of 3.4 eV. Its large exciton binding energy of 60 meV makeseityvattractive for use in
optoelectronic devices such as light-emitting diodes selaiodes emitting in the blue
and ultraviolet spectral range. P-type doping of ZnO is aomegsue, which is strongly
related to these optoelectronic applications. Among thergl impurities acting as ac-
ceptors, the group-V elements nitrogen, phosphorus, iars&md antimony are the most
promising [Look 2006]. The successful p-type doping of Zni@ ritrogen incorpora-
tion and the subsequent fabrication of blue ZnO-based é&gfitting diodes was achieved
using temperature-modulated molecular beam epitaxy [d@zalki 2004]. Still, no straight-
forward procedure has been established yet for fabricagpgpducible and stable p-type
ZnO of high quality.

Theoretical calculations predicted p-type;ZpMn,O as well as n-type ZnO alloyed with
other transition metal ions as candidates for future spimdcs applications with stable fer-
romagnetic configurations above room temperature [Digdl02@ato 2001]. In addition,
a model was proposed for ferromagnetic coupling in n-typagmetically diluted oxides
such as ZnO, SnQand TiG, due to bound magnetic polarons [Coey 2005]. However, the
experimental situation regarding the magnetic propedfasansition-metal-alloyed ZnO
is ambiguous and often even contradicting [Norton 2006].

Much of the future potential of ZnO lies in the field of nandtaology with applications
as nanolasers, nanosensors, and nano field-effect-tieasgié/ang 2004]. Because ZnO
has a strong tendency to self-organized growth, nanostesof various different mor-
phologies like nanoparticles, nanowires, and nanobeltdeabtained by straightforward
fabrication.

The manipulation of ZnO material properties by the incogpion of impurities (e.g. dop-
ing, magnetic alloying) or by miniaturization (e.g. namastures) strongly affects the
crystal structure of ZnO and therewith its vibrational prdpes. To study the modified
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lattice dynamics, Raman spectroscopy is an excellent, masive technique, which is
applied as major research method for this thesis. In mostrexpnts, the elementary ex-
citations detected by Raman scattering are phonons. Indkat it delivers information on
structural properties such as chemical composition, tatem, or crystalline quality. Ad-
ditionally, electronic and magnetic properties can be eslsltd, e.g. by Raman resonance
effects and Raman scattering from magnons, respectivelyREman scattering results of
this thesis are complemented by other experimental metleogls X-ray diffraction, pho-
toluminescence, electron paramagnetic resonance, argirirssion electron microscopy.

This thesis comprises two parts. Part |, ‘Basics’, starté witapter 2, in which the fun-
damentals of the Raman scattering theory as well as the masadlg Raman setups are
presented. The general material properties and imporpgtications of ZnO are outlined
in chapter 3, with special focus on the lattice dynamics antid&eascattering characteris-
tics.

Part Il of this thesis, ‘Results and discussion’, begins whhpter 4, which is devoted to
the study of pure ZnO by Raman spectroscopic means. An imypayteestion addressed
is to which extent the crystal quality of the samples is aéfddy different morphologies
or different growth processes. Bulk ZnO single crystals ghistructural quality are char-
acterized, which are also used as host crystals for implazt® systems. In addition,
disorder effects are analyzed on microcrystalline ZnO andrAdiated ZnO single crys-
tals. Finally, ZnO nanoparticles of very small average ditanare investigated with regard
to their structural properties, organic ligands, and sfiects.

In chapter 5, ZnO alloyed with transition metal elementsusli®d by Raman spectroscopy
and complementary methods. The corresponding samplesfalaieated with varying
transition metal concentrations, using several diffeggotvth methods such as molecu-
lar beam epitaxy, vapor phase transport, and ion implamatA key question for such
diluted magnetic semiconductors is whether the materiataios uniformly distributed
transition metal ions on the appropriate atom site or if sdaoy phases are responsible
for the observed magnetic properties. Therefore, the @xpets analyze the influence of
several parameters on the structural quality of the sangidson the tendency to form
precipitates of secondary phases. Among these parameteisearansition metal species
(vanadium, manganese, iron, cobalt, and nickel), the ttanametal concentration (0.2
at.% - 32 at.%), and the annealing temperature (IDO900°C in air or vacuum).

The challenge of ZnO p-doping is addressed in chapter 6,wbicuses on the impact of
nitrogen dopants on the ZnO lattice dynamics. In the liteggtseveral additional modes
are reported for the Raman spectra of nitrogen-doped ZnO,[#/gng 2001], but their
origin is still ambiguous and heavily contested. The maiesgon is whether the ad-
ditional features are localized vibrations of substitnéibnitrogen on oxygen sites or if
they correspond to disorder-induced Raman scattering. gu8aman spectroscopy and
complementary methods, the additional modes as well adrilngwral impact of nitrogen
incorporation on the ZnO crystal are studied for ZnO:N sashbricated by ion implan-
tation as well as epitaxial growth.

Finally, the major results of this thesis are summarizedéahapters 7 and 8 in English
and German, respectively.
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Chapter 2

Raman spectroscopy

Raman spectroscopy is a commonly used optical and mostlymvasive research method,
for example for chemical analysis or in solid state physfaaongst others, it has been suc-
cessfully applied to investigate semiconductor systemed@w® 2007], e.g. in heterostruc-
tures and at interfaces [Esser 1996, Geurts 1996]. Ramatregampy is based upon the
inelastic scattering of monochromatic light within thedied sample, accompanied by the
generation or annihilation of elementary excitations. losirexperiments for this thesis,
the elementary excitations are vibrations, particulaatyide vibrations (phonons). Raman
spectroscopy then provides access to the lattice dynarhigsample and therewith de-
livers information on structural properties like chemicamposition, orientation, or crys-
talline quality. In addition, electronic and magnetic pedges can be addressed, e.g. by
Raman resonance effects and Raman scattering from magnspesctieely.

All this information is gathered by the analysis of the Ramigmals with regard to their
frequency position, frequency width, recorded intensibyg line shape in the Raman spec-
tra. In a typical spectrum, the intensity is plotted verdus $o-called Raman shift. The
former is proportional to the number of photons of a certaggdiency reaching the de-
tector, whereas the Raman shift is given by the frequencgréifice between the scattered
light and the monochromatic excitation source. This shiftesponds to the energy of the
generated or annihilated elementary excitation. Itis Iisgaven in wavenumber = v/c,
where ] = cm™! (1 cm! = 300 GHz= 0.124 meV). Conventionally, if the inelastic
light scattering generates an elementary excitation aadstlattered light therefore ex-
hibits a lower frequency, the Raman shift is denoted posfBtekes Raman scattering). In
the case of an annihilated elementary excitation, the wawer value becomes negative
(anti-Stokes Raman scattering). In experiments witd foom temperature, usually only
a few phonons are thermally excited and so the Stokes pracdssinant. In Figure 2.1,
the inelastic Raman scattering processes (Stokes andtak#@s$ and the elastic Rayleigh
scattering are illustrated in an energy diagram using tihe&gat of virtual electronic states.
Also shown is the resonant Raman scattering process, in witmécénergy of the incident
light coincides with a natural electronic transition of 8tedied system, causing the Raman
scattering probability to increase significantly (see sgben 2.1.2).
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Figure 2.1: Energy diagram for inelastic (Raman) and elastic (Rayl¢ggattering. While

in the case of resonant Raman scattering an actual eleartansition is involved, the
other Raman processes are described by the introductioirtafelectronic states. The
frequency difference between the scattered light and theowomatic excitation source
is conventionally called Raman shift. Therefore, a Ramaft sh zero corresponds to
elastic Rayleigh scattering.

Summing up, the x-axis value of a signal in a Raman spectrumegponds to the
energy of the generated (or annihilated) elementary eiaitand the y-axis value corre-
sponds to the detected intensity of scattered light with ¢émergy (see Figure 2.2). In this
work, only the part of the spectrum with the Stokes Raman gaahown (positive Ra-
man shift values). Additionally, the spectra are recordéd asmall offset to the Rayleigh
scattering peak at 0 cmh. With an intensity share of about 99.9%, the Rayleigh signal
could saturate the detector and swamp the much smaller Ragreatss
The following section 2.1 outlines the basic theory of Rantaitering. The experimental
setups used for the Raman measurements in this thesis assvieé anicro- and macro-
Raman scattering techniques are treated in section 2.2icafiph of Raman spectroscopy
in the characterization of semiconductor systems in génemaresented in section 2.3,
while Raman scattering on ZnO is described in detail in chigte

2.1 Raman scattering fundamentals

This section is devoted to the theory of Raman scatteringerany the basic principles
like interaction mechanisms for inelastic light scattgr{@.1.1), resonance aspects (2.1.2),
and symmetry-imposed restrictions (2.1.3), based on tineequs presented in detailed
treatises on Raman scattering {Bsch 1986, Cardona 2007, Esser 1996, Geurts 1996,
Hayes 1979, Richter 1976, Yu 1999].
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Figure 2.2: Schematic Raman spectrum with a green (514.5 nm) laser @a@xgisource.
The intensity value is proportional to the numbers of detgihotons of a certain fre-
guency. Raman shift is the frequency difference betweemétastically scattered light
and the monochromatic excitation. As indicated, the edd®tiyleigh scattering (with about
99.9% intensity share) is by far the dominant process.

2.1.1 Principles of Raman scattering theory

Raman scattering as an inelastic scattering process isatbarad by an energy transfer
between the incident photon of enerfyy; and the sample via the generation or annihi-
lation of elementary excitations, which are assumed to lmaphs within this theoretical
treatment. The energy of the scattered photdis+# fw;. Energy conservation demands
that the energy transfer equals the energy of the generatathdilated elementary exci-
tation af2,:

Stokes process (phonon generation):
hw; — hws = hSQ,. (2.1)

Anti-Stokes process (phonon annihilation):
hw, — hw; = hSY,. (2.2)

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

w; > Q = w; X w. (2.3)
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The wave vectors of the incident Iigrﬁil, of the scattered Iightlgg), and of the ele-
mentary excitationg;) are correlated by the conservation of the quasi-momentum:

Stokes process (phonon generation):

— —

ki — ks = qj. (2.4)

Anti-Stokes process (phonon annihilation):

— —

ke — ki = qj. (2.5)

As a result of energy and quasi-momentum conservation, ldreeatary excitations
involved in Raman scattering are characterized by well-adfi@, q) pairs. In 180
backscattering geometry (as applied in all experimentghisrthesis), the wave vectors
can be simplified using the scalar form. For Stokes scagen with ¢ as the velocity of
light and n() as the index of refraction, this leads to:

4 = ~(n(ws)w; — n(wa)ws). (2.6)

Cc

Generally, the wavelengtk of the incident (and alsa, of the scattered) light is much
longer than the lattice constant@af the crystal. Thereforéd; andk,, and due to equations
2.4 and 2.5 alsq;, are much smaller than the wave vector of the Brillouin zongndary
2rlay. In first order phonon Raman scattering, the wave vector gbtlo@ons is then given

by

For one-phonon Raman scattering, this implies that the phamye vector lies within
the inner few percents of the Brillouin zone. In multi-phorsmattering, only the sum of
the phonon wave vectors must be close to zero. Thus, phoramsoutside the Brillouin
zone center can be involved. Examples for such multi-ph@uattering in the case of
ZnO are described in section 3.1.2. Limitations of the coreg®n of quasi-momentum
and therefore of equation 2.7 can be caused by crystal ieqierhs (see subsection 2.1.3).

The interaction between the incident light and phonons in &astattering is not di-
rect, but mediated by electronic interband transitiongs €an be illustrated by Feynman
diagrams of first order Stokes and anti-Stokes processejgere 2.3. In the microscopic
picture, the interaction can be described by the followirgcpsses:

(a) Absorption of the incident photohw; with excitation of the initial electronic state
|0) into an intermediate electronic state (electron-hole)gajr.
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Figure 2.3: Feynman diagrams of first order Stokes and anti-Stokes Rataitering.
The interaction between the incident light and the latticenediated by the generation of
an electron-hole pair. kL, is the Hamiltonian of the electron-radiation interactiav,_,

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

(b) Electron-phonon interaction: Scattering of the elatthole pair into a new state’)
with emission or absorption of a phonaf;.

(c) Recombination of the electron-hole pair into the inigédctronic staté0) with emis-
sion of the scattered photd,.

The initial electronic stateé)) is also the final electronic state, hence, the electrons
remain unchanged by the Raman scattering process. Usidgaditder perturbation theory
[Yu 1999], the scattering probability corresponding toufg 2.3 is approximated by:

2T 0| He—y (ws)|n') (0| He—p|n) (n|He—r(w;)]0 ’
Z(! (ws)[n") (0'[He—p|n) (n|He—r(w:)|0)

Pac(wi,ws) = D (hw; — (En — Eo))(hws — (B — Ey))

n,n’

5[hw2 - th - hws]»
(2.8)

where H_, and H._, are Hamiltonians corresponding to the electron-radisdimhthe
electron-phonon interaction, respectively) denotes the initialln) and|n’) intermediate
electronic states, with the corresponding enerdigsF,,, andE,.. E, andE, represent
virtual electronic energy levels, thus, no energy congermas required for the electronic
transitions(iw; — (E,, — Ey)) and(hws — (E,» — Ep)) in the denominator of equation 2.8.



30 Raman spectroscopy

2.1.2 Resonant Raman scattering

Although the excited electronic states in general are airstates, the scattering probabil-
ity in equation 2.8 diverges if actual electronic levelshwanergyF,, or E,, exist. The
corresponding Raman signals show a strongly enhanced ityténge number of such
electronic states is large (e.g. at critical points in thedbstructure). If it is the incident
light, which coincides with a natural electronic trangitidhe resonance is called incom-
ing resonance. Accordingly, outgoing resonance is actiévine scattered light has the
appropriate energy.

Resonant Raman spectroscopy possesses several benefitanipies

(i) By resonance enhancement, Raman spectroscopy of sugadésterfaces can be pos-
sible with monolayer sensitivity [Cardona 2007, Esser 1986ck 2004, Wagner 2002].

(i) For the study of diluted nanostructures, resonant Raspettroscopy can be com-
bined with micro-Raman spectroscopy (2.2.2), providingrégpiired detection sensitivity
and the ability to determine the lateral distribution of t@nosized structures.

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

(iv) The electronic properties of a sample are reflectedyeisonance effect.

An example for these advantages is displayed in Figure 2.4a Bymbination of micro-
Raman scattering and resonant Raman spectroscopy, grapleotayer flakes with an
area of a few square micron are identified and distinguish&d fraphite layers. These
experiments can be carried out in only a few minutes due toubldaesonance caused
by the special electronic properties of such small carbgerta[Ferrari 2006]. Several
Raman resonance effects in ZnO based materials are disdngbedcourse of this thesis,
especially in section 4.1 and section 5.2.

2.1.3 Selection rules and Raman tensor

For one-phonon Raman scattering, the mediated radiationgwhinteraction is only pos-
sible for optical phonons restricted to the center of thel@rih zone (subsection 2.1.1).
However, these are not the only restrictions for phonons im&ascattering. Based on
group theory, Raman selection rules can be derived, whidrméte whether phonons are
Raman active, i.e. whether the corresponding Raman procesa han-zero scattering
intensity. In the classical picture, the Raman scatteritgnsity ir can be written as:
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Figure 2.4: Identification of a graphene flake on Si®ubstrate by Raman scattering:
Due to the special electronic properties of carbon layerd\vigiv monolayers thickness, a
double resonance allows Raman scattering to distinguisplygae monolayer flakes from
thicker graphite flakes by the peak ratio 2D/G and the FWHMhef 2D peak [Ferrari
2006] in experiments of only a few minutes duration. Note #iab the signal of the
underlying SiQ substrate is stronger when the focus lies on the (thinnerplgeae.

ir oc |TT; R, %, (2.9)

with the polarizationsﬁi andIl, of the incident and scattered radiation, respectively,
and the so-called Raman tengofYu 1999]. The latter describes the change of the sus-
ceptibility x during a vibration with amplitudel:
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R = (9x/0A)A. (2.10)

From 2.10 it follows that a phonon mode is Raman active if iuices a change of the
Raman polarizabilith/f)/f. By contrast, a phonon mode is IR active (i.e. observable
via infrared absorption) if it induces a change in the dipolement [Biiesch 1986]. For
systems with inversion center, IR absorption and Ramanestajtare complementary
methods, while for other systems there can be modes whidbo#indR and Raman active.
Phonon modes which are neither Raman nor IR active are cdlisd smodes. If one
neglects the (generally small) frequency difference betwde incident and the scattered
light and if the system is non-magnetig,can be approximated by a symmetric tensor of
rank two:

§Rmx %xy éRa:z
R=| R Ry, Ryo (2.11)
éRzaz 3%zy §Rzz

In the so called Porto notation [Damen 1966], the relevafarination on the experi-
mental configuration, i.e. polarization and direction afittent and scattered light relative
to the sample orientation, is summarizedﬁ;@:{i, ﬁs)Es. In combination with the struc-
ture and symmetry of the studied crystal, these vectorsmete which Raman scattering
processes are allowed in a given configuration.

If a crystal lattice has a center of inversion, each phonodertan be classified as either
odd, i.e. 180 phase shift of the phonon mode after an inversion, or evenphonon mode
invariance against inversion. The coupling of the eledtratates|n) and|n’) of equal
symmetry with phonon generation or annihilation as descriin subsection 2.1.1, equa-
tion 2.8, is only possible for even phonon modes. Consequémnd electronic mediation of
the radiation-phonon interaction and therefore the Ramaitesing process is not allowed
for odd modes. In the rock-salt crystal structure, for exiamall optical phonon modes
show odd symmetry and therefore no one-phonon Raman sogtisrallowed [Bilesch
1986], at least in perfect crystals. Crystal imperfectioas lead to a softening of the Ra-
man selection rules due to reduced symmetry. Examples oé#udting effects on Raman
spectra can be found in subsection 2.3.2 and are discusseajtiout the chapters 4, 5,
and 6. The Raman selection rules for zinc blende and espefoalihe wurtzite structure
of ZnO are presented in detail in subsection 3.1.2.
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Figure 2.5: Schematic experimental setup for Raman scattering expatsn Monochro-
matic laser light is focused on a sample, the scattered igbollected, and analyzed by a
spectrometer and a detector, for example a CCD.

2.2 Raman techniques and experimental setups

In subsection 2.2.1, the general setup of Raman experimemsroduced. As most of
the Raman experiments presented in this work were conduti®itro-Raman scattering
configuration, the advantages and disadvantages of suehigents compared to conven-
tional macro-Raman scattering are discussed in subseco?. 2l'he two setups mainly
used for this work are described in detail in subsectior32.2.

More technical and theoretical information on laser spsctopy and Raman scattering
techniques can be found in [Dertter 2002] and [McCreery 2000], respectively. Other
experimental methods used (e.g. XRD and EPR) are describetsihwhen the respective
results are discussed.

2.2.1 General setup of Raman experiments

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

Today, light sources in Raman scattering setups are uswallized by laser systems.
Gas lasers, solid-state lasers, dye lasers, and othediagees provide a quasi-continuous
variety of wavelengths from the IR to the UV as well as corinsiwave (cw) power out-
puts fromuW to several W. In this work, mainly the standard lines of c\8 gesers (argon
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Figure 2.6: Setup for micro-Raman scattering experiments. Using a bsalitier, the ex-
citing laser light is injected into an optical microscopedafocused on the sample by an
objective. The scattered light is collected, led to the bepiitter, and into the spectrome-
ter.

ion, krypton ion, and helium-neon) were applied from the t@dhe UV spectral range.
For magneto-Raman and low temperature Raman experimentplesawere placed in a
sample chamber within a liquid helium bath or a liquid heliobantinuous flow cryostat.
The choice of the spectrometer setup can result in a trddeetfieen sensitivity and reso-
lution, as will be discussed in subsection 2.2.3. For theda®n, multi-channel detectors
are essential and for this thesis CCD arrays were used.

2.2.2 Micro- and macro-Raman scattering

The main difference between micro-Raman experiments aneeational macro-Raman
is the insertion of an optical microscope in the experimesgtup. Using a beam-splitter,
the laser beam is injected into the collection axis of thecapimicroscope and focused
on the sample using a microscope objective. This lens alBect® the scattered light,
which is then led back through the microscope, to the beditiespand finally into the
spectrometer. The corresponding setup is schematicailyrsin Figure 2.6.

The advantages of the micro-Raman technique include allaiegldao some extent also
a depth resolution of the Raman scattering signal. Thus piossible to study the homo-
geneity of a sample surface and to discover small precgsitat other crystal defects in the
micron range (corresponding to the laser spot size on th@lsqmin addition, different
layers within a layered sample can be addressed usingehtféscus depths, again in the
micron range (depending on the confocal character of theastope setup). The use of
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beam splitter

Figure 2.7: Raman system Renishaw 1000 with Leica Microscope DM LM.

an optical microscope also gives an opportunity to detedtranord inhomogeneities on
the sample surface optically. As a further advantage, rac@pe lenses achieve higher
collection efficiencies than a conventional macro-Ramamegips.

However, this collection efficiency comes with the disadage of a less well-defined di-
rection of the collected light. Hence, the backscattermmgitions are lifted to a substantial
degree. Another major disadvantage of micro-Raman compamadcro-Raman setups is
the high power density in the laser spot because the size ébthused spot is usually in the
um range compared to mm for macro-Raman. This high power leddsdl heating in the
sample, which induces temperature effects, especiallgvintémperature measurements,
and can even damage samples. For the material systemsethalythis thesis, local heat-
ing was mostly uncritical. In the case of some temperatunsigee samples, however,
the local heating effect was taken into account, especialthe case of wet-chemically
synthesized nanoparticles with organic ligands (secti@radd subsection 5.2.3).

Further theoretical and technical details concerning tligoyRaman scattering technique
are described in [McCreery 2000, Turrell 1996].

2.2.3 Setups: Dilor XY and Renishaw 1000

For part of the Raman measurements, the scattered light whsad by a triple monochro-
mator (Dilor XY) in multi-channel mode and detected by a idnitrogen-cooled CCD ar-
ray. Besides its good spectral resolution (1-¢fpixel in low dispersion and 0.3 cni/pixel
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in high dispersion mode), the major advantage of this setitp enormous versatility. Us-
ing an argon ion laser, not only its standard lines and nhnki-UV output are provided,
but also dye lasers can be pumped to deliver continuousableraser lines throughout the
visible spectrum. Furthermore, the setup can be used inayRaman as well as micro-
Raman configuration, both including a liquid helium cryostéhe helium bath cryostat
(Oxford) of the macro-Raman configuration can also be utlliee magneto-cryostat deliv-
ering magnetic fields of up to 6 Tesla. The continuous-floviunelcryostat (CryoVac) of
the micro-Raman setup is equipped with a temperature casysdém so that the sample
temperature can be tuned continuously between about 10 Kcamd temperature. This
setup includes an Olympus BHT microscope, equipped withrakebjectives (10x, 50x
ULWD, 80x ULWD, and 100x). In the experiments involving the @iketup, mostly the
standard lines (514.5 nm, 496.5 nm, 488.0 nm, 476.5 nm, 45%)®f the argon ion laser
were used as excitation source.

The other of the two mainly used setups is a Renishaw RamamsiR#1000 with a Lei-
ca DM LM microscope, which includes an integrated camerafdical photography. For
this setup, excitation is limited to the 514.5 nm line of agaarion laser and the 632.8 nm
line of a helium-neon laser. To focus the laser beam, a 5Cctitsg is used. The scattered
light is analyzed by a single monochromator, equipped widoable notch filter system,
and the signal is detected by a Peltier-cooled CCD array. €igut shows this relatively
small-sized table-top Raman system. The major advantagesoRenishaw system is its
outstanding light throughput due to the use of only one mbraoator. If its resolution
of about 4 cm!/pixel is sufficient, this setup is capable of conducting Rameperiments
much faster. Due to its high sensitivity, also temperateresgive samples (e.g. nanoparti-
cles with organic ligands) can be studied, because measuterat low laser powers(1
mW) still deliver good signal-to-noise ratios for most expents.

The advantages and disadvantages of the Raman setups ReRiSh&000 and Dilor XY
are summarized in Table 2.1. For fast experiments, lateegdpimg, or for temperature
sensitive samples, the Renishaw setup proved ideal. For sopt@sticated experiments
requiring high resolution, specific wavelengths, low terap&re, or magnetic fields, the
Dilor XY setup was used. Because of different depth-of-fieltlies, the intensity ratios in
the Raman spectra of layered samples taken with the two eliffesetups can vary.

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

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

Raman scattering is a widely used technique for the charzaten of semiconductor sys-
tems, whereas in most of the experiments, the studied elanyezxcitations are phonons.
In the following subsections, the lattice dynamics of semductor crystals (2.3.1) and the
application of Raman spectroscopy for the characterizatfi@emiconductors (2.3.2) are
outlined.

2.3.1 Raman scattering by lattice vibrations

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

- - P? 1 Z:Z.¢e> Z.e2
Hin(Ry,...,R,) = J - = 2.12
(B oo Fn) Z?MjJF.ZJ\R-—M Z|F—R-|’ (212)
J J»3"3#3 J J 1,] g J

where R; is the position,P; the momentum/; the charge, and/; the mass of the
nucleus j. In this model, the nuclei and core electrons (jowsi;) are combined to ‘ions’,
which interact with the separated valence electrons. Irsthealled Born-Oppenheimer
approximation, the valence electrons follow the much hevanans adiabatically and the
‘ions’ only see a time-averaged electronic potential ofihkence electrons:

2

P; -
H;p = !+ E.Ry,....,R,). 2.13
Ejj g T Eef e I) (2.13)

H;,, can be expanded as a function of the ion displacements, anduitiei can be
treated as an ensemble of harmonic oscillators. Then, tregehof the ion Hamiltonian of
equation 2.13 due to the displacement of kom unit cell[ is given by:

dﬁkl

1
H. = M. (2K
i dt

1 . -
Wkl 9 )2 + 5 Z uqu)(kl, k"l')uk/l/. (214)

k'l

O (KL, k'l") is a second rank tensor comprising the force constants abth®sn inter-
action. In the quantum mechanical treatment, the vibratiom crystal lattice are energet-
ically quantized, the corresponding elementary excitatiare called phonons. They can
be described as plane waves:
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Figure 2.8: Phonon dispersion relation for wurtzite ZnO from [Serran®2{) The energy

(here: frequency) values of the wurtzite phonon modes amteploersus their wavevec-
tor along high-symmetry directions of the crystal. Expenmal data points by Raman
scattering [Serrano 2003] and inelastic neutron scattgrifdiewat 1970, Thoma 1974]
are inserted as diamonds and circles, respectively. On idpet hand, labeled (a), the
one-phonon density of states is shown.

ﬁkl((jp w) = ﬁkoe(qﬁl_ww. (215)

The phonon is defined by its wave vecgoand its frequency. Equation 2.15 reflects
the translational symmetry: If two wave vectors are diffégy a whole-number multiple
of the reciprocal lattice vectak,, they are physically equivalent.

The lattice dynamics of a semiconductor are reflected inhtsypn dispersion relation
(PDR), in which the energy of a lattice vibration is plottedstes its wave vector along
high-symmetry directions of the crystal. Due to the tramsial symmetry in equation
2.15, the PDR is conventionally displayed within the Brilloaone. While the PDR along
high-symmetry directions of the crystal can be measuredéhastic neutron scattering for
the entire Brillouin zone, Raman scattering can only give erpental data on the optical
phonon energies at the center (see subsection 2.1.1) abthewretical models to calculate
PDR curves are presented in [Yu 1999]. As an example, the PDRidzite ZnO from
[Serrano 2004] is shown in Figure 2.8. More detailed infaroraon the phonon modes
displayed in the ZnO PDR is given in subsection 3.1.2.

If the number of states in the PDR is integrated over enengydsult is called phonon den-
sity of states (PDOS), see the one-phonon DOS curve (a) uré&ig.8, for example. As
discussed before, of all energy-wavenumber combinatiorengn the PDR, only optical
phonons at the center of the Brillouin zone can participatenie-phonon Raman scatter-
ing in perfect crystals (subsection 2.1.1). Thus, the Ramé#tsobserved in the Raman
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spectra of this thesis mostly correspond to the energy obftieal phonons in the PRD
curves at g = 0. In multi-phonon Raman scattering, thougty, ®nlg; = 0 is required and
therefore also single phonons wigh4 0 can participate in the overall process. Further-
more, if the crystal shows imperfections, a relaxation ef Baman selection rules can be
observed due to reduced symmetry. This becomes importatitd@pplication of Raman
spectroscopy in the characterization of semiconductataly, see subsection 2.3.2.

2.3.2 Raman analysis of semiconductor systems

A. Compound composition

Material identification of semiconductor crystals can biei@ged by the analysis of Ra-
man signals corresponding to the energy of the Raman-agiteabphonon modes at the
Brillouin zone center in the phonon dispersion relation éadbion 2.3.1). The PDR is well
known for all common elemental and binary compound semigotwas. The identification
becomes more difficult if the semiconductor crystal is cosgabof more than two differ-
ent elements, for example a ternary compound,8,C. In such compounds, atoms of the
element B substitute atoms of the element A in the compoundTAg.vibrational prop-
erties of such systems can be described by the modified raetiment isodisplacement
model (MREI), see [Anastassakis 1991, Chang 1968, Peterft8].19the concentration
of B on A sites is very low, the B atoms can be treated as isbliatpurities (see paragraph
B). For higher concentrations, three different mode behliavian account for the observed
vibrations of many ternary semiconductor compoungs,B,.C (see also Figure 2.9):

One-mode behavior:
With increasing concentration x of the element B, the moddb@binary compound AC
show a continuous transition into the modes of the binarymmmd BC, and vice versa.
Example: Cd_,Zn,S

Two-mode behavior:
With increasing concentration x of the element B, the modéefisolated impurity B in
AC shows a transition into the longitudinal optical (LO) armhsverse optical (TO) modes
of BC, and vice versa.
Example: Be_,Zn,Se

Mixed-mode behavior:
The modes show two-mode behavior and, additionally, a BC nuwitecides with the
impurity mode of A in BC, or vice versa.
Example: Zn_,Mn,Te
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Figure 2.9: One-mode, two-mode, and mixed-mode behavior of ternaryBAC semi-
conductor compounds.

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

B. Crystal imperfections

Crystal defects can be classified as point defects, line t,efaad complexes, depend-
ing on whether they involve single atoms, rows of atoms, cgrssemble of atoms, respec-
tively. Typical point defects in a crystal are vacanciegeiistitial atoms, and substitutional
atoms [Yu 1999]. While a vacancy is an intrinsic effect, ist#tials and substitutions can
be extrinsic effects, i.e. caused by a foreign atom. Suchurities may be incorporated
on purpose to manipulate the magnetic properties (maga#tiging) or the electronic
properties (doping) of a semiconductor, for example Zn@yakl with transition metal
ions (chapter 5) or doped with nitrogen (chapter 6). Besitlesintended effect, such
impurities will also affect the crystal structure and thbrettional properties. To achieve
the intended electronic or magnetic properties, the foreigms have to be incorporated
substitutionally on the appropriate atom site and inteasdi must be avoided. Such sub-
stitutional atoms may have their own vibrational signatufe large amount of atoms is
substituted, the system can be described in terms of a yecoarpound with one-, two-, or
mixed-mode behavior (subsection 2.3.2, A). In the casewfdoncentrations of B atoms
in A;_,B,C, they can be regarded as isolated impurities. Depending tme(masses of
atom B and the substituted atom A, (ii) the bond strength betwthe impurity and the
host crystal, and (iii) the vibrational properties of the AGst lattice, such an impurity can
show characteristic impurity modes.

Letwp be the vibrational frequency of the impurity B substitutdh@toms in a binary AC
host crystal with optical modes betweep); i, andw,,:.mq, and acoustic modes between
Waemin @N0waemaz- Then, three types of impurity modes can be distinguished éso
Figure 2.10):
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Figure 2.10: Depending on the relation between the masses of the sulmstatiaitom
and the substituted host atom, impurity modes can occurcad foodes above the optical
phonon branches, as gap modes between the acoustic and it bpanches, or as band
modes within the optical or acoustic wavenumber range.

Local modeswp > wopt.max

Gap modesw,emar < Wi < Wopt,min

Band mOdeswopt,min <wp* < Wopt,maz or Wace,min <wp*x < Wae,mazx

Both local modes and gap modes are localized at the positidhneoimpurity atom.
They can not couple to the vibrational spectra of the hosté&because no host vibrations
with nearby frequencies exist. In the case of local modesfréquency of the impurity is
higher than the highest optical modes of the host, implyivag the impurity is lighter than
the substituted host atomag < my. Formg > my4, an independent impurity mode is
still possible ifwg lies in the gap between the acoustic and the optical bramavi¢ied
such a gap exists!). Fonp =~ m 4, the impurity vibration lies within the frequency range
of the optical or acoustic phonon branches of the host nai&mid, therefore, the vibration
couples to the adjacent host lattice phonons. In contrdst&d and gap modes, the result-
ing band modes are collective lattice vibrations withowaled character (but induced
by a localized impurity). All these findings are relevant tbe harmonic crystal. In the
anharmonic crystal, additional impurity modes are posdiBlevers 1988].

If impurity modes fulfill the selection rules, Raman speataysy can give valuable infor-
mation as to the substitutional character of the incorgaranpurities in semiconductors
[McCluskey 2000, Mayur 1996]. Vacancies, interstitialsg @omplexes have an effect on
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the vibrational properties of a crystal, too, whereas ami@te assignment is generally
more difficult. While interstitials and complexes may alseédaharacteristic vibrational
signatures as in the case of substitutional impurity modks;rystal defects reduce the
crystal symmetry and therefore cause a softening of the Ramlaction rules (subsec-
tion 2.1.3). The restriction to the Brillouin zone center ggumomentum conservation)
is relaxed and thus, also phonons near the Brillouin zonescevith ¢ # 0 can partici-
pate in the inelastic scattering process. Depending oniipeigion of the phonon around
g = 0, this will lead to peak broadening (often asymmetric) andkpghifting (towards
lower wavenumber) of the Raman signals. In the spatial ctioel model described in
[Parayanthal 1984], the contribution of non-zero g-valedte Raman scattering intensity
decays exponentially upon increasing wave vector with<, where q is the wave vector
and L. the correlation length. To induce a pronounced peak sbitiind broadening, the
crystal has to be strongly disturbefl.(~ nm). Even for bulk crystals with higher quality,
however, crystal imperfections can still be observableorféim modes may occur in the
Raman spectra which are symmetry-forbidden in an ideal&ryst

A similar effect is the optical phonon confinement in smajistals [Englman 1966, Rup-
pin 1970]. For optically isotropic materials, the confinemef the optical phonons in
nanocrystals will lead to peak broadening and red shiftirigexcorresponding bulk phonon
modes in the Raman spectra, comparable to a disturbed cnjtaim correlation length
[Richter 1981]. For anisotropic materials, confined optabnon modes different from
the bulk modes can be expected [Fonoberov 2004]. Raman exgr@s on ZnO nanocrys-
tals and the discussion of the observed peak shifting asepted in subsection 4.2.

C. Band structure properties

Besides structural information, also electronic propsertan be derived from Raman
scattering. Equation 2.8 in subsection 2.1.1 describe®#man scattering intensity in-
cluding the electron-phonon interactiéfy_,. For optical phonons, two major electron-
lattice effects account for this interaction: Deformatjotential scattering (LO and TO
phonons) and the Bhlich interaction (LO phonons in polar crystals) [Yu 1999]

Deformation potential:
The lattice deformation by phonons induces an additionatmodulated potential, i.e. the
optical phonons alter the electronic energies by changi@@pond lengths and bond angles.

Frohlich interaction:
In polar or partly ionic crystals, a LO phonon implicates afarm atom displacement
within the unit cell. This relative displacement of oppesttharges generates a macro-
scopic Coulomb potential. Its interaction with the elecicosystem is called Fhlich
interaction.
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The character of these electron-phonon interactions darence the Raman spectra.
For example, due to Bhlich scattering, impurities in doped semiconductorstzastudied
via the LO phonon interaction with the charged impurities4& 1996]. The influence of
Frohlich scattering on the Raman spectra of Mn-alloyed ZnO lvélldiscussed in section
5.2.

As equation 2.8 in subsection 2.1.1 involves the summati@n many electronic states,
the deduction of electronic properties from Raman specinebeaarbitrarily complicated.
It can be simplified if one or few of these states are domiriantjf Raman resonance oc-
curs. By varying the incident wavelength around the resoeaetgy (e.g. in vicinity of a
band gap or of free or bound excitons), the change in the Raffieieecy reflects critical
points of the electronic band structure. More exampleseaxtebnic properties observable
by Raman scattering are discussed in [Esser 1996].

D. Magnetic Properties

Raman spectroscopy also provides access to the magnetierpespof diluted mag-
netic semiconductors (DMS), especially via spin-flip Rampecsroscopy [Petrou 1983,
Ramdas 1982]. Also, Raman scattering from magnons was olos@rvgagnetic systems.
In the course of this work, no spin-flip Raman spectroscopy aygsied, but scattering
from magnons was observed (section 5.3). Therefore, oelyhthory of the latter will be
shortly outlined.

Magnons are quantized excitations (spin waves) of a periggin system from its fully
aligned ground state. While in phonon Raman scattering tieeaiation between the radia-
tion and the lattice is mediated, a direct magnetic-dipolgating was identified as possible
process for one-magnon Raman scattering [Bass 1960]. Hovwveomparison to exper-
imental data, another interaction was found to be the domhipeocess: electric-dipole
coupling via spin-orbit interaction [Elliott 1963]. Thisdirect coupling due to mixing
of spin and orbital motions fits to the experimentally obsdrintensities and symmetry
restrictions. In contrast to the mostly symmetric phonaattscing, it is purely antisym-
metric. The indirect electric-dipole coupling via spirbirinteraction also gives rise to
higher-order scattering, but only with intensities tha¢ arders of magnitudes smaller.
In two-magnon scattering of antiferromagnetic systems ay@ther interaction is domi-
nant: excited-state exchange interaction between ogpssiilattices of the antiferromag-
net [Fleury 1968], which can lead to an even stronger saagfentensity than the first-
order effect. Theoretical details and experimental exasph both one- and two-magnon
Raman scattering can be found in [Fleury 1968]. By observingnoas via Raman scat-
tering, important magnetic properties of a system can bealed, e.g. the temperature-
dependent alignment of a spin system.
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Chapter 3

Zinc oxide: Material properties and
applications

The 11-VI semiconductor compound ZnO has been studied fondes. Besides specific
physical properties (e.g. large direct band gap of 3.4 eVhagh exciton binding energy
of 60 meV), some of the most obvious advantages of ZnO aregt gvailability, low cost
production, and low toxicity. With its band gap correspargdio UV light of 365 nm, ZnO
is transparent throughout the visible spectrum. Under aboonditions, it crystallizes in
the hexagonal wurtzite structure. In conventional indaktpplications, ZnO is used in
large-scale manufacturing of cosmetics, plastics, or aditives, just to mention a few.
In the past years, the scientific interest in ZnO was reneveeduse improved processing
and better theoretical understanding raised hope forwsmew applications, for example
in optoelectronics, spintronics, and nanotechnology.pide€normous scientific effort in
the recent years, important technical issues are yet to lsedsanost prominently the p-
type doping of ZnO. In the following sections 3.1 and 3.2, artpnt material properties of
ZnO as well as potential applications and processing isslated to the studied samples
are described.
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(a) (b)

(d)

Figure 3.1: ZnO with wurtzite crystal structurga) four atoms in the unit cell (two of each
atom sort),(b) tetrahedral coordination(c) hexagonal symmetry and the lattice parame-
ters a and c(d) top view of (c).

3.1 Material properties

Here, only the material properties are presented, whicimast important for this thesis.
For more information, see some of the recent comprehensiiews on ZnO material
properties [Jagadish 2006, Klingshirn 2007, Ozgur 200%ie €rystal lattice and optical
properties of ZnO are reviewed in the subsections 3.1.1 ah@,3espectively. Lattice
dynamics and Raman scattering on ZnO are discussed in desaibsection 3.1.2.

3.1.1 Crystal structure and chemical binding

The chemical binding character of ZnO lies between covaladtionic. Due to the large
ionicity of the bonds between Zn and O atoms (about 0.62 orPthilips scale), the

two binding partners can be denoted agZand G~ ions, respectively [Chelikowsky
1986, Phillips 1970]. In ambient conditions, the thermaayically stable phase of ZnO
is the hexagonal wurtzite structure. Under stress or upowttron cubic substrates, ZnO
can also exhibit rock-salt structure [Bates 1962, Serrar@P0r zinc-blende structure
[Ashrafi 2000], respectively. However, all ZnO systems &ddor this thesis crystallized
in wurtzite structure.

The wurtzite structure belongs to the space group P63mardig.1 shows some of its
characteristics: (a) It has four atoms in the unit cell, twaeach atom sort. (b) Each
atom is tetrahedrally coordinated, i.e. the four next nleggh are of the other atom sort
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and located at the edges of a tetrahedron. (c) The lattichd»xamyonal symmetry and is
characterized by the lattice parameters a and c. The twogfms occupy one hexagonal-
close-packed sublattice each, displaced along the c-&tis. volume of the unit cell is
approximately 47.83. Consequently, ZnO has about 8.4 %atoms/cn?.

While the ideal wurtzite structure shows a c/a-ratio of 1.62dur 2005], the lattice con-
stants of real wurtzite ZnO depend on impurities, extertralss, temperature, etc. Pure,
ordered ZnO at ambient conditions has lattice constants=00&825 nm and ¢ = 0.521
nm with a c/a-ratio of about 1.60 [Reeber 1970]. The orieotatif a wurtzite sample is
denoted by four-digit miller indices (h ki I), with h + k = -inlthis thesis, most samples
with well-defined crystal orientation are c-plane orienteel. the surface is the hexago-
nal (0001) plane. Correspondingly, the directions paratidhe c-axis are denoted with
[0001], see also Figure 3.1.

3.1.2 Lattice vibrations and Raman scattering

In this section, the lattice dynamics of wurtzite ZnO aredssed with special focus on the
Raman-active optical phonon modes. The wurtzite-typecatttructure of ZnO implies a
basic unit of 4 atoms in the unit cell (2 Zn-O molecular uni@@ye to the number of n =4
atoms in the unit cell, the number of phonons amounts to 3n,witB 3 acoustic modes
(1xXLA, 2xTA) and 3n - 3 = 9 optical phonons (3xLO, 6xTO). At thePoint of the Bril-
louin zone, the optical phonons have the irreducible regmiegionl’,, = A1+2B,+E;+2E;
[Damen 1966], whereas the E modes are twofold degenerageB;Timodes are silent, i.e.

IR and Raman inactive, and the Branches are Raman active only. The Raman- and IR-
active branches Aand E are polar and therefore each splits into LO and TO modes with
different frequencies due to the macroscopic electricgieldthe LO phonons.

The lattice dynamics of a crystal are reflected in its phonspetsion relation (subsec-
tion 2.3.1). Figure 3.2 shows the phonon dispersion redlatfowvurtzite ZnO for selected
directions in the Brillouin zone [Serrano 2003]. The zonateeoptical mode frequencies
lie between about 100 cm (12.5 meV) and 600 crt (75 meV). Obviously, in the highest
frequency range (550 cm to 600 cntt!), a group of 3 modes occurs. Closely spaced lie
E.(LO), A;(LO), and B (high). Similarly, the triple group £high), E(TO), and A(TO)
appears between 370 cmand 440 cm!. Finally, the single eigenfrequencies 100Ttm
and 250 cm! belong to the Elow) and the B(low) mode, respectively.

For the understanding of the ZnO eigenmode assignmentjnsigictive to consider
how the phonon eigenmodes of the wurtzite ZnO lattice aedeadIto those of cubic zinc-
blende crystals, e.g. ZnSe. In the zinc-blende structdme,cubic symmetry implies
the equivalence of the three perpendicular spatial doasti This results in a threefold-
degenerate optical phonon mode (F-symmetry). This tripkecal phonon is frequency-
split into one LO and two TO modes, the frequency of the forex@eeding the TO values
due to the macroscopic electric field, which results fromitbed polarity. Thus, the zinc-
blende phonon dispersion curve has two optical phonon é&egjas in the Brillouin center,
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Figure 3.2: Phonon dispersion of wurtzite ZnO from [Serrano 2003]. Theeexnental
results were derived from Raman scattering (diamond symbale BZ center, [Serrano
2003]) and from inelastic neutron scattering (circles, & 1970, Thoma 1974]). They
are well described by calculated results, represented bgahd lines, which were obtained
by ab initio calculations. The zone center optical phonormewA, E;, and E (red) can

be observed by Raman scattering, while thari®des (green) are silent.

whose difference in frequency is a measure of the bond ylari

In contrast, the c-axis in the hexagonal wurtzite strucisicgfferent from the pair of a- and
b-axes, which are symmetrically equivalent. For the oppt®non modes, this implies a
symmetry splitting of the above-mentioned triple-degateeF mode into one mode with an
atomic displacement along ¢ (A-symmetry) and a degeneeat®pmodes, whose atomic
displacement is within the a,b-plane (E-symmetry). Theetadre the Emodes listed in
the representation af,,;. The frequency splitting reflects the bond strength armgytand
is independent of the bond polarity. The polarity inducesidditional splitting of the A
into A;(LO) and A (TO) as well as of the Emodes into E(LO) and E(TO). As shown in
Figure 3.2, the LO-TO frequency splitting for ZnO of abouD2thn! exceeds by far the
value of the mode splitting between And E (< 30 cnt!). This is due to the pronounced
bond polarity (subsection 3.1.1), which distinctly excedte bond strength anisotropy. A
further consequence of this strong LO-TO splitting and ttber small frequency differ-
ence between the,Aand the E modes is that mode mixing can only occur betweg(Td®)
and E(TO) (quasi-TO mode) or between A.0) and E(LO) (quasi-LO mode) [Bergman
1999]. Such mode mixing is possible in uniaxial crystalsgfolar phonons with propaga-
tion neither parallel nor perpendicular to the c-axis [Lond 964]. The frequencies of the
mixed modes lie between the corresponding original modes.

The six additional modes df,,, i.e. 2E (twofold degenerate) and 2Bhave no coun-
terpart in the zinc-blende Brillouin zone center. They maydgarded as a result of the
backfolding of the zinc-blende zone-edge modes (LA, TA (29, and TO (2x)) into the
zone center, when turning from zinc blende to wurtzite. Taskfolding directly results
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Figure 3.3: Schematic illustration of the backfolding character of pbo modes in
the phonon dispersion relation of wurtzite with respect to¢beesponding zinc-blende
phonon modes. The doubling of the atomic basis in the reatesfram zinc blende to
wurtzite (4 instead of 2 atoms in the unit cell) corresponda tosection of the Brillouin
zone in the reciprocal space. For comparison, an excerphftioe ZnO phonon dispersion
relation in [Serrano 2003] is shown.

from the doubling of the atomic periodicity along the wutgzc-axis with respect to the
direction in zinc blende (4 basis atoms instead of 2), cpording to a bisection in the
reciprocal space. The backfolded optical modes are refeoras B(high) and E(high),
whereas the backfolded acoustic modes are call¢ldB) and E(low). The backfolding
of these modes appears strikingly clear in Figure 3.3 whéawmg the corresponding
dispersion curves from the zone centeto the zone edge A, i.e. along the c-direction of
the wurtzite lattice, and subsequently back to fhpoint. All these modes are non-polar
and therefore exhibit no LO-TO frequency splitting.

In summary, the occurrence Bf,, = A;+2B, +E,; +2E, with 9 optical modes in the wurtzite
lattice compared to 3 in zinc blende may be explained in t&i{3$ an anisotropy-induced
splitting of the F-mode from the zinc-blendepoint, leading to A and E, and (ii) a back-
folding of the zinc-blende zone-edge modes, resulting in@l 2E.
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Figure 3.4: Optical phonon modes of wurtzite ZnO. The atomic displacésvaea labeled
for the four atoms of the unit cell shown in Figure 3.1. The taraf the arrows corresponds
to the phonon eigenvector values derived for the respeatva sort by DFT calculations
in [Serrano 2004]. The polar phonon modesad E split into LO and TO. The E modes
with displacements perpendicular to the c-axis are twofolgederate.

Phonons in the wurtzite symmetry are fully characterizedh®y motion of the four
basis atoms [Tsuboi 1964]. The corresponding atomic digpheents within the unit cell
are shown in Figure 3.4. For the A and B modes, the displacerage directed along
the c-axis, and they are distinct in the following way: Thendde pattern consists of an
oscillation of the rigid sublattices, Zn versus O. Due toltlbed polarity, this results in an
oscillating polarization. For the B modes, in contrast, senblattice is essentially at rest,
while in the other sublattice the neighboring atoms movepipasite directions. In the case
of the B, (low) mode, the heavier Zn sublattice is distorted, whike Ba(high) involves the
lighter O sublattice. No net polarization is induced by thenBdes. Thus, the A and B
modes may be classified as one polar and two non-polar motessaime scheme applies
for the E modes with their atom displacement perpendicoldrd c-axis. As stated before,
the E modes are twofold degenerate, because the two axeshderplar to the c-axis are
energetically equivalent, even though linearly indepetnd&he E mode is an oscillation
of rigid sublattices and consequently exhibits an osailtgpolarization. In contrast, the,E
modes, E(low) and E(high), with essentially one rigid sublattice and the othwee oscil-
lating in itself, are non-polar. Thereby, the low-waven@mnh,(low) mode predominantly
involves the vibration of the heavy Zn sublattice, while tigh-wavenumber Ehigh)
mode is mainly associated with the vibration of the lightesuDlattice.
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As discussed in subsection 2.1.1, generally only opticatlescat the center of the
Brillouin zone are candidates for Raman scattering. Addiilgnthe Raman selection
rules have to be fulfilled, i.e. phonon modes must have naskieng components in the
Raman tensor to be Raman active (subsection 2.1.3):

éRmc éRzy %mz
R=Re Ry Ry |- (3.1)
%zz §Rzy §Rzz

While the B modes are silent, the modes with-AE; -, and E-symmetry are Raman
active with the following Raman tensors [Cusco 2007, Argu&869]:
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where a, b, ¢, d are material constants and the coordinayes iy parentheses describe
the phonon polarization of the polar modes in a laboratopradinate system (x,y,z) with
z-axis parallel to the c-axis of the wurtzite ZnO. Whethersthenodes are observable in
a particular experlment or not, depends on the scatterimfjgroation as described in
the Porto notatiork;(I1;, IT, )k, (subsection 2.1.3). In this notation, T8ackscattering
with the incident light along the c-axis and the incident aetkected polarization parallel
is given byz(zz)z. Figure 3.5 displays which wurtzite ZnO phonons are obgktwe
Raman scattering in different configurations. In the adjgntable, the optical phonon
modes and their configuration requirements as well as Ranifis ate summarized. Note
that in the Raman spectra Ehodes are also observed in forbidden configurations due to
non-perfect crystal alignment or quality. Because of thengiroccurrence of Emodes
in standard backscattering experiments, they can be amesichs a Raman fingerprint for
ZnO. Besides the principal optical phonons, a rather stroafgi4phonon mode at about
330 cnT! can be seen in various configurations. By temperature-dep¢nteasurements
it can be identified as a difference mode (subsection 4.1)eRbBg it could be assigned to
the process Khigh)-E(low) by symmetry considerations [Cusco 2007].
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Figure 3.5: Allowed optical phonon modes in the Raman spectra of wurtzite or
different experimental configurations [Cusco 2007].

The micro-Raman experiments conducted for this thesis iltngbkscattering configu-
ration and also all macro-Raman experiments were conducteackscattering geometry.
As the surface of most of the studied ZnO systems with welhéeforientation is c-plane-
oriented (0001), the scattering configurations valid foistrexperiments in this thesis are
z(zz)z andz(zy)z.

Possible relaxation of the Raman selection rules can be ddysdisordered or not per-
fectly aligned crystals (subsection 2.3.2). Additionalg stated in subsection 2.2.2, in
micro-Raman scattering the light is not solely collectedrfrine 180 backscattering an-
gle but from a finite solid angle. Furthermore, samples lilet-shemically synthesized
ZnO nanoparticles or polycrystalline VPT ZnO systems dopassess a macroscopically
defined orientation. Thus, the corresponding Raman saajteesults reflect all possible
orientations.

By very sensitive Raman experiments, Cusco et al. observedetyaf additional Ra-
man signals and assigned them to multi-phonon modes bysymimetry and temperature
behavior [Cusco 2007]. For a complete overview see Table/Asthe individual partici-
pating phonons are not restricted to g = 0 in multi-phonoittedag, various features can
be expected in the higher wavenumber region. They reflecmthié-phonon density of
states, but still the multi-phonon selection rules haveaduifilled [Siegle 1997]. Figure
3.6 displays phonon density of state curves calculatedyusininitio methods [Serrano
2004]. The one-phonon density of states ranges from 0'damabout 600 cm', with a
gap between the acoustic and optical branches from 270 6m370 cnt!. This gap is
important for the possibility of impurity gap modes (seesadiion 2.3.2). Local modes
are possible for frequencies above the optical mode branclkee above 600 cm. Note
that the corresponding energy is rather high and only iniesgriighter than oxygen can
be expected to induce local modes. While the two-phononrdifilee modes are obviously
located in the frequency range of the one-phonon brandme$;gquency range above 570
cm~! is dominated by two-phonon sum modes and multi-phonon ge&seof higher order.
The intensity of multi-phonon processes is particulantgisg in resonant Raman scattering
[Calleja 1977] when the exciting light approaches the bandegeergy.
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| Process | Raman shift (cm™") [ Brillouin zone points / lines |
Es(low) 99 r
2TA; 2E,(low) 203 LM, H.T
B, (high)-B; (low) 284 T
E,(high)-Ex (low) 333 T
AL (TO) 378 T
E,(TO) 410 T
E,(high) 438 T
2LA 483 M-K
2B low; 2LA 536 I';L,M, H
AL(LO) 574 T
E.(LO) 590 T
TA+TO 618 H, M
TA+LO 657 L,H
TA+LO 666 M
LA+TO 700 M
LA+TO 723 L-M
LA+TO 745 L-M
LA+TO 773 M, K
LA+TO 812 L, M
2T0 980 L-M-K-H
TO+LO 1044 AH
TO+LO 1072 M, L
2LO 1105 H, K
2A,(LO),2E, (LO); 2LO 1158 T, A-L-M

Table 3.1: Raman active phonons and phonon combinations of wurtzite atwdDtheir
wavenumber values from [Cusco 2007]. In the third column, threesponding points or
lines of the processes in the Brillouin zone are denoted.
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Figure 3.6: One-phonon, two-phonon-sum, and two-phonon-differencsitgenst states,
redrawn from [Serrano 2004]. Note the frequency gap betweeratioeistic and optical

phonon branches from 270 cimto 370 cnt! in the one-phonon density of states.
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Figure 3.7: (a) ZnO band structure at th€-point of the Brillouin zone [Meyer 2004].
The conduction band (empty Zn4s orbitals) and the highest valence subband (occupied
0?2~ 2p orbitals) possesB; symmetry(b) Photoluminescence of bulk n-type ZnO [Meyer
2004]. The spectrum is dominated by the so-called green ffeard impurities or defects),
and, in the blue to UV spectral range, by excitonic and dasmaeeptor pair emission with
the corresponding phonon replica.

3.1.3 Band gap and optical properties

ZnO possesses a large band gap of 3.4 eV. The conduction banmdum, formed by
empty 4s orbitals of Zit (or the antibonding sphybrid states), and the valence band
maximum, formed by occupied 2p orbitals of @or the bonding sphybrid states), both
lie at the center of the Brillouin zond {point) [Klingshirn 2007], i.e. the band gap of
ZnO is direct. In Figure 3.7, the band structure at fhpoint is shown. Due to crystal-
field and spin-orbit interaction, the valence band is split ithree states (A, B, C). The
upper valence subband (A) and the conduction band bothIhaslearacter [Meyer 2004].
The large band gap energy of 3.4 eV corresponds to a wavaledg®?65 nm, i.e. in
the UV. Therefore, high-quality ZnO is highly transpardmioughout the visible spectral
range. Moreover, the wavelength of the exciting laser immagace Raman experiments
is required to be in the UV and the experimental equipment medJ)V-compatible. On
the other hand, Raman spectroscopy with excitation in thielgispectral range has the
advantage of a large scattering volume due to the transpamrZznO. By alloying ZnO
with MgO (band gap 7.5 eV) or CdO (band gap 2.3 eV), the fundaahéand gap can be
tailored to the particular application within a large eregigrange.

The optical properties of ZnO are strongly influenced by tleeteonic band structure and
the phononic properties. In Figure 3.7 a photoluminescéRAtg spectrum of n-type bulk
ZnO with several characteristics is shown. The (near-lgam)- excitonic emission and
donor-acceptor pair (DAP) emission with their optical pbomeplica dominate the PL in
the high energy region. Additionally, the so-called greandbetween about 440 nm (2.8
eV) and 650 nm (1.9 eV) occurs, which is generally attributeampurities or defects in
ZnO [Klingshirn 2007].
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Figure 3.8: Periodic table of elements. Labeled are elements which matenpal candi-
dates or are already used for p- or n-doping, band gap engingeor magnetic alloying
of ZnO.

3.2 Growth, processing, and applications

As mentioned before, ZnO is already used in large-scalesinidli manufacturing (food
additives, cosmetics, plastics, etc.). Due to progressangssing and theoretical under-
standing of its unique optical, semiconducting, and piészigc properties, conventional
applications can be improved and, additionally, new appibe potentials arise. For ex-
ample, ZnO-based systems could represent an importatdayhrce in the future or be
utilized as a transparent conducting oxide for applicaisach as front electrodes in so-
lar cells and liquid crystal displays. The major technidahleenge for many of the new
applications is to achieve stable and reproducible p-typ®.Z heoretical aspects and the
experimental situation of the p-doping issue are reviewesibsection 3.2.1. Raman scat-
tering results on nitrogen-doped ZnO systems are presantédiscussed in chapter 6.
ZnO has also been considered for spintronics applicatimee sheoretical predictions of
room temperature ferromagnetism (RT FM) in ZnMnO. While expental evidence for
such RT FM has been reported for ZnO alloyed with differeahsition metals (TM), it
stays unclear whether the observed magnetic propertiemtairesic, i.e. due to substi-
tutional incorporation of the magnetic impurities, or iethresult from either magnetic
secondary phases or experimental negligences. The thétnmg diluted magnetic semi-
conductor ZnO and experimental findings are summarizedbsesttion 3.2.2. In chapter
5, experimental results on ZnO:TM systems are presentexvariety of transition metals.
As new applications of ZnO often involve the incorporatidimnopurities, Figure 3.8 gives
an overview over the elements which make potential caneldat are already used for p-
or n-doping, band gap engineering, or magnetic alloying.

There are manifold growth techniques for ZnO. Most of the @amfor this thesis were
fabricated using molecular beam epitaxy, vapor phasepmatsvet-chemical synthesis, or
hydro-thermal growth. Impurity incorporation was carrmat during growth or via post-
growth ion implantation. Detailed growth parameters aveiin the results sections, and
ion implantation is discussed in subsection 4.1.1 and@e&il. Another major trend in
ZnO research is the fabrication of ZnO nanosystems witlouarmorphologies and great
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potential for future application, see subsection 3.2.3. &aspectroscopic results on ZnO
nanostructures are presented in section 4.2.

3.2.1 Doping of ZnO

The doping of ZnO and the influence of various impurities amtdrisic defects in ZnO
are reviewed in detail in [Look 2006]. As-grown ZnO is gerigra-type with dominating
shallow donors. This n-type character was found to be dug/giolgen impurities and
intrinsic defects. While the oxygen vacancy, \and the zinc interstitial Znindeed act
as donors, they are not expected to play a major role due tohigh formation energy
[Kohan 2000]. Other native-defect donors, especially dexgs involving Zn, may have
a more important influence on the n-type character of ZnO kKL2@05]. The dominant
donor in as-grown ZnO is hydrogen, which is always a donom®And has a low forma-
tion energy [Van de Walle 2000]. Besides the n-type propedfehe as-grown ZnO, also
additional n-doping proves to be uncomplicated, as themtbielements Al, Ga, and In
can easily be incorporated on Zn sites, resulting in possiatrier concentrations beyond
10°° cm3.

While n-type ZnO is obviously available without complicatsy p-doping is probably the
primary technical issue of ZnO processing. Low acceptoceatrations in as-grown ZnO
can be explained by zinc vacancieg,Vbut are clearly overcompensated by the presented
n-type properties. While the group | elements Li and Na areetqa to be shallow accep-
tors on Zn sites, both can be incorporated as donors Na;) as well. Thus, they exhibit
a too strong self-compensation. Among the candidates fpuiities acting as acceptors,
the most promising are the group V elements N, P, As, and Sibodéin on oxygen sites
(No) is a shallow acceptor in ZnO with a binding energy of abou@ hfeV. Regarding
its ionic size, (N) should be the ideal acceptor. While indeed high ddbncentrations
of up to 13° cm~3 were demonstrated, in most cases the active acceptor dosioem is
much lower, most probably due to passivation by hydrogessiBte remedies against the
acceptor passivation by hydrogen are post-growth thernraaing or sample irradiation.
Consequentially, successful p-type ZnO via nitrogen inc@fon and subsequent fabri-
cation of blue ZnO-based LEDs was achieved using a labqgriensperature-modulated
MBE growth [Tsukazaki 2004]. Other promising experimentgaals p-doping of ZnO
have been conducted with the other group V elements P, AsShné&till, no straightfor-
ward procedure has been established for fabricating reprblé and stable p-type ZnO of
high quality.

3.2.2 ZnO:TM as DMS system

In the field of spintronics (spin transport electronicsse@ chers investigate the spin de-
gree of freedom of electrons with respect to its applicagdgher in conventional elec-
tronics or in a new, solely spin-based technology with eiggt@dvantages such as non-
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volatility, increased data processing speed, decreasettielpower consumption, and in-
creased integration densities [Wolf 2001]. Though, mucthis area is speculative and
there are also skeptic opinions as to the predicted supgriofr spintronics compared
to conventional electronics [Bandyopadhyay 2004]. Majohtecal issues are yet to be
solved in order to realize a fully functional spin-basedtemogy, e.g. efficient spin injec-
tion and controlled spin transport. Furthermore, potémiterials for spintronics have to
meet various requirements including a high spin-polaionatA key material system for
such applications could be the class of diluted magnetiés®rductors (DMS). In DMS,
non-magnetic host ions are partially substituted by magiats, most frequently by tran-
sition metal (TM) ions [Furdyna 1988]. While a major advamtafsuch systems would be
their great potential of combining spintronics with contrenal semiconductor-based elec-
tronics, it is unclear whether DMS can be fabricated whicletntige material requirements.
Well-understood DMS systems already exist, e.g. GaMnA#) wary promising magnetic
properties, however, with Curie temperaturgs)(below room temperature, which strongly
limits their application potential.

Using a mean-field Zener model, Dietl et al. presented twosimg DMS candidates with
predicted stable ferromagnetic configurations above r@wnperature arising from carrier-
mediated exchange interaction [Dietl 2000]: GaMnN and Z@MHowever, according to
these calculations, p-type ZnO is required as host mateffaile Mn acts as an acceptor
in the 1lI-V compound GaMnAs, it is isoelectric in ZnO. As disssed in subsection 3.2.1,
high quality p-type ZnO is not easily available (yet). Tleseven more problematic when
ZnO is alloyed with TM ions because the n-type character @ Aoe to intrinsic defects is
increased by the disordering. Ab initio calculations agdiowed stable room temperature
ferromagnetism (RT FM) for p-type ZnO alloyed with Mn, butéttbnally for n-type ZnO
alloyed with other TM ions [Sato 2001]. Furthermore, a mddeferromagnetic coupling
in n-type diluted oxides due to bound magnetic polarons waggsed in [Coey 2005].

In the following paragraphs, the mentioned theoreticadliss will be outlined. Finally,
the experimental situation with its ambiguous and oftertreatictory results regarding the
magnetic properties of different Zn, TM,O systems is reviewed.

Mean-field Zener model from [Dietl 2000]

Dietl et al. presented a mean-field Zener model for Mn-alloyemiconductors, which
successfully describes magnetic properties of p-type Gevand ZnMnTe [Dietl 2000].
In this model, the direct interaction between the half-ilBzl shells of adjacent Mn atoms
leads to an antiferromagnetic configuration (super exobanthe ferromagnetic correla-
tion, on the other hand, arises from interactions of thelined Mn spins mediated by free
holes from shallow acceptors in doped magnetic semicondaicMn in GaMnAs is, as
discussed before, a localized spin as well as an acceptereat |-Vl semiconductors
have to be doped additionally to fulfill the requirementsho$ tmodel.

In this theoretical framework, the Ginzburg-Landau freergy functional is expressed as a
function of the magnetization by the localized spins and timnimized. The correspond-
ing Curie temperature is calculated using a mean-field ajpaiion for the long-range
exchange interactions. THg&- value results from a competition between the antiferro-
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Figure 3.9: (a) According to a mean-field Zener model, ZnO and GaN with 5% Mn and
a hole concentration of 3.5 x#0cm™3 are promising materials for ferromagnetism at
room temperature [Dietl 2000](b) According to ab initio calculations, p-type host ZnO is
required for a stable ferromagnetic configuration of ZnMr&afo 2001].

magnetic direct Mn-Mn interaction and the hole-mediatedofmagnetic coupling and it
depends on material parameters, Mn concentration, anddeolsity. Encouraged by suc-
cessful results for GaMnAs and ZnMnTe, additional valuesewesbmputed for various
semiconductors containing 5% Mn and 3.5 ¥16m~3 holes. The highest Curie tempera-
tures (= > RT) were calculated for GaMnN and ZnMnO, see Figure 3.9a. WhilZO

is thereby identified as a promising DMS candidate, the étiohs of the model have to
be kept in mind. The results are only valid for the transitio@tal Mn and for p-type ZnO
with a high carrier concentration.

Ab initio calculations from [Sato 2001, Sato 2002]

Sato et al. conducted ab initio calculations on the eleatrstmucture of TM-alloyed
ZnO [Sato 2001], using a Green’'s-function method based erlabal spin density ap-
proximation (LSDA). In a wurtzite supercell with 8 ZnO moldes, two Zn atoms were
substituted by TM ions, corresponding to a TM concentratib®5%. Since TM substitu-
tion of Zn is isoelectric, doping was induced by additionabstitutions: N, for p-doping
and Gg,, for n-doping (see subsection 3.2.1). By this approach, thetreinic structure
is calculated for the ferromagnetic state (parallel sparg) the antiferromagnetic state
(partly antiparallel spins). The energy different& = E, ;,,,-E,,, then gives the more sta-
ble configuration. The results are presented in Figure 3r8the case of p-type ZnMnO,
ferromagnetic ordering is more stable, while for n-typermuilating ZnMnO, antiferro-
magnetism can be expected.

While this result is in accordance with the findings in [Didi0®], an analysis of the total



3.2 Growth, processing, and applications 59

T T T T 3 T T T T T T T
% Ferromagnetic state n concentratio Ferromagnetic state ]
2 2] % - 59 —+20% = 2
T Lo -0 10% —< 25% € it
‘q:’ 1T ﬂ:ﬂ -%¥- 15% -
s} S 8 o
= S j
@ 2 P g
& IRl I U (b) (Zn, Fe)O
S S -2 v
B e 2 st Fe concentration
S -2[ (@ (Zn,Mn)O t\‘ B 5 L ¥ -m- 59 —+-20% | |
T -4 -0 10% - 25%
3| spin-glass state e st 2L = 15% ]
Spin-glass state
-4 -6
25 20 15 10 5 0 5 10 15 20 25 25 20 15 10 &5 0 5 10 15 20 25
Hole concentration (%) Electron concentration (%) Hole concentration (%) Electron concentration (%)
3 I I I I I ‘ I ' ' ' ' " Ferromagnetic state
. Ferromagnetic state — Ni Concentration ___x_____g
I:?E:' 2 /: 1 & 2[| -m- 5% —+20% / e 3
E i £ -0 10% — 25%
g | (©(@nCo)0 </: e ¥ T % 15% e
8 T s ] 8 S
2 2 1t (d) (Zn,Ni)O L T T Y
=T 0 b =] VA
= > O
g ’ Co concentration g i =
T -1 i— - 5% ——20% 5 - E
- 10% - 25% | | v - -
15% ]
-2 Spm glass state e Spin-glass state
25 20 15 10 5 0 25 25 20 15 10 5 0 5 10 15 20 é5
Hole concentration (%) Electran concentratwon (%) Hole concentration (%) Electron concentration (%)

Figure 3.10: The plots from [Sato 2002] show the calculated energy difiee between the
ferromagnetic state and the spin-glass state versus theecaroncentration in ZnTMO.

The results are shown for different transition metals anehsiaion metal concentrations.
While p-type host ZnO is required for a ferromagnetic comigjon of ZnMnO (a), n-type

host ZnO is more promising for Fe, Co, and Ni (b-d).

DOS in [Sato 2001] suggests a different mechanism for ther@agnetic coupling in p-
type ZnMnO: Carrier-hopping between partially occupiedoBlitals of the TM impurities
leads to a ferromagnetic alignment of neighboring ionsthe so-called double exchange.
In the case of Mn with its half-filled 3d shells, electron dugpdoes not yield the expected
stabilization of such a ferromagnetic configuration. Intcast, according to the ab initio
calculations, such stabilization by donors can be expaat&hO alloyed with Ti, V, Cr,
Fe, Co, Ni, and Cu. In [Sato 2002], the stability of the ferrometgc ordering was calcu-
lated by the same method for a variety of carrier and TM commagans. For Ni, Fe, and
Co indeed n-type ZnO was found to be the more promising hostmabfsee Figure 3.10).
Findings of [Sato 2001] regarding undoped ZnO as host nateere challenged by the
work of [Spaldin 2004], where, according to similar LSDAslea DFT calculations, p-type
ZnO was found to be necessary for stable ferromagnetisntimNdo- and Co-alloyed ZnO.
It should also be noted that the calculations in [Sato 20@19 8002] require very high
TM concentrations of up to 25% fdf- > RT, depending on the TM.
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Figure 3.11: Figure from [Coey 2005]: Donor electrons in ZnO (here: due toygen
vacancies) tend to form bound magnetic polarons, which et 3d moments of the
magnetic ions (arrows) within their orbits. Zinc atoms are negented by circles and
oxygen vacancies by squares, while the regular oxygen sigielad not shown.

Donor impurity band exchange model from [Coey 2005]

While all above-mentioned theoretical findings agree in #uoe that n-type Mn-alloyed
ZnO should show no ferromagnetism, several experimensaltsereport RT FM for this
system (see next paragraph and Table 3.2). A model was mdpofCoey 2005] in order
to explain ferromagnetic exchange coupling in n-type dilutnagnetic oxides, including
ZnO. In this model, a material system is considered wherenetagatoms substitute non-
magnetic cations and, additionally, donor defects aregmte@.g. oxygen vacancies in
ZnO, see subsection 3.2.1). For a sufficient donor defeaterdration, the hydrogenic
orbitals of the electrons associated with the defects canayy to form a delocalized im-
purity band. The donors then tend to form bound magneticrpota coupling the 3d
moments of the magnetic ions within their orbits. This med$r is illustrated in Figure
3.11. Generally, the coupling between a donor electron andgnetic cation is ferromag-
netic if the 3d shell is less than half full, but antiferromagic otherwise. The mediated
coupling between the magnetic ions themselves is ferrogtageither way. Long-range
ferromagnetic order, finally, occurs above the percolatioesholds of both the polaron
and the magnetic cation concentration.

Note that this model is applicable both for n-type and p-tyyserial and that the mecha-
nism already works for a comparatively low carrier concatibn.
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| Sample | ™ | RTFM | Origin | Author |
film \% yes intrinsic [Saeki 2001]
film Co yes intrinsic [Ueda 2001]
film Cr,Mn,Ni no - [Ueda 2001]
film/powder Co yes/no | intrinsic/- [Lee 2002]
nanorods Co yes | sec.phase [Ip 2003]
film Co yes | sec.phase [Norton 2003]
bulk/film Mn yes intrinsic [Sharma 2003]
film Co yes | sec.phase [Park 2004]
film Sc,Ti,V,Fe,Co,Ni|  yes intrinsic | [Venkatesan 2004
film Cr,Mn,Cu no - [Venkatesan 2004
film Cu yes intrinsic | [Buchholz 2005]
nanocrys. Mn,Co yes intrinsic | [Kittilstved 2005]
bulk Mn,Co no - [Lawes 2005]
film Mn yes substr. [Mofor 2005]
powder Mn,Co no - [Rao 2005]
polycrys. Fe+Cu yes | sec.phase [Shim 2005]
nanowires Mn yes intrinsic | [Philipose 2006]
film Mn,Co yes ZnO def. [Hong 2007]
nanocrys. Fe yes intrinsic | [Karmakar 2007]
film Cu yes | sec.phase [Sudakar 2007]
film Mn yes intrinsic [Xu 2007]

Table 3.2: Studies on the magnetic properties of transition-methly&d ZnO. The third
and the fourth column denote whether room temperature fexgmatism was observed
and what origin was identified for this RT FM by the authors, ezdvely.

Experimental situation

Since the theoretical works in [Dietl 2000] and [Sato 20@t extensive research ac-
tivity was resulting in numerous publications on transitimetal-alloyed ZnO in the past
years. While in several of these studies an intrinsic ferigmetism of ZnTMO is stated
[Sharma 2003, Ueda 2001], the entire experimental sitnaiitvises caution. Systems with
many different parameters have been studied, which malesigacture difficult. Among
the studied systems are ZnO nanostructures, bulk crystaldjims, and ceramics, alloyed
with different transition metals and transition metal camattions, and fabricated using var-
ious different growth techniques and after-growth treatteeFurthermore, results on the
magnetic properties of TM-alloyed ZnO are often contraatigteven for similar samples
and experimental conditions. In Table 3.2, prominent expental studies regarding the
magnetic properties of transition-metal-alloyed ZnO arespnted. In accordance with
other reviews of the experimental situation [Liu 2005, ar2006, Ozgur 2005, Seshadri
2005], the results are ambiguous with respect to the existand origin of a RT FM in
ZnO-based DMS systems.
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In addition to the difficulties of providing high-quality fype ZnO, often extrinsic ef-
fects cannot be sufficiently excluded as cause for the obdgamoperties. In [Mofor 2005],
for example, ferromagnetism in ZnMnO layers was identifiedhainly extrinsic, originat-
ing from slightly magnetic substrate material. Furtherepanagnetic contamination of
samples due to handling with stainless-steel tweezersousslfin [Abraham 2005]. Still,
the key issue is the formation of secondary phases becaegedhired transition metal
concentrations are typically in the range of 5-25% and floeeeoften near or above the
corresponding solubility limits in ZnO [Jin 2001, Kolesrik04]. All theoretical models,
however, demand substitutional incorporation of the TMsion Zn sites. Since not only
the elemental TM clusters, but also most TM oxides showrdisthagnetic properties, mi-
nor precipitate formation may already dominate the magmtperties of such samples.
To summarize, up to now the magnetic properties of ZnTMOesyistare not fully under-
stood, and the often contradicting experimental resutisire further thorough research.
Especially, microstructural studies should always beuidet! to evaluate the influence of
magnetic secondary phases. In chapter 5, Raman spectrasceygcessfully applied to
study the impact of TM impurity incorporation on the ZnO dglsand to identify magnetic
secondary phase inclusions.

3.2.3 ZnO-based nanostructures

Much of the future potential of ZnO lies in hanostructuredXfor instance in nanolasers,
-sensors, -resonators, -cantilevers, and -field-effactsistors [Wang 2004] as well as in
many other mechanical, electronic, photonic, and bionaaipplications. Specific physi-
cal properties of ZnO nanostructures due to size effectesiewed in [Ozgur 2005, Wang
2004]. Because of the strong tendency of ZnO to self-orgdrgzewth, nanostructures of
various different morphologies can be grown by straightod fabrication techniques:
Nanoparticles (quasi-0D), -wires/-rods (quasi-1D), thelkubes, -cages, and many more.
Important growth techniques for such nanostructures deeMBE or pulsed laser deposi-
tion (PLD). Another especially versatile fabrication madhs the solid-vapor-phase tech-
nigue [Wang 2004]. In this process, the source material ponaed in a furnace and
condenses on a substrate. Thereby, different morpholageeschieved by variation of the
growth parameters, such as temperature, carrier gasratghsind source material. Exam-
ples of various morphologies grown by this method are showkigure 3.12.
Nanorods/-wires are successfully grown by the vapor-tlegolid (VLS) approach [Wang
2004]. In this growth process, metal droplets with dianseterthe nanometer range (cor-
responding to the desired rod/wire diameter) serve asysatalthe 1D ZnO growth. The
gas phase reactant is absorbed by the liquid droplet aret, @fpersaturation, the ZnO
nucleation starts.

Among the mentioned ZnO nanostructures, this thesis fecoseranoparticles. The ma-
jority of the studied nanopatrticles were prepared by wetrtical synthesis, few by spray
pyrolysis. In the latter, precursors are sprayed on a hesatiestrate, where they react with
each other forming nanoparticles. The principles of theeteimical synthesis developed
for the samples of this thesis are described in [Chory 2007jowAtemperature synthe-
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Figure 3.12: ZnO nanostructures with various morphologies, fabricatetth wisolid-vapor
process [Wang 2004].

sis from ethanolic solutions results in nanocrystallin@Zpowder with various organic
molecules as potential stabilizing ligands. The synthparameters and different synthe-
sis variants used are discussed in detail in section 4.2.
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Chapter 4

Pure ZnO: bulk crystals, disorder
effects, and nanoparticles

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

4.1 ZnO single crystals and polycrystalline ZnO

In the following, hydrothermally grown ZnO single crystditem CrysTec, Berlin, are
characterized by Raman spectroscopy. These samples weredaakost crystals for the
implantation of ZnO with transition metal ions (magnetiloging) and nitrogen ions (dop-
ing), discussed in the chapters 5 and 6, respectively. Advwishown in the course of this
thesis, these single crystals contain residual impurite@sxample Mn and Fe. However,
the impurity density is far below the Raman detection limit @2iney do not influence the
Raman studies presented in this section. Hence, these siygtals can be considered as
model systems for well-ordered, pure ZnO.

Figure 4.1a shows Raman spectra of such a ZnO single crystahwere recorded
in different scattering configurations with well-definegstal orientation as well as well-
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Figure 4.1: (a) Raman spectra of a ZnO single crystal, recorded in diffesaattering
configurations (excitationA = 514.5 nm). The scattering configurations are denoted us-
ing the Porto notation, the mode assignment is in accordantteliterature results [Cusco
2007]. (b) Temperature-dependent Raman spectra of a ZnO single tfgst@Etation: A

= 514.5 nm). All spectra are normalized to the intensity a #(high) mode at about
437 cn!l. The mode observed at about 332 ¢ndisappears at low temperatures and is
assigned to the difference processgiigh)-E (low). (c) Raman spectra of polycrystalline
ZnO, recorded with the laser focus on different spots on tifase of the sample (exci-
tation: A = 514.5 nm). Because the scattering configuration is not deflned for such
a polycrystalline sample, the spectra reflect the mixturerggntations present within the
laser spot during each experiment. For comparison, a Ranp&ctsum of a ZnO single
crystal is shown, recorded in(xx)z configuration.
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defined incident and detected polarization. Like in all Ramgperiments for this thesis,
the spectra were recorded in *80ackscattering. To describe the respective scattering
configuration, the Porto notation is used, which was intoeduin subsection 2.1.3. The
most commonly used configuratiafizz)z corresponds to incident and scattered light di-
rections along the ZnO c-axis as well as to incoming and tietigoolarization parallel to
each other and perpendicular to the ZnO c-axis. The chaistatdcRaman features for this
symmetry are the £low) and E(high) phonon modes at about 99 thand 437 cm!,
respectively. The ALO) phonon mode at about 577 cmis allowed in this symmetry,
but occurs with very weak intensity in this well-ordered Zrlhe even smaller feature
at about 537 cm' corresponds to a 2xLA phonon mode process [Cusco 2007]. Arn add
tional feature occurs at about 332 thn This mode was tentatively, and falsely, attributed
to a two-phonon sum from outside the BZ center [Calleja 197%]clwvassignment is still
commonly used. However, Figure 4.1b clearly shows thatrtiosle disappears for low
temperatures, indicating a difference phonon processigsor-rom this behavior and
the frequency position, the feature is attributed to théhigh)-E,(low) difference mode.
As stated above, the strongest modes in this configuratienhar E(high) at about 437
cm~! and the E(low) at about 99 cm!. The frequency difference between these strong
modes agrees well with the observed wavenumber positiomeoRaman feature at about
332 cn1l. This assignment as a second order process from the difiethigh)-E (low)
was recently confirmed by symmetry considerations and adesyre-dependent intensity
analysis [Cusco 2007].

In most experiments for this thesis, no polarization sedecof the scattered light was
used in order to be sensitive for diagonal as well as off-@li@dRaman tensor components
of possible additional Raman peaks. For the commonly usetesog configuration de-
scribed above, this corresponds to the detection of bath)z andz(xy)Zz contributions.
However, no additional bulk modes of pure ZnO are expectad the cross polarization in
this case because only the Eaodes are allowed for(xy)z, as can be seen in Figure 4.1a.
In experiments with directions of the incident and scattdight perpendicular to the ZnO
c-axis, TO modes are allowed. The(&O) mode at about 378 cmhis observed in:(yy)z
andx(zz)z configuration, while the ETO) mode occurs at about 410 chin z(yz)z and
z(zy)Z. In z(zz)z configuration, the Emodes are forbidden and, consequently, do not
appear. In contrast, the £O) mode is clearly observed at about 588 dialthough also
symmetry-forbidden inc(zz)z [Cusco 2007]. However, the;H.O) mode was observed
before in this configuration, which was attributed to intrtd Fohlich interaction in non-
ideal ZnO [Calleja 1977].

In contrast to the predictable Raman spectra in a well-odd&r@O single crystal, the
spectra in Figure 4.1c can not be attributed to one definedr®trg. The micro-Raman
experiments for these spectra were conducted with theflasesed on different spots on a
polycrystalline ZnO sample grown by vapor phase transpgel(). Therefore, the spectra
reflect the different orientations which are present withi@ laser spot of aboytm size.
In addition, a broad signal appears in the spectra of thecpgdjalline sample between
500 cnt! and 600 cm!, peaking at about 570 cmito 590 cni!. In this wavenumber
region of high phonon DOS, the LO phonon modes are locate€ir Tiitensity is strongly
influenced by Fohlich interaction (see subsection 2.3.2), which itsetf ba induced by
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impurities and intrinsic defects [Colwell 1972, FriedricAQZ]. The band is therefore
attributed to disorder-induced Raman scattering, reguitin (a) intensity-enhanced LO
phonon modes, especially; A.0), due to disorder-induced &hlich scattering, and (b)
showing through of the high phonon density of states due tmph contributions from
outside the BZ center. Such contributions are expected oraiksed systems due to soft-
ening of the Raman selection rules, see subsection 2.3.2efbhe, the broad band reflects
the increased disorder of this VPT-grown polycrystalliaenple compared to the ZnO sin-
gle crystals discussed above. The origin of the ‘disordedbwill be discussed in more
detail in the course of this thesis. For example, it will bedstd for extrinsic disorder in
Ar-irradiated ZnO single crystals in subsection 4.1.1.

‘ ZnO single crystal, UV resonance Raman, A = 363.8 nm

a ZnO single crystal b| 5781158 1737 2318 2896 3477
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Figure 4.2: (a) Raman spectra of a ZnO single crystal, recorded with diffel@ser wave-
lengths (excitation\; = 514.5 nm,\, = 457.9 nm). A weak resonance effect is observed
for the A (LO) mode at about 577 cm. (b) Resonant Raman scattering in a ZnO single
crystal (excitation:\ = 363.8 nm). The spectrum is solely dominated by th&®) mode
and the corresponding multiple phonon processes @), 3xA (LO), etc.

With regard to the experiments of chapters 5 and 6, it candiedthat the CrysTec
ZnO single crystals show the expected ZnO Raman scatteriggrprint for all configu-
rations. In particular, no additional modes are observedredver, the peak widths and
frequency positions indicate a very good crystalline dqualirhe VPT-grown sample is
polycrystalline and shows indications for a somewhat infestructural quality. While
other VPT-grown samples studied in this thesis show a sggmfly better crystal quality,
their polycrystalline character inevitably leads to lessllwefined scattering configura-
tions.

Figure 4.2 shows resonance effects in the Raman scattesois®f a ZnO single crys-
tal. First resonance effects are already observed whengtiné wavelength of the exciting
laser from green (514.5 nm) to blue (457.9 nm), see Figuie 4.Be stronger resonance of
the LO modes associated withdhlich scattering compared to the deformation-potential-
dominated modes leads to a higher intensity of th@_®) mode when tuning the laser
wavelength towards the ZnO band gap energy [Calleja 1977]s fEsonance effect is
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much stronger when the exciting laser has an energy exaotly\gery close to the ZnO
band gap at about 3.4 eV. This is shown in Figure 4.2b. Thetspadaken with the 363.8
nm line of an Ar ion laser is solely dominated by the(IAO) mode and the corresponding
multiple modes 2xA(LO), 3xA;(LO), etc. Raman resonance experiments provide sensi-
tivity advantages, which are especially useful for verytlalyers or other systems which
show weak Raman scattering intensity. However, for most @fstfstems studied in this
work, excitation in the visible range delivers more infotioa at a clearly sufficient inten-
sity. Moreover, UV excitation can lead to strong local hegteffects in ZnO, especially
in nanocrystallites [Alim 2005/1, Alim 2005/2]. For thisa®on, excitation in the visible
spectral range combined with sufficiently long integrattome were chosen in order to
obtain the required signal strength in the Raman experinfentkis thesis.
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Figure 4.3: Schematic diagram of an ion implantation process as coraduftr several
ZnO systems of this thesis. lons are accelerated electioailst and impinge on the target
crystal. Besides the incorporation of the desired elemeamstal damage is induced by
the implantation, which can be healed to a large extent bynttaannealing.

4.1.1 Effect of ion irradiation on ZnO single crystals

In this section, the commonly used method of ion implantasmutlined. Since pure ZnO
is in the focus of this chapter, the experimental analysiestricted to the disorder induced
by the ion irradiation. Additional disorder effects of thaplanted ions are discussed in
chapter 5 for the incorporation of transition metal ions gmetic alloying) and in chapter
6 for the incorporation of nitrogen ions (p-type doping) bisth cases, the host crystals are
hydrothermally grown ZnO single crystals from CrysTec, Berlvhich were character-
ized by Raman scattering above. The host crystals have adeftied orientation and are
implanted along the (0001) direction using the Zn-polafase. The implantation process
is shown schematically in Figure 4.3. lons of the desirethel& are produced within an
ion source and electrostatically accelerated. In a tatggtder, they impinge on the host
crystal. The amount of implanted material is very well tuealda the ion energies and
fluences. Furthermore, only the desired ions are incorpdr@td the implantation of other
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impurities can be excluded to the greatest extent. Besi@eimtiorporation of the desired
element, also disorder is accumulated at the surface arteimiplanted layer. In order
to obtain samples with good structural quality, thermaleaiimg is generally required af-
ter an ion implantation. Theoretical considerations angeexental results concerning
ion-implanted ZnO and subsequent thermal annealing arensuized in a recent review
article [Kucheyev 2006].

The penetration depth of the ions depends on the ion eneygrathe material properties
of both the implanted ions and the host crystal. EnergiekarkeV range correspond to
actual ion implantation, lower energies result in ion beapasition on the target surface.
For the implantations discussed in this thesis, energisgdam 50 keV and 450 keV as well
as total fluences from 1 x1dcm=2 to 4 x107 cm~2 were used. For each implantation, a
set of fluences and energies was chosen in order to achievel&k&amplantation profile
with a constant concentration within a layer of several 160depth. To determine the
ideal implantation parameters, implantation profiles weteulated with the Monte Carlo
program package SRIM/TRIM [Ziegler 1985]. In Figure 4.4a, tbsult of such a calcu-
lation is shown for ZnO implanted with a concentration of @8 at.%. The implanted
concentrations used in this thesis range from as low as @D%5(relative to oxygen) for
nitrogen doping to 32 at.% (relative to Zn) in the case of M implantation.
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Figure 4.4: (a) Simulations for ion-implanted ZnO host crystals, calcethivith the Monte

Carlo program package SRIM/TRIM [Ziegler 1985]. The enesgamd fluences of the
ions have been chosen in order to obtain a box-like implammgprofile with a maximum

concentration of 8 at.%(b) Implantation and atom displacement profiles, respectj\aly
ion-implanted ZnO, calculated with the Monte Carlo progranciege SRIM/TRIM. The
total displacement profile is shifted to a slightly lower depglative to the implantation

profile because the highest damage by an implanted ion icedtighortly before it comes
to stop.

Obviously, ion implantation generally leads to significangstal disorder through-
out the implanted region. lons lose their kinetic energy aodisions with target atoms
and, continuously, via an energy drag from the overlap oftede orbitals. The energy
transfer to the host crystal results in point defects likernstitials and vacancies. Using
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SRIM/TRIM, the ballistic processes are simulated, which keeettom displacements in the
host crystals [Ziegler 1985]. The results of such a simoiatire shown in Figure 4.4b, us-
ing the example of implantation with 2 at.% of manganeseiiotosZnO. The displacement
profile looks similar to the implantation profile, but is gk to slightly lower depths. Most
of the damage caused by an implanted ion, i.e. the largesgetransfer to the crystal, is
accumulated shortly before the ion comes to a stop. Stidh $donte-Carlo simulations
only compute ballistic processes and neglect the effecypéhic annealing by the ions
during the implantation process. Experimental resultgeagthat this dynamic annealing
is particularly strong for ZnO due to the high ionicity of tAa-O bond [Kucheyev 2006].
It promotes defect migration and, therefore, ZnO usualystrystalline, even when im-
planted with heavy atoms using high doses. Upon such hegwaitation, another effect
has to be taken into account: Sputtering can etch away dewerelayers of the crystal’s
surface.

The disorder induced in the host crystal by the implantatiepends not only on implan-
tation parameters, like energies and fluences, but alsoemtplanted element through
its chemical properties and mass. The disorder can theré®divided in (i) irradiation
disorder and (ii) disorder induced by the impurities impéghinto the host crystal. The
disorder effects induced by the implanted impurities asewksed in detail in the chap-
ters 5 and 6 for transition metal and nitrogen implantati@spectively. In this chapter,
disorder effects of pure ZnO are in the focus. To analyzeri@antation effect on Ra-
man scattering without strong effects of the incorporateglrity ions, ZnO crystals were
irradiated with Ar ions. Due to their chemically inert cheter, they are not expected to
induce strong impurity effects, but mostly irradiation daga. A considerable amount of
surface-near implanted Ar ions can be expected to leaverylstat already during the im-
plantation or during the subsequent thermal annealings,Titne process is referred to as
Ar irradiation and the total fluence is used to describe tlregss and not a concentration
value. The total Ar fluences chosen for the characterizatidhe irradiation damage were
1.6 x10° cm~2, 3.1 x10° cm~2, 6.3 x13°% cm™2, and 12.6 x1& cm~2. For each sample,
a set of energies between 60 keV and 300 keV was chosen for-Bkiedrradiation pro-
file. The smaller mass implies also that the disorder effeétrarradiation is significantly
smaller than of implantation with heavier elements sucthasiM ions used in chapter 5.
Nevertheless, the Ar irradiation provides a good modelesydb study the effect of such
extrinsic disorder.

Figure 4.5a shows the Raman spectra of ZnO crystals, ireatligith 6.3 x16° cm~2
and 12.6 x1& cm~2 Ar, respectively. In addition, a Raman spectrum of pure Znéhasvn
for comparison. All spectra exhibit a strong(Eigh) mode at about 437 cm, as it can be
expected in this standard backscattering experiment. Tdst obovious difference between
the spectra of the irradiated crystals and the pure ZnO speaiccurs between 500 crh
and 600 cm!. Especially in the spectrum corresponding to the highestugnce, a broad
band appears, peaking near thgl2O) position at about 576 cm. Note that the inten-
sity of this band is still below 20% of the,Ehigh) mode maximum for this Ar-implanted
sample, in contrast to samples with heavier implantationatge discussed in the course of
this thesis. Figure 4.5b shows that this effect of increasthsity at the A(LO) position
is already observable for lower irradiation fluences, but strongly reduced degree.
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Figure 4.5: (&) Raman spectra of ZnO single crystals irradiated with Ar, gdiluences
of 6.3 x10° cnr2 and 12.6 x1& cm2 |, respectively (excitation\ = 514.5 nm). For
comparison, a spectrum of pure ZnO is shown. The disordeflected by a broad band
in the A (LO) region, especially for the 12.6 xfacm2 irradiation. (b) Raman spectra of
ZnO single crystals irradiated with Ar, using fluences of 116'X cn2, 3.1 x10°¢ cm 2,
and 6.3 x1& cm 2, respectively (excitation) = 514.5 nm). For comparison, a spectrum
of pure ZnO is shown. The disorder effect scales with the iat@ah dose, but is relatively
weak in these samples irradiated with comparatively low Aedos

Several points indicate that the broad, additional Ramatuifean Figure 4.5a is in fact
the intensified A(LO) mode, as it was assigned above for the case of disordeoatrys-
talline ZnO. For smaller fluences, the spectra of the irtedisgamples look nearly identical
to the pure ZnO spectrum with only a slight intensity inceeasthe A (LO) mode (Figure
4.5b). This effect is much stronger for larger fluences, bitih \&n additional broaden-
ing of the signal. This broadening can be attributed to Rangattexing contributions of
the A;(LO) phonon branch from outside the Brillouin zone center udisorder-induced
reduction of the crystal symmetry. Accordingly, a red-sbif this band is observed for
heavily implanted ZnO, e.g. in subsection 5.2.1, corredpanto the dispersion of the
A{(LO) phonon branch near tHepoint of the Brillouin zone. The higher intensity of the
A1(LO) phonon is additionally reflected in stronger secondeorsignals in the 2xLO re-
gion between 1000 cm and 1200 cm! in Figure 4.5a. Furthermore, the identity of the
disorder band with the intensified and broadeng{L®) mode is confirmed by Raman
experiments using different scattering configurationsuibsgction 6.1.2: The ALO) is
symmetry-forbidden in:(yy)z + z(yz)z configuration, and, accordingly, the broad disor-
der band is not observed in the corresponding experiments.

What is the mechanism behind the strong intensification anddaning, observed only
for the A;(LO) mode? The effect is obviously connected to disordeit ssales with the
used irradiation dose. In the UV experiments of this sec¢itomas shown that it is also the
A1(LO), which is affected most strongly by Raman resonanceesfia ZnO. In this case,
the effect was attributed to the stronger resonance of LOasoathich are dominated by
Frohlich scattering. Fhlich scattering, on the other hand, can be induced by iitigsior
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defects in a crystal [Colwell 1972, Friedrich 2007]. In sunmymé#he broad disorder band
between 500 cm' and 600 cm!, which is observed in many experiments throughout this
thesis, is attributed to intensification and broadeninghefA; (LO) mode, caused by ex-
trinsic Fiodhlich scattering and Raman scattering contributions framside the Brillouin
zone center. The intensity, peak width, and frequency ijpositf this Raman signal can be
used as a measure for the crystal quality of ZnO.
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Figure 4.6: (a) Raman spectra of a ZnO single crystal irradiated with Ar, gsam ion
fluence of 12.9 x10 cm2 (excitation: A = 514.5 nm). Thermal annealing with,,J, >
300°C results in a substantial healing of the implantation-iodd crystal disorder.(b)
Raman spectra of a ZnO single crystal irradiated with Ar, gsan ion fluence of 6.3
x10'% cm2 (excitation: A = 514.5 nm). For this implantation dose, the crystal disarde
is completely healed by thermal annealing at,.T> 500 °C within the sensitivity of the
conducted Raman experiments.

Because ion irradiation damages the crystal structure datiget, mostly a subsequent
thermal annealing is applied. The thermal energy causexidefo migrate, which can
improve the quality of the host crystal and may support stutistnal incorporation of the
implanted species, in addition [Erhart 2006]. On the otlasrd) the migrating defects can
also form defect clusters or secondary phases containeigrplanted ions.

In this section, the healing effect of thermal annealing omBa spectra is studied, using
again the example of Ar-irradiated ZnO single crystals. Wiftermal annealing, both a
recovery of the ZnO crystal quality in the implanted layesi¢hieved and the transparency
of the layer is increased, causing more Raman signal to atiginom the underlying intact
ZnO bulk. Therefore, no attempt is made to evaluate the dingeiaduced lattice recovery
from the Raman spectra quantitatively. For the Ar-irradiaiamples, post-implantation
annealing was performed for 15 to 30 minutes at various teatyees from 100C to 700
°C in air. In Figure 4.6a, the Raman spectra of Ar-irradiate@®Zh2.6 x13° cm~2) are
shown after different annealing steps. It can be seen thregadimg at 100C for 15 min
has no substantial healing effect. But already annealinQ@t@G for 15 min heals most of
the Ar irradiation damage, reflected in an intensity redurctf the disorder band peaking
at about 576 cm'. For lower Ar doses, already thermal annealing with 50Gor 15 min
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completely heals the crystal disorder within the sensytiof the applied Raman method,
as shown in Figure 4.6b. The spectrum of the 300annealed sample and the pure ZnO
sample concur and no further improvement is observed fodditianal 700°C annealing
step of 30 min. Normally, thermal annealing at approxima28 of the melting tempera-
ture (T, = 1975°C for ZnO) is required to heal the complete damage in semisoctods
after heavy ion bombardment [Kucheyev 2001, Kucheyev 2086te, substantial healing
occurs already for significantly lower temperatures, stgrirom 300°C. One probable
reason is the reported damage-induced reduction of thentestability specific to ZnO
[Kucheyev 2006].

The disorder effects in the implanted systems of chaptemsdS6aare generally stronger
than the effect observed for Ar irradiation. In particuldve implanted ions induce strong
impurity effects: Additional Raman modes by secondary plfi@seation and by impurity-
activated silent modes are observed for TM-alloyed an@gén-doped ZnO crystals, re-
spectively. Furthermore, the well-defined orientationte ZnO host crystals can be lo-
cally distorted upon heavy implantation and symmetry-fiden TO phonon modes can
occur. The required annealing temperature depends notoontite disorder induced by
the irradiation, i.e. on ion mass, dose, and energy, butaisthe chemical properties of
the respective elements [Chen 2006]. For high implantatases, secondary phase segre-
gation is induced by thermal annealing in TM-implanted Z8€&e chapter 5. As will be
shown, the formation of oxide secondary phases is favorezhbgaling in air.

4.2 ZnO nanoparticles

The ZnO nanostructures studied for this thesis show sesedrelated Raman scattering
characteristics. Some of them can be observed in the Ramatrajpé wet-chemically
synthesized nanorods deposited on ZnO substrate, as shokigure 4.7. Because the
deposited nanorods have random orientation, no definetesogt configuration can be
achieved. Therefore, the observed Raman modes with highsitgenclude the Ehigh)-
E>(low) at about 330 cmt, the A (TO) at about 378 cm', the E(TO) at about 410 cmt,
and the E(high) at about 437 cmt. A mode with small intensity occurs in the LO phonon
region at about 581 cm. This frequency is between the above observed bulk values of
the A (LO) mode at about 577 cm and the E(LO) mode at about 588 cm. The feature
can be attributed to a quasi-LO mode, which is a mixed synymatride due to phonons
propagating between the a-axis and the c-axis [Bergman 19@@on 1964], see subsec-
tion 3.1.2. If a nanocrystalline ensemble exhibits a pefeal orientation, this is reflected
in the frequency value of this quasi-LO mode [Bergman 2008}. &pure random orien-
tation of ZnO crystallites, Bergman et al. calculated thguiency of the quasi-LO mode
as 580 cm', which is in good agreement with the observed value in therahspectrum
of about 581 cm'. The growth of such nano-sized crystallites usually leads teduced
structural quality. Consequently, the quasi-LO is inteadifin the Raman spectrum by
the same mechanism as discussed for th@&®@) mode in disordered ZnO in section 4.1.
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This effect is not strong for the studied ZnO nanorods, raéfigca comparatively good
crystalline quality.
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b: A (TO)

c: E(TO)
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Figure 4.7: (a) Raman spectra of wet-chemically synthesized ZnO nanorad&gion:

A =514.5 nm). Besides the ZnO phonon modes, also moleculeatigbs of the organic
ligands are observed(b) Raman spectra of (a) shown in the low-frequency region. The
Raman feature at about 581 crnis attributed to the quasi-LO mode reflecting the random
orientation of the nanorods.

Additional Raman modes are observed at about 750 ¢m800 cn1! and at about 970
cm~!in Figure 4.7. These modes correspond to vibrations of acganlecules, which are
generally used as the stabilizers of nanocrystals grownetickemical syntheses. Such
organic ligands are much more sensitive to temperaturetsffiean the ZnO crystallites. In
addition, ZnO nanocrystals exhibit a strongly reduced keatuction compared to bulk
material. Therefore, laser-induced temperature effeletg @n important role in Raman
scattering experiments of ZnO nanosystems with organamtig. Moreover, also the ZnO
phonons are affected by local heating due to thermal exparssid anharmonic phonon
coupling [Alim 2005/1, Alim 2005/2]. Such local heating efts are especially strong
in micro-Raman scattering experiments, as conducted fsithieisis, because the focused
laser spot leads to an increased laser power density.

As a direct size effect, optical phonon confinement was tegddior nanostructured ZnO

[Fonoberov 2004, Rajalakshmi 2000]. No confinement effe@hlserved in the Raman
spectra of the ZnO nanorods in Figure 4.7 compared to the \allkles. However, the

average crystallite size of this nanorod ensemble was radyzed and, therefore, the con-
finement effect is studied in more detail on wet-chemicafiytsesized ZnO nanoparticles
with well-defined size and structural properties.

The ZnO nanoparticles were grown using a newly developeechvemical synthesis pro-
cedure [Chory 2007]. Besides controlled particle size andvoped structural properties
of the ZnO nanoparticles, the objective of this synthesis teaobtain large amounts of
pure, nanocrystalline powder.

In the following, the used synthesis is shortly outlinedngsthe example of acetate-
stabilized ZnO nanopatrticles. As precursor material, zioetate dihydrate Zn(OAg)s
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dissolved in ethanol and stirred. Step by step, the basamethylammonium hydrox-
ide (TMAH) is added in order to bind by-products of the ZnOst&r formation. Finally,
the nanoparticles are precipitated by the addition of hexaentrifuged, and dried in a
desiccator. For the growth of ZnO nanoparticles capped anthther organic ligand than
acetate, the synthesis is modified by adding the correspgridjand material before the
addition of TMAH. Further synthesis details are providefiGhory 2007].

In a first synthesis series, different growth parametersstaiuoilizing molecules were ana-
lyzed [Chory 2007]. Detailed structural investigations otls nanoparticle systems based
on X-ray powder data are reported, using different appresiciia the Debye equation
[Kumpf 2005], via the pair distribution function [Neder Z&JQ0and by an explicit model-
ing of the nanoparticles [Niederdraenk 2007]. For the nanges studied in this thesis,
characterization by these XRD methods revealed high stgdkult densities and a size-
dependent anisotropic shape [Chory 2007, Neder 2007, Niegatk 2007]. The experi-
mental details of the XRD measurements mentioned in thigosecan be found in [Chory
2007, Neder 2007].
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Figure 4.8: Raman spectrum of acetate-capped ZnO nanopatrticles witlvarage diam-
eter of about 12 nm (excitatiork = 457.9 nm). ZnO phonon modes as well as molecular
vibrations of the organic ligands are observed. The inseinshthe structural formula of
the added stabilizer material.

Figure 4.8 shows the Raman spectrum of acetate-capped Zn@paréicles, which
were grown according to the synthesis described above. XRIysia revealed an average
particle size of about 12 nm and an ellipsoidal shape foretibegstallites [Chory 2007]. In
the lower-wavenumber region, characteristic ZnO phonodesare observed:,thigh)-
E,(low) at about 333 cm!, E,(high) at about 437 crmt, and quasi-LO at about 580 crh
The vibrational frequency of the quasi-LO mode correspdods random orientation of
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the nanoparticles [Bergman 2005]. Its rather strong intgnsdicates a reduced crystal
quality, which is in accordance with the high stacking faiénsity deduced from XRD.
However, the intensity of the quasi-LO mode is intensifieddgonance effects in addi-
tion, as the spectrum was recorded with the blue 457.9 nnoliritke Ar ion laser. The
positions of the E(high) mode and the #high)-E (low) mode agree well with the values
of bulk ZnO in section 4.1. No peak shifting due to size efa@stobserved. In addition to
the ZnO phonon modes, molecular vibrations of the orgaganils occur between about
750 cnt! and 3100 cm!. Important organic vibrations are C-C stretching and C-H bend
ing modes, with frequencies between about 1400'camd 1500 cm!, and C-H stretching
modes between about 2800 chrand 3100 cm!. By comparison of the observed molec-
ular vibrations with the vibrations of the pure ligand malkss, not all vibrations can be
attributed to the acetate ligand, but a mixture of diffemaolecules is required to account
for the observed Raman features. In particular, vibratidgnidvAH are observed in many
spectra of the nanoparticles grown with this synthesisgpemdent from the used stabi-
lizing molecules [Raskin 2008]. While this does not necebsaffect the quality of the
nanoparticle cores, i.e. the ZnO crystallites, this findgignportant for systems where the
ligand properties are crucial. This is the case, for examptle toxicity of the particles
plays a major role or if nanoparticles shall be grown whighsolely capped with specific
functional ligands. An example for such a case is discuss#uki following.

To obtain nanoparticles capped with functional ligands,dfnthesis described above
was modified by the addition of the dye molecule oracet blustasilizer before TMAH
was added. The structural formula of oracet blue is showmset in Figure 4.9a. The
Raman spectra of this sample show no vibrations which couldttsiouted to TMAH
molecules and, in addition, FT-NIR Raman experiments iriditae attachment of oracet
blue molecules as major ligands [Schumm 2005]. Comparaldecdpped nanoparticles
are already used as markers in biology and medicine. Forapiglcations, it is crucial
that the particles are stabilized by the intended ligandd, rot by a mixture of several
synthesis by-products. Figure 4.9a shows two Raman spefcthe @racet-blue-capped
ZnO nanoparticles. These spectra are the first and the lastram of a series of con-
secutively registered Raman spectra during an experimehtvarying laser power. This
experiment was conducted with the 457 nm laser line of theoArlaser. To study the
contribution of local heating, the laser power density weedgally tuned from 600 kW
cm~2 at the beginning of the experiment to 300 kW ¢hat the end of the experiment over
24 minutes. The Raman spectrum taken at the beginning of fheriexents shows a very
intense quasi-LO mode corresponding to strong structusakder in the nanocrystalline
core of the particles. In contrast, the intensity of the ¢u& mode is strongly reduced
at the end of the experiment, what indicates a strongly eséthstructural quality. This
healing effect is attributed to laser-induced annealinthefparticles. By Raman spectra
taken at the same spot of the powder sample, but severalasiatier the experiments, the
irreversibility of this effect was confirmed. Due to their alirsize, such nanoparticle en-
sembles show reduced heat conduction and, in consequkadasér power densities of up
to 600 kW cn1? induce high temperatures within the laser spot region. Coafy&power
densities led to temperatures of about 7@0in Raman experiments on nanoparticles of
comparable size [Alim 2005/1, Alim 2005/2]. However, Alimad. used UV excitation in
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Figure 4.9: (a) Raman spectra of ZnO nanopatrticles capped with oracet byzatls (d~
12 nm), recorded at the beginning and at the end of a lasengad annealing experiment
(excitation: A = 457.9 nm). For comparison, the spectrum of a bulk ZnO sicgystal is
shown. The structural formula of the stabilizer oracet blsshown as insetb) Raman
spectra of the same nanoparticle sample, taken during thererent of (a) (excitation
=457.9 nm).(c) Corresponding red shift of the ZnQ @@igh) mode during the experiment.

their experiments, which can be expected to induce very mstronger local heating than
the 457.9 nm excitation in the transparent regime, which wsasl in the above described
experiment. Nevertheless, the local temperature is in gerarhich was successfully ap-
plied for thermal annealing of bulk ZnO in section 4.1.

Figure 4.9b shows Raman spectra taken during this experinidrg annealing effect is
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strongest in the first half of the experiment, i.e. at higlasel power density. Besides the
intensity ratio quasi-LO/Ehigh), also the vibrational frequencies of the phonon nsode
change during the experiment. Figure 4.9c shows the retiafhitie E(high) mode com-
pared to the bulk value during the same laser-induced aingeaxperiment. In the first
three minutes, the red shift increases from about 3'cto about 5 cm!. This is at-
tributed to the heating up of the particles at the beginnirth@experiment. Consequently,
the reduction of the red shift from about 5 cthto about 1 cm! towards the end of the
experiment is attributed to the reduced local heating ofsdraple due to the decreasing
laser power. Additionally, the structural improvement bg taser-induced annealing could
contribute to a reduction of the red shift. However, the idjeabserved heating effect at
the beginning of the experiments indicates that tempezatiects dominate the,fhigh)
peak shifts. This is in accordance with temperature effiesgisrted for micro-Raman ex-
periments on ZnO nanoparticles in the literature [Alim 2QQ%Alim 2005/2]. It should
be noted that also ligand effects are expected to play a malerin such experiments.
At temperatures of up to 700, most organic ligand molecules are degraded, leading to
proceeding clustering of the nanocrystallites.
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Figure 4.10: (a) Raman spectra of ZnO nanoparticles with average diametetrsdamn
about 3.2 nm and 16 nm, capped with various ligands (excratid = 632.8 for the
nanoparticles with d = 3.2 nm) = 457.9 nm for the other samples}b) Raman spec-
tra of ZnO nanoparticles with pentanetrione as stabilizigpahd and average diameters
of about 2.0 nm and 4.7 nm (excitatioh= 632.8 nm). The stabilizing molecule is shown
as inset. No ZnO phonon modes are observed for these nandpadmples.

For the oracet-blue-capped ZnO nanoparticles: (@2 nm), all shifts were explained
by local heating and structural effects. However, opti¢edmmon confinement was reported
for ZnO nanoparticles between 4 nm and 8 nm [Fonoberov 20g4)dkahmi 2000].
Figure 4.10 shows the Raman spectra of ZnO nanoparticlesfiément organic ligands
and average diameters between about 2 nm and 16 nm. Theaspédtte nanoparticle
samples with average diameters of about 4.0 nm, 6.2 nm, andhere recorded using
the 457.9 nm laser line of the Ar ion laser. The experimentewenducted at low power
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densities<100 kW cnt? and with very long integration time in order to avoid tempera
effects due to local heating. These larger particles weve/gin the first synthesis series
and characterized in [Chory 2007].

The samples with very small average diameters of about 2,032 nm, and 4.7 nm
were grown in a second series. Their growth was still acogrtb the synthesis described
above, but after optimization of growth parameters likeetimtervals and relative con-
centrations of the used chemicals with regard to a furthargba size reduction [Pfeiffer
2007]. Furthermore, XRD experiments were conducted to nhéber structural properties
and the average size of the particles [Pfeiffer 2007]. The &aspectra of these nanopar-
ticle samples were recorded at an even lower power dea&@/kW cnt 2 with the 632.8
nm laser line of a He-Ne laser. Because of this excitation withser wavelength in the
red spectral region, the quasi-LO mode is comparativelykweat it is still observable for
the nanoparticle samples with an average diameter of abduin3.

Obviously, the ZnO phonon modes have the same vibratioegqué&ncies for all nanopar-
ticle samples shown in Figure 4.10a. In particular, no infeeof the average size of the
crystallites or of the stabilizing ligand material on the&modes is observed. The Raman
feature at about 750 cm is attributed to TMAH molecular vibrations. Therefore itnca
be stated that TMAH is present as part of the stabilizing mig@enaterial for all particle
samples shown in Figure 4.10a.

No ZnO phonon modes could be observed for the even smallepaaticles with an aver-
age diameter of about 2 nm in Figure 4.10b, despite the digaatsire of ZnO nanocrystal-
lites in XRD experiments. For their growth, the above desatibynthesis was modified as
follows. The precursor Zn(OAg)was dissolved in a ethanol-hexane mixture and the ligand
material 1,5-diphenyl-1,3,5-pentanetrione, referreds@entanetrione in the following, is
added before the addition of TMAH [Pfeiffer 2007]. With theverage diameter of only
about 2.0 nm, these samples are among the smallest ZnO gatadidies grown until now.
Several reasons for the absence of ZnO phonon modes in theRp@etra of the smallest
nanoparticles are conceivable: (i) structural qualityinds modified Rietveld method, the
smallest nanoparticles were found to show a very high stadiult density of nearly 20%
[Pfeiffer 2007]. Such a reduced crystal quality could stigraffect the intensity of the
Raman scattering signal. (ii) Chemical environment: The partecles were studied by a
dynamic light scattering (DLS) method, which indicatest tiine crystallites are incorpo-
rated in an organic matrix [Raskin 2008]. The Raman spectraeopéntanetrione-capped
nanoparticles show no TMAH vibrations and the observed oubée vibrations suggest
pentanetrione as major material within this organic mgtRaskin 2008]. The quantity
ratio of nanocrystalline ZnO material relative to pentaioee could not be determined. If
the organic ligands should dominate, the Raman signals arnil@ephonons could be too
weak to be observed against the background of the moledblations. Furthermore, also
the optical properties of the surrounding ligands coulé@fthe Raman scattering signal
from the ZnO nanocrystallites. (iii) Optical phonon confiment: This effect was reported
in the size range between 4 nm and 8 nm [Fonoberov 2004, Rejatak2z000]. How-
ever, a size series (2.0 nind < 5.5 nm) of ZnO nanoparticles capped with pentanetrione
revealed no ZnO phonons in the Raman spectrum of any samgkpendent from the
average diameter. For example, the spectrum of the samfileawiaverage diameter of
about 4.7 nm is shown in the inset of Figure 4.10b. In contaite Raman experiments,
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the XRD signature of ZnO nanocrystallites was clearly obesgrv

In conclusion, no frequency shifts due to optical phonorfioement are observed for the
studied nanoparticle ensembles, even with average diesratevn to 3.2 nm, despite the
literature reports of optical phonon confinement effectavben 4 nm and 8 nm [Fonoberov
2004, Rajalakshmi 2000]. Nanoparticles capped with petriane were grown with even
smaller diameters down to 2 nm. However, no ZnO phonon mooelsl ®e observed in
the corresponding Raman experiments. Their absence isnpaédy due to the optical
properties of the surrounding organics or caused by theceztistructural quality of these
very small nanocrystallites.
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Chapter 5

Transition-metal-alloyed ZnO

In subsection 3.2.2, theoretical considerations and tlperexental situation regarding
ZnO alloyed with transition metals (TM) were presented. Dihgective of such mag-
netic alloying are ZnO-based diluted magnetic semicoraadDMS), i.e. ZnO systems
with intrinsic ferromagnetic properties due to substdaoal incorporation of TM ions on
Zn sites. For these systems, carrier-mediated ferrom@gnégraction of the TM ions is
predicted. A key question is whether intrinsic, carrierdiaged coupling of the TM ions
is responsible for experimentally observed ferromagnmet$ ZnO-based DMS, or if the
magnetic properties originate from magnetic secondarggha

The existence and type of free carriers in ZnO are closeBtedlto its crystal quality
(subsection 3.2.1). Intrinsic defects due to the TM incoaion may further increase the
n-type character of a ZnO host crystal. While there are batbritical studies requiring
n-type and p-type host ZnO, substitutional TM incorponmatim Zn sites and a high crystal
guality are required in any case. Hence, understandingxtie excorporation behavior of
the TM ions and their impact on the ZnO wurtzite crystal sueeis crucial for the desired
magnetic properties. The objective of the experimentsgortes! in this chapter is to get in-
formation about the position of the TM ions within the ZnO tlastice, about the possible
formation of TM-related precipitates, and about the impdhe impurity incorporation
on the ZnO crystal quality.

Raman scattering proves to be an excellent method for su@stigations. Decreased
crystal quality of ZnO is reflected in its Raman spectra by ga@adening, peak shifts,
and by the relaxation of symmetry selection rules. Suligiital TM incorporation, on
the other hand, may be detectable via specific impurity tidma. In addition, Raman
spectroscopy offers a high potential for detecting secgnghases by their characteristic
vibrational eigenmodes. Furthermore, using the micro-Rateehnique, the local distri-
bution of such secondary phases can be studied by latergdingapiith um resolution
over the surface. Thus, very small and localized segregmatian be observed (subsection
2.2.2). Such precipitates may be invisible for other mesh@dg. conventional XRD), but
still can have a significant impact on the magnetic propgfesuch systems. This is not
sufficiently considered in many ZnO:TM-related publicaso Often, the magnetic proper-
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ties of these systems are ascribed to a successful reafizdta ZnO-based DMS. In many
studies, however, the exclusion of secondary phases ity $@lsed on conventional XRD
results or on other methods which are not able to detect amdlbnly local precipitates.
The sensitivity advantages of the Raman method can be addiba its local probe char-
acter in contrast to the long-range correlation requirdroémterference based methods.
This advantage was confirmed in a direct comparison of Ramattesag and XRD on
Co-alloyed ZnO [Wang 2007]. As a further example, ferromaignein Cu-alloyed ZnO
was identified as extrinsic due to CuO inclusions detected pdRascattering [Sudakar
2007]. In contrast, they were invisible for XRD and HRTEM (Hgesolution transmission
electron microscopy) at concentration8%. The basics of Raman spectroscopy and the
experimental Raman setups used for this chapter are predsenthapter 2 and Raman
scattering on ZnO is discussed in detail in subsection 3.1.2

Despite the advantages of Raman spectroscopy for the stilistudy of transition metal
incorporation in ZnO, further experimental methods aramyerequired to complement
the Raman scattering results. For this thesis, addition@rxents included for example
XRD and HRTEM. For some samples, direct access to magnefpedies was provided
by MOKE (magneto-optical Kerr effect), SQUID (super-conting quantum interference
device), and EPR (electron paramagnetic resonance) negasots. Such magnetic re-
sults are not in the focus of this thesis, but are still ineldidn the discussion. Indirect
access to the magnetic properties was possible by the fidation of secondary phases
with well-known magnetic properties, especially elemefitd clusters and TM oxides.
Experimental details for the complementing methods areigea together with the corre-
sponding results.

The TM-alloyed ZnO samples presented in this chapter wdyactated by vapor phase
transport (Mn, Co), ion implantation of hydrothermally groarystals (V, Mn, Fe, Co, Ni),
molecular beam epitaxy (Co), dip-coating (Co), and wet-clbahsynthesis (Mn). They
possess varying TM concentrations between 0.2 at.% and @2ralative to Zn. None of
the studied samples were doped in addition to the magnédigirad. Hence, they are ex-
pected to be n-type. While for such systems the theory by Bieil is not applicable [Dietl
20001, ferromagnetism may be possible according to the swoirSato et al. and Coey et al.
[Coey 2005, Sato 2001, Sato 2002], see subsection 3.2.2. dtherdifferent fabrication
processes, the series of TM-ion-implanted ZnO comes wikraé advantages. Within
this thesis, it provides the highest variety of different EMments. Furthermore, the TM
concentration is controllable, and the orientation of tigdrbthermally grown ZnO host
crystals is well-defined ((0001)-face). On the other hahd,itradiation damage caused
by the ion implantation must be healed by subsequent themeaiment. The effect of
ion implantation on ZnO was already presented in sectiori4uking the example of Ar
irradiation. Consequently, in section 5.1 only the impléintaand thermal healing effects
characteristic for the studied TM ions are presented.

Among the sections 5.2 to 5.6, the results are arranged byhelements Mn, Co, Fe, Ni,
and V, respectively. Nanostructured systems were studieh- and Co-alloyed ZnO,
see subsections 5.2.3 and 5.3.3. Section 5.7 finally coeslin results on the TM-alloyed
ZnO systems.
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Figure 5.1: In the Raman spectra ¢&) Ar- and Fe-, andb) Mn-implanted ZnO crystals,
the implantation damage is reflected, depending on the im@leon concentration and on
the implanted material (excitations = 514.5 nm). The spectra were recorded before any
thermal treatment was applied.

5.1 Effect of transition metal implantation on ZnO

The irradiation effect of ion implantation on a ZnO host ¢aysvas already discussed in
section 4.1.1 for Ar ions. In this section, the implantatafnvarious TM ions is studied
using micro-Raman spectroscopy. Commercially available gmQle crystals (CrysTec,
Berlin) were implanted at room temperature with V, Mn, Fe, Quad &li ions, yielding
TM concentrations between 0.2 at.% and 32 at.% relative tolAe focus here lies on the
samples with concentrations8 at.% and especially high implantation damage, as reported
in [Schumm 2008/2]. For each implantation process, a coatigin of up to 5 different ion
energies (50-450 keV) was chosen in order to achieve a Bexrhplantation profile with

a resulting layer thickness of about 300 nm [Ziegler 1985jr €omparison, a reference
sample was prepared by irradiation of Ar to study the irragimdamage without the ad-
ditional effect of residual TM impurities. For this irradian, the energies and the fluence
of 16 at.% Fe-implanted ZnO were taken and its concentrasidabeled with 16* at.%.
Note that this Ar sample corresponds to the Ar-irradiate® Zmystal with a fluence of
12.6 x10% cm~2 in subsection 4.1.1.

There are several Raman spectroscopic studies on implami@dirZthe literature, e.g.
[Chen 2005, Chen 2006, Jeong 2004, Reuss 2004]. Only few workiswith TM-
implanted ZnO, most of them with Mn implantation [Mofor 2Q@chumm 2008/1, Ven-
kataraj 2007, Zhong 2006]. In contrast, there are no Ramalestueported so far on Fe-,
Co-, or Ni-implanted ZnO.

In the Raman spectra of the TM-implanted samples (e.g. Fe anth Migure 5.1), a very
broad and intensive signal in thg A O) mode region occurs, in contrast to the pure ZnO.
This signal corresponds to a disorder-intensified and d&onad A(LO) mode as identi-
fied in section 4.1.1. The mass of the implanted ions playsxpected major role, as seen
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by a comparison between Fe-implanted and Ar-irradiated iérfeigure 5.1a. There is less
damage caused by the irradiation of the lighter and chetyig#rt Ar ions. Ni and Co
implantations show a similar impact on the Raman spectrathgicase of Fe, what can be
expected due to the similar mass of the TM ions. In contrasespecially large effect can
be observed for Mn-implanted ZnO in Figure 5.1b: Th€hitgh) mode is not clearly de-
fined, but only visible as a shoulder of the dominatingLAO) disorder band. The different
implantation effect on the Raman spectra in the case of Mn eoaato the other TM ions
can not be due to its mass. The micro-Raman setups used ftinesis have depth of field
values from 5um to 10um. Thus, for pure and therefore transparent ZnO, one accumu-
lates the signal from somen depth. Typically, in the implanted case with an implamtati
depth of some 100 nm, Raman signal is detected both from thiamt&gol layer and the
intact crystal below. In the case of more heavily implante@®Zthe implanted layers show
a strongly reduced transparency, dependent on the img@mtaaterial. In such a case,
the Raman signal originates mainly or solely from the immdrayer. It was found that
the light absorption of Mn-alloyed ZnO is considerably hagithan in other TM-alloyed
ZnO systems [Jin 2000, Polyakov 2003]. Therefore, the gtamturrence of the disorder
band reflects the higher absorption of the Mn-implantedrlaye

On the other hand, the appearance of the brogdl®@) signal, even for all 32 at.% TM-
implanted ZnO samples, indicates that the ZnO crystal &tradgs strongly damaged, but
still retains its wurtzite lattice character despite thghhimplantation dose. This can be
attributed to the strong influence of dynamic annealing i©4see section 4.1.1).
Thermal treatment was used to improve the crystalline tyuafithe TM-implanted sys-
tems and to support substitutional incorporation of thel@amied species on the appropriate
lattice sites. Here, the commonly used method of anneatiiagy is applied. Note that this
process, in contrast to vacuum annealing, favors the foomatf TM oxide secondary
phases [Thakur 2007]. With thermal annealing, not only @avery of the ZnO crystal
guality in the implanted layer is achieved, but also the dpamency of the layer is in-
creased. This causes more Raman signal to originate fromnttexlying intact ZnO bulk.
Thus, no attempt will be made for a quantitative evaluatiothe annealing-induced lattice
recovery from the Raman spectra.

[ZnO impl. with | 100°C | 300°C | 500°C | 700°C |

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

Table 5.1: Applied annealing steps for the TM-implanted samples withcdMentrations
>8 at.%.

Post-implantation annealing was performed at various &atpres from 100C to
700°C in air for 15 to 30 minutes. The exact annealing steps apdajied in Table 5.1.
In Figure 5.2, the Raman spectra of Ar-irradiated as well as & Fe-implanted ZnO
crystals are shown after different annealing steps. Asidsad in section 4.1.1, annealing
at 100°C has no substantial healing effect, but already anneatiB@@&°C heals most of
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the damage in the case of Ar, see Figure 5.2a. For the TM ion€&;eand Ni, a healing
effect beginning from 300C was observed for all concentrations. With 5@annealing,
the damage was further decreased, but still not complegalield. In the case of the 32 at.%
Mn-implanted sample in Figure 5.2b, no healing effect wasble in the Raman spectra at
all due to the high absorption of the implanted layer. Hemtloesmal treatment at higher

temperatures was found to be necessary.
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Figure 5.2: The effect of thermal annealing on the Raman spectra ofradiated as well
as Fe- and Mn-implanted ZnO for temperatures up to 300(a) pure ZnO and 16* at.%
Ar-irradiated ZnO, see also Figure 4.6)) 24 at.% and 32 at.% Mn-implanted Zn(@) 16

at.% Fe-implanted ZnO (excitatiork = 514.5 nm).

There are several studies which try to determine the op@maéaling temperature for
TM-implanted ZnO. For example, an almost perfect subsbiat incorporation of Fe at Zn
sites after vacuum annealing at 80D was detected in emission channeling experiments
[Rita 2004]. For higher temperatures of 900 to 1000°C, the fraction of Fe ions on
Zn sites was considerably reduced due to thermally induoddce defects, stronger Fe
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diffusion, and Fe cluster formation [Rita 2004]. In a studyvrf-implanted ZnO, annealing
of Zn interstitials and other implantation-produced dé&fegas optimal between 80@
and 1000°C (in air), but also strong diffusion of the implanted Mn iowas observed
between 700C and 900°C [Sonder 1988]. Therefore, besides the healing effect als
precipitation of a secondary phase involving the implafitdtlions may be supported by
thermal treatment. A moderate maximum temperature ofZ08 chosen in the following
sections for annealing of the TM-implanted samples withceorrations>8 at.%. At this
temperature, further healing of the implantation damagactseved, but one must also
check for the onset of secondary phase formation [Schumr@/2p0

5.2 Manganese-alloyed ZnO

For this thesis, hydrothermally grown ZnO host crystalsenienplanted with Mn to ob-
tain Zn,_,Mn_O with 0.2 at.%< x < 32 at.%. For implantation details, see subsection
4.1.1 and section 5.1. This Mn-implanted series is comphgeteby polycrystalline bulk
ZnMnO, fabricated via a vapor phase transport (VPT) tedmignd by wet-chemically
synthesized ZnMnO nanoparticles. Table 5.2 gives an oseraf all studied ZnMnO
samples. Subsection 5.2.1 focuses on the structural ingb&dh impurity incorporation
with concentrations<8 at.%, while for increasing concentrations, secondargeliama-
tion becomes more and more important, see subsection $r2s2bsection 5.2.3, finally,
results on Mn-alloyed ZnO nanoparticles are presented.

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

Table 5.2: Overview of the Mn-alloyed ZnO samples presented in thsghe

5.2.1 Zn_,Mn,O bulk and layers with concentrations <8 at.%

There are numerous reports on Raman spectroscopic studés_gMn,O with a con-
centration<8 at.%, e.g. [Alaria 2005, Alaria 2006, Cong 2006, Gebicki 20louanne
2006, Phan 2007, Samanta 2007, Sato-Berru 2007, Wang 2001t 2006/1, Xu 2006,
Yang 2005]. Only few of them deal with Mn-implanted ZnO [Vew&raj 2007, Wang
2006/2, Zhong 2006]. Most of the Raman peaks reported for Ain,O directly reflect
the wurtzite lattice vibration modes of pure ZnO (subsecB8dl.2). In addition, features
not present in the Raman spectra of pure ZnO occur. The orighrese features, such as
isolated impurity modes, disorder-induced silent modephonon modes by precipitates,
is still controversial. In this subsection, systematic nmiRaman measurements from 10
K to room temperature are presented, using different exmitavavelengths throughout
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the visible spectral range, as reported in [Schumm 200&@$ides Raman spectroscopy,
X-ray diffraction (XRD) and transmission electron microggd TEM) are applied. Fur-
thermore, the magnetic properties are probed by magnétabgerr effect (MOKE) and
electron paramagnetic resonance (EPR) experiments.

Fluence (cnm?)
Sample | 450keV | 300 keV ‘ 180 keV ‘ 100 keV ‘ 50 keV | Total Fluence (cnt2)
0.2 at.%]| 1.40-10" | 5.25.10' | 3.25.10'* | 2.13-10"* | 1.00. 10" 2.56-10'°
0.8 at.%| 5.60- 10 | 2.10-10' | 1.30-10'° | 8.50-10'* | 4.00- 10" 1.03-10'6
2.0 at.%| 1.40-10' | 5.25.10% | 3.25.10'° | 2.13-10" | 1.00.-10% 2.56-10'6
8.0 at.%| 5.60-10'¢ | 2.10-10'¢ | 1.30-10' | 8.50-10" | 4.00. 10 1.03.10'7

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

As mentioned above, commercially available ZnO single tatgs(CrysTec, Berlin)
were implanted at room temperature with manganese ionsljriygeconcentrations of 0.2,
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0.8, 2, and 8 at.% relative to Zn. One reference sample waspé by the implantation of
Co with exactly the same ion energies and fluence as the 8 at.%aMple. In accordance
with subsection 4.1.1 and section 5.1, a box-like implaotgprofile with a resulting layer
thickness of about 300 nm was achieved by different ion eeerdor energies and flu-
ences see Table 5.3). The implantation profile displayedyarE 5.3a was calculated with
the Monte Carlo program package SRIM/TRIM [Ziegler 1985]. Hogilantation sample
annealing was performed at 70Q in air for 15 min. For the 8 at.% sample, a second
annealing step, 90T in air for 15 min, was applied.

XRD analysis for this subsection was conducted with a Sien3G00 diffractometer
(Cu-K,). Cross-section specimens for TEM analysis of the samples prepared by a
focused ion beam system (Novalab 600, FEI). Standard pgpamprocedures were used
and finally the electron-transparent specimens were iigast in a high-resolution TEM
Philips system (CM 200-FEG-UT) equipped with energy-disper X-ray spectroscopy
(EDX).

EPR experiments were performed at the X band with 9.5 GHz oueker ESP300 spec-
trometer using a microwave power of 2 mW. All data were takeaowam temperature with
magnetic field perpendicular to the crystal c-axis. The netigrproperties of the samples
were also measured by the MOKE at room temperature with ady@olarized He-Ne
laser (632.8 nm) in the longitudinal configuration, probiihg in-plane magnetization with
a maximal field of 0.15 T. For the Raman measurements, botlorlaman setups intro-
duced in section 2.2 were used.

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

XRD measurements show no new diffraction peaks for the Mrlantpd samples com-
pared to the ZnO reference sample (not shown). Hence, wileisensitivity level of the
XRD experiments, no clusters or other phases than ZnO havefbeeed upon the Mn
implantation process or subsequent annealing. Howewee(002) diffraction of the ZnO
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crystal reveals a slight broadening, especially in the® &in sample, but no shift of this
diffraction peak is observed. The high implantation fluxdedo a high defect density,
resulting in a locally distorted lattice and the broaden&DXpeak.

The conducted TEM experiments confirm the assumption thaecondary phases have
been created during ion implantation and subsequent angedfigure 5.4a and Figure
5.4b show the representative cross-section and the hggidteon TEM, respectively, of
the sample implanted with the highest concentration of ®.affhe images demonstrate
the presence of defects, seen by the strong variation obihieast, but also the intact ZnO
crystal lattice. Despite the investigation of large aredbiwthe implanted region, no indi-
cation for additional Mn-Zn-O phases was found. EDX expernts confirm the calculated
implantation profile (Figure 5.3). Slight differences irtimplantation depth between the
theoretical calculation and the experimental results neagile to limited depth calibration
accuracy of the EDX setup. MOKE results reveal a weak paraetagsignal at room
temperature for the sample implanted with the highest icenite.

8 at.% Mn 300 K
implanted ZnO 9 GHz

EPR intensity (arb. u.)

1 L 1 L 1 L 1 L 1 L 1 L
2000 2500 3000 3500 4000 4500
magnetic field (Gauss)

Figure 5.5: EPR spectra of 8 at.% Mn-implanted ZnO: fine structure (bllck) and
broad background signal (red line).

To get information about oxidation state and site occupafitiye Mn ions in the ZnO
lattice, EPR measurements were conducted after theG@hnealing step. As the number
of unpaired electrons is different for different oxidatistates, they can be distinguished
in the EPR spectra. Figure 5.5 shows the EPR signal for the?8 in-implanted ZnO
sample. A broad signal (red line in the figure) is superimgddsemany narrow lines with
a sextet having highest intensity. Similar EPR spectra baready been analyzed in detail
[Schneider 1962/1, Schneider 1962/2]. The electronic gardition of the MA" ion corre-
sponding to its half-filled d-shell is 3avith spin S = 5/2. The only natural isotope’in
with nuclear spin | = 5/2. The resonance of an isolatedMon located substitutionally
on a Zn site in the hexagonal ZnO crystal is described by th@dmg spin Hamiltonian:
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H, = gBHS + %a (S;+8,+52)+D [53 - %5(5 + 1)] +ASI.  (5.1)

In Mn-alloyed ZnO with low Mn concentration<( 0.2 at.%), an isotropic Zeeman
interaction (first term), a hyperfine interaction (last tgrand a fine structure splitting
(second and third term) are observed [Zhou 2003]. This sigaacorresponding to Mri
ions located on Zn lattice sites, occurs already in the ERRtsp of the untreated ZnO
crystals. Therefore, it can be stated that the ZnO crystatsain Mr+ ions already as
residual impurities, though with a concentration as lowlkasua 10” cm~3. This Mn con-
centration is below the sensitivity limit of the Raman saatig method. For increased
Mn concentrations (here, by implantation), an antiferrgnedic dipole-dipole interaction
between substitutional M ions occurs and the fine structure vanishes, which resuéts in
broad, unstructured signal [Borse 1999, Zhou 2003, ZhouR@&h a broad background
signal is observed in the EPR spectra of the Mn-implanted #m@igher Mn concentra-
tions (red line in the EPR spectra of 8 at.% Mn-implanted Zn@®igure 5.5), caused by
dipole-dipole interaction of the closely spaced Mn ionshimitthe implanted layer. Thus,
the total EPR spectrum consists of a fine-structured cautioib by isolated, substitutional
Mn2* ions in the substrate and a broadened, unstructured sigmaldipole-interacting,
substitutional MA™ ions in the implanted layer.

1 " 1 " 1 n 1 " 1 " 1
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Figure 5.6: Photoluminescence spectra of different ZnO host crysta¢std transitions
of residual Fé* impurities on Zn sites (excitationt = 457.9 nm, T< 10 K). Inset: EPR
spectrum of 0.8 at.% Mn-implanted ZnO with additional featuassigned to the residual
Fe impurities as well.
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In the EPR spectra of the Mn-implanted ZnO crystals, addtisignals were observed,
which can be assigned to residual Fe impurities in the hgstals (inset in Figure 5.6).
The intensity of these Fe impurity signals varied from saepl sample. Furthermore,
during low temperature Raman experiments with the 457.9 nm dif the Ar ion laser
as excitation, a structured luminescence was observeciwdvelength region between
about 690 nm and 700 nm. As shown in Figure 5.6 for Ar irradratas well as Mn and
Ni implantation, this luminescence is not related to thelanfed ions and was observed
for all host crystals of this series. The luminescence betwk75 eV and 1.80 eV can
be identified as transitions of isolated*Feons on Zi* sites in the ZnO wurtzite lattice
[Heitz 1992]. It was observed before in pure ZnO with residreaimpurities as well as in
Fe-implanted ZnO [Heitz 1992, Monteiro 2003]. Thus, besithe residual Mn impurities
observed by EPR, also Fe impurities could be identified in ts brystals. In the series
used for this thesis, however, the impurity concentratias wery low, particularly, it was
below the Raman spectroscopy sensitivity limit for suchated ions. Nevertheless, for
CrysTec crystals, which are widespread among the ZnO contythre residual impurities
must be taken into account when conducting sensitive axgets.

—28 at.% Mn impl. ZnO
E_(high) ——28at.% Co impl. ZnO
z ——pure ZnO

Mn related A (LO)

intensity (arb.u.)
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Figure 5.7: Raman spectra of pure ZnO, 8 at.% Co, and 8 at.% Mn-implant&d &ter
700°C annealing (excitationA = 514.5 nm). The two-shoulder Raman signature between
500 cnt! and 600 cm! is characteristic for Mn-alloyed ZnO.

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

Figure 5.7 shows the Raman spectra of pure ZnO and ZnO implante 8 at.% Mn,
compared to ZnO implanted with 8 at.% Co. In addition to the Z&a(high) mode, the
main new features in the spectra of the ZnO:TM samples arerebd in the range of 500-
600 cnt!. In the case of the Co-implanted sample, a broad signal oatuabout 575
cm~!. It can be assigned to the,&.O) mode of pure ZnO, intensified and broadened by
TM-implantation-induced disorder (see subsection 4.1rl$he case of the Mn-implanted
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Figure 5.8: Raman spectra of 0.2, 0.8, 2.0, and 8.0 at.% Mn-implanted &it€» 700°C
annealing, normalized to the,fhigh) mode (excitationA = 514.5 nm). The intensity of
the broad band between 500 chmand 600 cm' scales with the Mn concentration. The
inset shows the intensity ratiq i .0y/l g2(rign) VErsus the Mn concentration.

sample, an additional shoulder is visible in this regionoatdr wavenumbers, controver-
sially discussed in the literature as partly or completagodtler related [see literature
references concerning Raman scattering on ZnMnO above]héwrsin Figure 5.8, the
intensity of the Raman signal in the range of 500-600 tim directly correlated with the
Mn concentration. As will be shown below, two mechanismdipi@ate in this effect.
Firstly, the disorder generated by the radiation damag&eimplantation process is of
course higher for higher implantation concentrations.o8dly, the higher concentration
of Mn ions in the ZnO crystal can induce impurity modes or digo. Even if perfectly
incorporated on Zn sites, the Mn ions induce disorder, iatieto the mixture of Zn and
Mn on the cation sublattice. Besides the increased intepsitiye phonon features and a
pronounced peak broadening in Figure 5.8 for increasingeanation, there occurs also
a rise of the background between 300 ¢nand 700 cm!. It is especially obvious by
comparison of the 4 at.% and the 8 at.% samples in the speetjiah between 450 cm
and 500 cm'. Accordingly, the phonon density of states has a maximunhigregion
(subsection 3.1.2).

To evaluate the different contributions to the broad banthenRaman spectra, reso-
nance measurements were conducted, using laser exciveigiengths from 632.8 nm
(1.96 eV) to 457.9 nm (2.71 eV). If the energy of the excitiagdr approaches the energy
of the ZnO band gap (3.4 eV or 365 nm), resonance effects aodhe Raman spectra
of ZnO (see subsection 2.1.2 and section 4.1). In resonanceuRatudies of pure, or-
dered ZnO and with excitation wavelengths between 457.9mth647.1 nm, the strongest
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Figure 5.9: (a) Resonance effect in the Raman spectra of 8 at.% Mn-implairi€dafter
700°C annealing. The spectra were normalized to thé¢high) mode. Excitation from
bottom to top:\ = 632.8, 514.5, 496.5, and 457.9 nifip) Resonance effect in the Raman
spectra of polycrystalline bulk ZnMnO with 4 at.% Mn. Exdat \ = 632.8 (red curve),
514.5 (green curve), and 457.9 nm (blue curves). The resenpredominantly affects the
LO and the 2xLO regions.

resonant enhancement was observed for the LO and the 2xliahrggplleja 1977]. As
discussed in subsection 2.3.2, the scattering cross seaafticO phonon modes is affected
by both deformation potential anddhlich scattering. The generally weak occurrence of
the LO modes in Raman experiments far from the resonance catirliited to the fact
that these two mechanisms nearly neutralize each otheej@a®77]. When the excitation
approaches the band gap energy, however, the strong LCOams®is mainly driven by the
Frohlich interaction of free excitons and zone center phonwahde the less pronounced
TO resonance is due to interaction with continuum electrole- states via a deformation
potential [Scott 1969]. If the exciting light is exactly iegonance, the signal of the LO
region and its overtones solely dominate the spectra [BengzBa5, Scott 1970]. For de-
creasing laser wavelengths, a particularly strong risbserved for the relative intensity of
the broad band in the LO region (Figure 5.9a). This resonaffeet can be explained by
impurity-induced enhancement of thedRtich scattering. The Bhlich interaction mech-
anisms under influence of impurities are described in [Kaksd 987]. In Figure 5.9b, the
according resonance effect of the LO and 2xLO region is shiowa polycrystalline, bulk
ZnMnO sample. The impurity-induced resonance effect ajgp@aen stronger because no
pure ZnO substrate can participate to the Raman spectramimaty, the resonance results
support the hypothesis that, besides the radiation danféege, ¢he Mn impurities play a
major role in the formation of this broad band in ZnMnO.

The above-mentioned two shoulder structure within the dtwend between 500 and
600 cn1! can be identified in all spectra of the annealed Mn-impla@ie@ samples. The
right shoulder at about 575 crhis seen in ZnO:TM for many different TM ions and can
be assigned to the disorder-increasgdlL®) mode. The results for V-, Fe-, Ni-, and Co-
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Figure 5.10: (a) Raman spectra of pure ZnO, 0.2 at.%, and 0.8 at.% Mn-impthAteO
after 700°C annealing, normalized to the,fhigh) mode (excitation\ = 514.5 nm for
Mn-implanted ZnO and = 632.8 nm for pure ZnO). Due to the low Mn concentration,
several features are resolved between 500 'cand 750 cm'. (b) Raman spectra of
pure ZnO, 8 at.% Mn-implanted ZnO after 70Q annealing, bulk Z§y;Caoy 50, and
bulk Zny gsMny 14O (excitation: A = 514.5 nm). The additional left shoulder is specific to
Mn-alloyed ZnO. In the spectrum of the bulk ZnMnO sample, eatufes can be clearly
observed within this shoulder.

alloyed ZnO also confirm this behavior, see for example thengwanted reference sample
in Figure 5.7 or sections 5.3 t0 5.6. This effect is also se@ther ZnO samples with struc-
tural defects, e.g. in ZnO containing oxygen vacanciesflilo®1995] or in the disordered
bulk samples and nanocrystals in chapter 4. Thereforerighisshoulder is not specific to
Mn incorporation. While there are several Raman featuredifaehfor ZnO:TM in this
spectral region, the strong and broad left shoulder at a8620#530 cni! is not observed
for other TM in ZnO, see [Bundesmann 2003] and sections 5.3td& example. Itis not
known as a Raman signal of pure ZnO, either (subsection 3.TI®&refore, this feature
can be identified as Mn related. For a more detailed mode shsmu of this spectral re-
gion, Figure 5.10a provides the spectra of 0.2 and 0.8 at.%nfianted ZnO after 700C
annealing. The low Mn concentration and therefore loweordisr in those samples allow
to resolve separate modes instead of the broad, unresaweldaused by the high phonon
DOS in this region (subsection 3.1.2). The features at a#®ucnT® (labeled a) and 575
cm~! (labeled e) can be attributed to the modeghigh) and A (LO). By comparison to
the modes presented in subsection 3.1.2, the mode at 483(tabeled b) can be assigned
to a zone-boundary multi-phonon process of ZnO. Furthesmradl features registered be-
tween 600 and 825 cm, i.e. (f)-(k) in Figure 5.10a, are also seen in the measunésifer
the pure ZnO substrate. They can therefore be explained byaRaative multi-phonon
modes of pure ZnO. Some of these multi-phonon modes havergsir intensity in the
Mn-implanted samples than in pure ZnO due to disorder effastl impurity induced res-
onance. There are two more modes visible in 5.10a: at ab&uabd 537 cm?, denoted
by ¢ and d, respectively. Both of these modes have been addigiecal vibration modes
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Figure 5.11: Raman spectra of bulk, polycrystalline ¢zrCay 30, Zn) 9sMng 04O, and
ZnO (excitation:\A = 514.5 nm). The additional mode (labeled AM) is clearly seeihis
spectrum of Mn-alloyed ZnO in contrast to polycrystallinggopand Co-alloyed ZnO.

(isolated impurity modes) in the literature before [seerefices given above]. Neverthe-
less, the 537 cm' mode also occurs for pure ZnO. In addition, Cusco et al. astlils
mode to a 2xB(low) or, alternatively, to a 2xLA process [Cusco 2007]. Aating to these
results, only the mode at about 519 chin these spectra cannot be explained by intrinsic
ZnO modes. Interestingly, this feature significantly imges in intensity with rising Mn
concentration from the 0.2 at.% sample to the 0.8 at.% samplieh suggests a Mn im-
purity mode as origin.

In the following, the implanted layers are compared to tHk Ba, osMn o4O sample men-
tioned above. This polycrystalline sample was grown by aowvahase transport method
at about 900°C [Jouanne 2006]. In contrast to the samples implanted withcbhcen-
trations <0.8 at.%, not only the 519 cm mode (labeled c in Figure 5.10b), but also a
second additional feature can be identified in the left sheruht about 527 cnt (labeled
X). This additional feature is also indicated for the 8 at.%-ivhplanted ZnO sample. Note
that also in other than the standard backscattering coatigur, the additional shoulder is
only present in Mn-alloyed ZnO, as can be seen by a compatispolycrystalline bulk
ZnO and ZnCoO samples in Figure 5.11. The different growtlegss and the high growth
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temperature of the bulk sample may lead to a better substialtincorporation of the Mn
ions into the ZnO lattice and therefore to the pronouncedrdated features.
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Figure 5.12: Raman spectra of pure ZnO and 8 at.% Mn-implanted ZnO, urdade
after 700°C, and after 900C annealing (excitationA = 514.5 nm). The inset shows the
A;(LO) mode position in dependence on the Mn concentrationtla@@pplied annealing
steps.

In order to study such temperature effects and to get infoomabout the origin of
the 527 cm! and the 519 cm! modes, an annealing sequence was performed for the
implanted layers with temperatures up to 9@. Such annealing procedures are typi-
cally applied for implanted samples in order to heal radratlamage (see section 5.1)
and to support a substitutional incorporation of the impdnons. Pure, but disordered
ZnO exhibits a strong, disorder-enhancedl£) mode and a broadened (Bigh) peak.
Annealing of such a sample could improve the crystallindityuand, consequently, the
A;(LO) mode would be reduced and the half-width of th€high) phonon mode would
become narrower. The commercial, pure ZnO substrate sapyded for the implantation,
are of excellent crystal quality and exhibit a very strongrraw E(high) mode and only
a very small A(LO) signal before implantation. Their crystal quality istrsignificantly
improved by annealing, so the Raman spectra of these pure @mples look identical
without annealing, after 700C, and after 900C annealing. Figure 5.12 shows the 8 at.%
Mn-implanted sample without annealing, after annealimd tomin at 700°C, and after an
additional annealing for 15 min at 90C, respectively. For comparison, also the spectrum
of pure ZnO is shown. The unannealed sample shows an exyrestnehg, broad band
between 500 and 600 crhwith a dominating right shoulder. Its maximum is at about 560
cm~! and thus about 14 cm away from the 574 cm' position which can be expected for
the A;(LO) mode in well-ordered ZnO. This strong intensity of thg(l20) mode and the
shift to lower wavenumbers can be interpreted as a consequéthe radiation damage in
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this unannealed sample. The shift is in accordance withigpedsion of the A(LO) mode
near the Brillouin zone center (subsection 3.1.2).

Upon annealing at 700C, the characteristic two-shoulder structure can be seestlyno
due to the strong reduction of the broag(l&0) mode. This is confirmed by the second
annealing step at 90@, which results in another strong reduction of thg€lA) structure.
After this 900°C annealing step, the left shoulder shows a slight shiftw@fovavenumber
values while approaching two-feature behavior (at abo@t&tr! and about 527 cmt)

as identified for the bulk ZyysMn 4O sample in Figure 5.10b. Both modes, at about 519
cm~! and 527 cm!, are reported in the literature for Mn-alloyed ZnO, but with effort

to distinguish between these modes. Nevertheless, botgaialy taken as evidence for
a substitutional incorporation of Mn on Zn sites [Alaria BQ®u 2006, Venkataraj 2007,
Xu 2006]. However, it will be shown now that each of these nsdul#s its own origin. The
feature at 527 cm' is strong in the Raman spectra of the more disordered samjiteliw
concentration$>2 at.% (Figures 5.7 and 5.8) and decreases upon annealgg¢rs.12).
Besides, a mode at 528 cis also observed in Sb-alloyed ZnO [Bundesmann 2003, Zuo
2001], an evidence that it is no isolated impurity mode, bobpbly a ZnO mode, acti-
vated or intensified by Mn ion incorporation. For example,njda et al. calculated the
2xB; (low) mode to be located in this spectral region [Manjon J00& contrast, the fea-
ture at 519 cm' is covered by the broad disorder band in the spectra of higjslyrdered
Mn-alloyed ZnO and therefore it is only seen for the sampligls Min concentrations<0.8
at.% or after thermal treatment up to 900. Its intensity scales with the Mn content in
such well-ordered samples, as shown in Figure 5.10a foraimpkes with 0.2 and 0.8 at.%
Mn. Additionally, the EPR experiments confirm that the Mnsare mainly substitution-
ally incorporated in the annealed samples, and therefa@eage the assumption that this
mode is a candidate for an isolated impurity mode of suligiitally incorporated Mn in
Zn0.

Still, there are only very few theoretical studies of isethimpurity vibration modes by
TM ions in ZnO [Bundesmann 2005, Lakshmi 2006, Thurian 199trig 2006]. More-
over, they do not deliver a clear and consistent picturerdaga their existence and the
expected frequency values. In section 2.3, additional mdxjeisolated impurities in a
crystal lattice were classified in local vibration modes gaodes, and band modes. For a
local vibration mode, an impurity vibration with wavenumbalues above 600 cm, i.e.
above the optical phonon branches, would be required frenstilated Mn in ZnO. Such
high frequencies can not be expected for Mn which has a simies as the substituted Zn
ion (mz, ~ 65 u, my,, ~ 55 u). Besides, the identified feature is located well belcat th
value. A gap mode would lie between 260 chand 370 cm', i.e. between the acoustic
and the optical phonon branches. Hence, in this simplifiedip, only a band mode could
explain the observed feature. A band mode, however, canelspto a vibration induced
by the isolated impurities, but not localized at their sit®s the other hand, as mentioned
in section 2.3, the situation is more complicated in anhaimerystals. Additionally, there
is also the possibility that the vibration does not occur ttusolated Mn impurities, but
due to Mn-related complexes in ZnO. Though, no indicatiarsstich complexes were
found in the examined samples with low concentrations.

In summary, the overall intensity of the left shoulder at@#15-530 cm! in the Raman
spectra of ZnO:Mn should not be taken uncritically as evideior a substitutional incor-
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poration of Mn on Zn sites or for an estimation of the actual ddntent. Instead, the two
different modes identified within this shoulder have to sidguished carefully. In future
research, an enhanced theoretical understanding anddalgimaal experimental methods,
such as X-ray photo-electron spectroscopy (XPS) or X-rapgiiion spectroscopy (XAS),
could help to further clarify the exact origin of the iderdgdiadditional Raman features.
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Figure 5.13: Depth-dependent Raman spectra of the 8 at.% Mn-implant€d sample,
(a) unannealed an¢b) 900°C annealed. The spectra are normalized to théhigh) mode
(excitation: A = 514.5 nm). 'O’ at the focus depth axis corresponds to faogisin the
sample surface, negative values denote focus positiongeathe surface (air), positive
values below (within the sample).

Depth profile analysis of the Mn-implanted layers

To study the depth profile of the Mn distribution and the asded disorder effects
within the implanted layer, a micro-Raman depth analysis eaxlucted. In this depth
scan, the laser spot position of the Raman microscope wasisteparied within the im-
planted layer and the underlying part of the substratel(tbotekness about 0.5 mm). The
absolute intensity of the various features in the Raman spacat the different steps of
the depth scan is determined by the convolution of the sasw@sponse function and the
optical detection profile. The detection profile depth antewa 6+ 0.5 um FWHM. In
Figure 5.13, the results of the depth scans are shown for &hé&®8sample unannealed and
after the second annealing step (9@), respectively. In all spectra, the vertical scale is
normalized to the ZnO high) mode intensity. This implies a strong stretchingpta40
times for focus positions above the sample surface (negdépth values in Figure 5.13).
Stray light caused by diffuse reflection of the laser bearhatsample surface dominates
the spectrum of the unannealed sample for high negativesfdepths. Comparable stray
light noise is not observed for the annealed samples. Tm8rows that the implantation
damage on the surface and in the near surface region is stnedyced by the applied
annealing. Deconvolution of the Raman depth scans inditiaétshe signals identified as
related to the implantation derive from a near-surfaceoregi
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Figure 5.14: Temperature-dependent Raman spectra of the 0.2 at.% Miameg ZnO
sample after 700C annealing (excitation:A = 457.9 nm). While the difference mode at
about 330 cm' disappears at low temperature, an additional mode appeard < 120

K at about 140 cm!. Note the weak intensity of this additional mode compared ¢o th
E,(high) and E(low) modes at about 437 crhand 100 cm?, respectively.

The spectra of the unannealed sample are dominated by thelelisntensified A(LO)
mode. In contrast, the spectra of the 9@annealed sample show the two shoulder sig-
nature discussed above. Note that in the latter spectiiaksttie Mn-related left shoulder
is particularly strong, compared to the disorder-relaigtitrshoulder, exactly at the fo-
cus depth for which the shoulder reaches its overall intgmsaximum. This is a further
indication that the two signals have different origins adiously also a different depth
distribution. In Figure 5.13, also a broad band between #A0800 cm! is visible which
originates from second-order processes. This band wasismissed before in detail for
Mn-alloyed ZnO. It is dominated by features at about 116@01-nd 990 cm', which

are also reported for pure ZnO (subsection 3.1.2). Addifigna broad feature evolves
at about 1060 cm' which does not occur in pure ZnO. Its intensity is correlatétth the
intensity of the feature at 527 crth Therefore, it is assigned to the second-order process
of the 527 cmi! mode.

Secondary phase discussion and low temperature additionatode

While Mn incorporation is the key to the desired magnetic praps of the DMS
Zn;_,Mn,0O, one must also take into account the possibility of prégipiformation. Fer-
romagnetic MpO,, antiferromagnetic elemental Mn, or antiferromagneticO/kould be
reasons for the often contradictory reports about the ntagomperties of Mn-substituted
ZnO. The predominating Raman modes for MnO, MnMn, 03, ZnMn,O,, and MRyO,4
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are in the spectral range between 300 ¢rand 700 cm! [Buciuman 1999, Garcia 2005,
Julien 2004]. An enhanced sensitivity for secondary phasesell as for localized im-
purity modes can be expected in low temperature Raman measote due to more pro-
nounced and sharper phonon peaks. In the low temperatuceaé Figure 5.14, two
features exhibit a temperature dependence. First, thereifte mode Hhigh)-E (low)

at 330 cnt! disappears for low temperatures (section 4.1). Second,ak weditional
mode appears at about 139 tin Towards Helium temperature, the latter shifts to higher
wavenumber values until about 143 cthnand becomes sharper and more intense. This
feature does not correspond to any characteristic modedfitirrelated precipitates men-
tioned above. In addition, a similar mode was identified wm temperature Raman spectra
of pure ZnO [Cusco 2007]. Because of its temperature behavinay be related to the
vibration of a localized, intrinsic ZnO defect. So againsecondary phases could be iden-
tified in the analyzed ZnMnO samples with concentratiei®sat.%. This in accordance
with the results by TEM and XRD discussed above and with liteeafindings regard-
ing the solubility limit of Mn in ZnO [Jin 2001, Kolesnik 2004 The antiferromagnetic
coupling of the Mn on Zn sites, detected by EPR, can thereferathibuted to Mn ions
substitutionally incorporated on Zn sites in ZnO and not®formation of antiferromag-
netic precipitates such as elemental Mn or MnO.

5.2.2 Zn_,Mn O layers with concentrations>16 at.%

The fabrication of the 16 at.%, 24 at.%, and 32 at.% Mn-imj@drsamples studied in
this subsection and the impact of the implantation on theistal quality are discussed
in section 5.1. While no secondary phases were observed immdlanted ZnO with
concentrations<8 at.% (subsection 5.2.1 and [Schumm 2008/1]), they arelglpeesent
for the samples implanted with 16 at.%, 24 at.%, and 32 attés ahnealing at 700C.
The additional phonon modes occurring in the Raman specttaeske samples (Figure
5.15 and Figure 5.16) can be attributed to the formation eM#noxides [Buciuman 1999,
Julien 2004, Samanta 2007]. In detailed lateral mappindhefsample implanted with
16 at.% Mn, oxide phases were only detected for few inclisa@mboutum size on the
sample surface (coverage0.1%). These inclusions appear orange under the microscope
and show strong additional Raman signals. A similar surfacetsire was observed for
the sample implanted with 24 at.% Mn. However, in this sangpi@e of the inclusions
are located in areas extended over sevenal Figure 5.15 shows such a secondary phase
area appearing as a circle-like structure. Inside theesimlostly ZnO is observed, with
a crystal quality comparable to the large-area ZnO outdideontrast, in the rim region
with most of the secondary phase inclusions, ZnO with gfeamhanced crystal quality is
detected. This indicates a self-purification process oZth® by forming oxide phases.
The sample implanted with 32 at.% Mn shows a substantiafferéint surface structure
(Figure 5.16). Small precipitate islands pin size are littered over the whole surface
(coverage~ 30%). They appear green under the microscope, while thewuling ZnO
surface is red. The Raman spectra of the local precipitaté®id6 at.% and the 24 at.%
sample as well as the Raman spectra of these green islandsiste@iadditional peaks
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Figure 5.15: Raman spectra of different spots on the 24 at.% Mn-impladted sample
after 700°C annealing show the inhomogeneity of the sample causecdebipjiate forma-
tion (excitation:\ = 514.5 nm). The optical microscope picture shows the stusliethce

spots. Spectra: laser focused on (1) dark spot, (2) yellat, smd (3) grey rim spot within
the singular precipitate region; (4) spot on the represéintasurface region.
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Figure 5.16: Raman spectra of different spots on the 32 at.% Mn-impladted sam-

ple after 700°C annealing show the inhomogeneity of the sample causedeuyppiate
formation (excitation:A = 514.5 nm). The optical microscope picture shows the studied
surface spots. Spectra from bottom to top: laser focusedLpnriflet spot and (2) dark
spot in the shown singular precipitate area; (3) green island (4) red surface spot in the
representative surface region.
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Figure 5.17: XRD diffractogram of the 32 at.% Mn-implanted ZnO samplesidss the
ZnO Bragg peaks, four additional features are observedy Hne assigned to the 202 and
303 peaks of ZnMy©, and to either the 211 and 422 peaks of ZnKdp or the 311 and
622 peaks of ZnMngJJCPDS 1997].

at about 320 cm!, 380 cnr!, and 680 cm!. From these frequency positions and their
intensity ratios, they can be attributed to ZnMn, which possesses three characteristic
phonon modes at 327 crh, 389 cnt!, and 680 cm' [Samanta 2007]. The shifting of the
additional Raman features compared to the literature vahasbe due to strain effects.
In this case, the red shifts of up to 10 chindicates tensile strain of the oxide precipitates.
Another plausible explanation for the peak shifts is thespnee of non-stoichiometric
Zn,Mn3_, 0O, phases, as discussed below.

Because of their small size and very low coverage, the ptabtgs in the 16 at.% and
the 24 at.% samples are below the XRD detection limit. The Zy®jnslands of the
32 at.% Mn-implanted ZnO, however, are reflected in the spwading diffractogram in
Figure 5.17. The strong diffraction peaks at about 34”d about 72 %6are the 0002 and
0004 Bragg peaks of the hexagonal ZnO host crystal [JCPDS 199€] left shoulder at
about 32.4in the 0002 ZnO peak is observed for all samples and doedtine ot depend
on the TM species. Four additional peaks are observed iniffin@atiogram of this sample,
which are attributed to ZnMy©, formation, taking into account the Raman results. The
diffraction peaks at about 37.@nd 56.8 correspond very well to the literature values of
the 202 (36.93 and the 303 (56.73 Bragg peaks of ZnMyO, [JCPDS 1997]. With the
relation of Scherrer, the size of the ZnMby, segregations could be estimated to about 20
nm [Scherrer 1918].
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Figure 5.18: High-resolution TEM picture of secondary phase clustershtensurface of
the 32 at.% Mn-implanted sample after 98D annealing in air.

The two stronger additional signals at about 3&ud 75.9 are shifted to lower diffrac-
tion angles, but still close to the reported values of the As® 211 (36.40) and 422
(77.3%) reflections [JCPDS 1997]. Lattice mismatch between themastix and the sec-
ondary phase grains can be the source of local strain, whailces a variation of the lat-
tice constant of secondary phase segregations [Cullity]L9T# observed shift to smaller
diffraction angles can therefore be explained by tensiarsteffects, which is in accor-
dance with the observed frequency shifts of the phonons sndideussed above. Another
plausible explanation is the presence of ZnMn®hich shows its strong 311 and 622 re-
flections at 35.67and 75.55, respectively [JCPDS 1997]. No literature data is available
for Raman scattering on ZnMnQo confirm this assignment. There is a XRD report of
non-stoichiometric Mg ,Zn, O, phases, which show a strong reflection close to the ob-
served 35.8[Blasco 2006]. While non-stoichiometric precipitates amoauggested by
the Raman data, no reflection corresponding to the* &8k is reported for such phases.
Additionally, few areas were detected by micro-Raman mappimthe sample surface of
the 32 at.% Mn-implanted sample, which contain islands appeg violet under the mi-
croscope (picture in Figure 5.16). Because of the local appea of these inclusions,
they are not expected to influence the XRD results. The additi@aman modes of these
inclusions lie at 317 cm', 368 cn1!, and 660 cm!, which is in between the reported
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Raman features of stoichiometric ZnMy, at 327 cnt!, 389 cnt!, and 680 cm' and

of stoichiometric MO, at 310 cm!, 357 cnt!, and 653 cm! [Julien 2004, Samanta
2007]. The intensity ratios of the peaks and the peak positie closer to MpO, than

to ZnMn,O,. These findings could be explained by M) under compressive strain. But
also a mixed mode behavior of non-stoichiometri¢.Mn;_,O, with mode positions be-
tween the stoichiometric oxides M@, and ZnMn,O, could account for these results, as it
is known that non-stoichiometric ZifM;_, O, crystals are very often grown when prepar-
ing spinels with a nominal x = 1 composition [Piekarczyk 1P88

In addition to Raman scattering and XRD, the cluster formatiorthe surface of the 32
at.% Mn-implanted sample was studied by HRTEM and EDX lirensexperiments after
900 °C annealing in air. The experimental details are describeslibsection 5.2.1. In
Figure 5.18, an example for the recorded TEM pictures is shdvine strong variation of
the contrast can again be attributed to structural disartigre implanted ZnO. Moreover,
secondary phase clusters with different crystal strua@acesubpm size are clearly visible
on the surface of the sample. Large areas of the sample swke scanned and most of
the observed precipitates were elongated and aligned teuheite structure of the subja-
cent ZnO as shown in Figure 5.18. EDX line scans in the pritgregions identified by
HRTEM confirm a substantially higher TM concentration andrdased Zn concentration
within the clusters.
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ZnMnO nanopart. (DACH) ZnMnO nanopart. (DACH)
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Figure 5.19: Raman spectra of pure DACH and of three different ZnMnO narimba
samples fabricated by the same synthesis with DACH as capgegd (excitation: A =
514.5 nm).

5.2.3 ZnO:Mn nanopatrticles

Among the Mn-alloyed ZnO systems with reported ferromaigneat room temperature,
there are also ZnMnO nanoparticles [Kittilstved 2005, WafAg6/1]. To study such sys-
tems, Mn-alloyed ZnO nanoparticles were fabricated basethe syntheses described
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Figure 5.20: Raman spectra of bulk ZnMnO and of two different ZnMnO narntogpar
samples fabricated by the same synthesis with DMPDA as cgpigand (excitation:\ =
514.5 nm).

in [Chory 2007] and discussed in section 4.2. Mn was addederidim of the precursor
MnCl, with about 2 at.% M#" relative to Zi* in order to obtain ZgysMng 02O nanocrys-
tals stabilized by organic ligands. The resulting pariclere characterized by Raman
scattering, EPR, and SQUID measurements.

For the first synthesis procedure, the organic molecule DAdl&h{inocyclohexane) was
chosen as capping ligand (see inset in Figure 5.19) becamk rgsults were achieved
for pure ZnO nanoparticles using this stabilizer. FiguE9shows the Raman spectra of
the nanopatrticles resulting from this synthesis and alssgectrum of pure DACH. The
three nanopatrticle curves correspond to three differampiabatches, fabricated by the
same synthesis procedure to check reproducibility. Howene signal corresponding to
wurtzite ZnO is observed for the DACH-stabilized particlEarthermore, the feature-rich
spectra are obviously not solely due to vibrations of the DA@Nnd. By the observed
vibration frequencies, also residues of the TMAH agent @aruked out, which were iden-
tified for several syntheses of pure nanoparticles in seetid. A possible explanation for
the Raman results are vibrations of clusters including psseunaterial, Mn ions, and the
DACH molecules.
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As a more promising ligand candidate, DMPDA (dimethylpriepediamine) was iden-
tified (see inset in Figure 5.20). Using DMPDA as cappingrigjaa strong, chelate-type
bonding involving both amino groups of DMPDA can be expedtadthe nanoparticle-
molecule interface. Figure 5.20 shows the Raman spectraedkPDA-stabilized, Mn-
alloyed nanoparticles and of polycrystalline, bulk,4§Mng (,O, for comparison. The
bulk sample was described in subsection 5.2.1. Again, tleen@noparticle curves cor-
respond to two different batches synthesized by the sanmeguoe. The spectra of the
nanoparticles show the ZnO phonon modeéhkgh)-E (low) and E(high), but also the
two-shoulder structure between 500 chand 600 cm', which is characteristic for Mn-
alloyed ZnO. Additionally, all Raman features of the nantipkas show a pronounced red
shift and strongly broadened peaks. Different contrimgito this effect are plausible:
Relaxation of the selection rules due to increased cryssakder, local heating, and alloy
potential fluctuations due to the Mn impurities. Crystal ditey and local heating as cause
of peak shifting and broadening were already discussedtailde sections 2.3 and 4.2.
As the DMPDA-capped particles were studied with a high |gs®ver density £1000
kW/cm?, Dilor system), local heating is assumed to have a strongdmnpspecially on
the peak position. For such high power densities, shifts afenthan 10 cm' were ob-
served in ZnO nanoparticles [Alim 2005/1, Alim 2005/2]. lontrast, topological crystal
disorder, like interstitials, stacking faults, etc., id hikely to cause such pronounced red
shifts. In alloyed semiconductors, however, also the sleaalloy potential fluctuations
(APF) due to atom substitutions result in a reduced symnjayayanthal 1984]. Wang
et al. used a simple spatial correlation model to descrilpem@xentally observed peak
shifts and broadening in the Raman spectra of ZnMnO nanefestvith average crystal
diameter of~50 nm [Wang 2005]. Thereby, they observed and calculatek gi@éing of
2 cnmr ! and broadening of 11 cm for the E (high) mode in nanoparticles with 2 at.% Mn.

The E(high) mode in the Raman spectra of the DMPDA-stabilized Za@aparticles
shows a red shift of about 9 crhand a broadening of about 15 cincompared to pure
ZnO nanoparticles fabricated by a similar synthesis proce¢Figure 5.20). Similar val-
ues are observed for the quasi-LO and thékgh)-E;(low) modes. To further study the
impact of crystal disorder on the shifting and broadenimgealing experiments were per-
formed on the DMPDA-stabilized nanoparticles for 30 min a0 3C in air. Furthermore,
the Raman spectra were taken at very much lower laser powsitglén30 kW/cn¥, Ren-
ishaw system) to study the Raman scattering without stroogl loeating. Figure 5.21
shows the results of these experiments. Obviously, alrdaslgpectra of the unannealed
particles are different from the above presented spectray $how comparable red shifts,
but the peak broadening is much weaker than in the spectoadest with higher laser
power. Due to the thermal treatment, the Raman peaks beca@nenawower and exhibit
red shifts of only<5 cm~! compared to the literature values for bulk ZnO. Additiopgthe
broad unstructured disorder band between 500'camd 600 cm! evolves into the well-
known two-shoulder signature, which is characteristidvior-alloyed ZnO. This structure
had been observed in Figure 5.20 without thermal annedbungat such high laser power
densities that a laser-induced healing effect seems plausi
The results indicate that the observed peak broadening iRéiman spectra of the DMPDA-
capped ZnMnO nanopatrticles is mostly temperature-driwdnle the red shift is caused
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Figure 5.21: Raman spectra taken before and after annealing experinmgntise ZnMnO
nanoparticles capped with DMPDA (excitatioh:= 514.5 nm). During the thermal treat-
ment, the particles were placed on a heat plate at 35@or 30 min.

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

In such wet-chemically synthesized particles, the pasitb the TM ion is even more
ambiguous than in TM-implanted ZnO or ZnO:TM grown by VPTheigues. Besides the
substitutional or interstitial position within the ZnOfiae, the TM ions could also bind to
the organic ligands outside the nanocrystals. In the Rameatrsyof Figure 5.20, however,
no indications for Mn-organic clusters are found as theyewsserved in the case of the
DACH-stabilized patrticles. Furthermore, also no secongdugses are detected. To get
further information on the Mn ion position in the DMPDA-siied nanoparticles, they
were studied by EPR (for experimental details, see sulmsesi?.1). In Figure 5.22a, again
the six lines attributed to isolated, substitutionaliiare observed in the derivative mode,
as discussed for bulk ZnMnO in subsection 5.2.1. Howeverspectra of nanocrystals are
more complicated. Only the lattice sites in the nanocrysied can be described with bulk
symmetry. The symmetry is reduced for lattice positionsetdo the nanocrystal surface,
resulting in relaxed selection rules. This causes addititimes in the EPR spectra, which
are located in between the six-line pattern. It should bedhthat for M+ ions located
on the surface of nanocrystals, a larger hyperfine intemadtas been observed [Kennedy
1995, Zhou 2003]. This is caused by the reduced covalentibgraf the surface-Mh"
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Figure 5.22: (a) EPR spectra of DMPDA-capped ZnMnO nanopatrticles: denxeasipec-
trum (black line) and integrated spectrum (red lin€)) Corresponding SQUID measure-
ments of the magnetization as a function of the magnetic tidden at 2, 4.3, and 15 K
(squares). The data points are fitted with a magnetic momehtaf (lines).

compared to the Mn ions located in the core of the nanocistidwever, this contribution
is not observed in the spectra of the nanoparticles with DNBB capping ligand.

While the six-line signature in the derivative spectrum ¢klane in Figure 5.22a) proves
the existence of isolated, substitutional Mn ions, thegraged spectrum (red line) addi-
tionally indicates the interaction of nearby Mn ions wittive particles or in clusters.

The different Mn ion positions identified by EPR are also #d in the magnetic
properties of the nanoparticles. While isolated Mn ions hanagnetic moments of J =
5/2, the paramagnetic behavior of the particles determinye8QUID measurements can
be fitted with J = 4, see Figure 5.22b. Note that elemental Mmigerromagnetic, M§O,
is ferromagnetic, and most other Mn oxides are antiferroratig.

In summary, the DMPDA-capped nanopatrticles exhibit the Rafimgerprint of ZnMnO,
whereas peak shifts and broadening can be explained byHeeasing effects, crystal dis-
order, and alloy potential fluctuations. No secondary phaseclusters are detected by
Raman scattering. Mn ions are positioned substitutionailiijimthe crystal, but also mag-
netic interaction of nearby Mn ions is observed by EPR.
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Figure 5.23: (a) Raman spectra of 2 at.% and 8 at.% Co-implanted ZnO after dmga
at 700°C (excitation 514.5 nm)b) Corresponding Cb" luminescence in the red spectral
range (excitation 632.8 nm).

5.3 Cobalt-alloyed ZnO

Besides manganese, cobalt is the most studied TM in the dootéiVi-alloyed ZnO.

For this thesis, hydrothermally grown ZnO host crystalsensrplanted with Co to obtain
Zn,_,Co,0 with 2 at.%< x < 32 at.%. For implantation details, see sections 4.1.1 and
5.1. The Co-implanted series is complemented by polyctystabulk ZnCoO (fabricated
via VPT), by MBE-grown ZnCoO layers on sapphire substrate ymanocrystalline Zn-
CoO layers on glass substrate. Table 5.4 gives an overvieWsitidied ZnCoO samples.

In subsection 5.3.1, the results on samples with Co condemtsa<8 at.% are presented.
As in the case of Mn, secondary phase formation becomes tengdor higher TM con-
centrations, which are discussed in subsection 5.3.2.€8tiba 5.3.3, finally, deals with

the nanocrystalline layers.

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

Table 5.4: Overview of the Co-alloyed ZnO samples presented in thissthes
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Figure 5.24: The tetrahedral coordination of substitutional €oin ZnO gives rise to
crystal field splitting of its 3d levels [Koidl 1977, Kuzia®@5]. This splitting can be
described in terms of a cubic part (ideal tetrahedron with = \/8/_3) and atrigonal part
(c/a-deviation from the ideal value in the real crystal).eTted arrow labels the intra-3d
transitions’E(G) — “Ay(F), observed as red emission in Co-alloyed ZnO. The greewarr
corresponds to a transition due to the €a3d ground state splitting in ZnO observed at
an energy of about 5 cm in Raman scattering [Koidl 1977, Szuszkiewicz 2007].

5.3.1 Zn_,Co,0 bulk and layers with concentrations <8 at.%

Hydrothermally grown ZnO was implanted with 2 at.% to 8 at.%&fd studied by Raman
scattering, see Figure 5.23a. Thg(lXO) disorder band between 550 cfmand 600 cm!,
characteristic for TM implantation, is strongly reducetkafinnealing at 700C, indicating
substantial healing of the implantation damage. No aduadionpurity or secondary phase
Raman modes occur. Note that the two-shoulder behaviorifigeh&s characteristic for
Mn-alloyed samples in subsection 5.2.1 is not observed.

When exciting with the 632.8 nm line of a helium-neon laserstrad the Raman signal
is covered by a strong luminescence, peaking at about 1.8 edoen temperature, see
Figure 5.23b. This red emission is neither observed in thhe gnO host crystals nor in
ZnO implanted with other TM ions. The tetrahedral coordmmabf substitutional Ct"

in ZnO gives rise to crystal field splitting of its 3d levelsdidl 1977, Kuzian 2006]. The
crystal field splitting can be described in terms of a cubid,pahich corresponds to an
ideal tetrahedral coordination with wurtzite lattice ctamgsc/a = +/8/3, and a trigonal
part, which reflects the c/a-deviation from the ideal valuehe real crystal, see Figure
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5.24. Therefore, the red emission can be identified as Bdrmansition$E(G) — “A,(F)

of the tetrahedrally coordinated €q3d") ion, marked with a red arrow in Figure 5.24.
The occurrence of this emission can be used as a proof fotistional Ca* on Zn
sites in wurtzite ZnO. Obviously, the intensity of this esim in the case of the 8 at.%
Co-implanted sample is stronger than in the 2 at.% sample. Whbenalized to the Co
concentration, however, the emission is much strongerar2tat.% sample. This suggests
that the percentage of substitutional Co decreases for higthneoncentrations.
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Figure 5.25: Raman and PL spectra of polycrystalline, bulk-dpsCo.¢.0,0. (a) Ad-
ditional features in the low temperature Raman spectra edusy scattering from CoO
magnons (excitationA = 514.5 nm).(b) Broad red emission due to tetrahedrally coordi-
nated C8* on Zn sites in ZnO at RT and corresponding luminescence finetste at low
temperature (excitationA = 457.9 nm).(c) Raman scattering signals due to Caintra-
3d transitions in ZnOA5 cn ') and in CoO &13 cnt!) due to 3d ground state splitting
(excitation: A =488.0 nm, T = 15 K).
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For comparison, Zn ,Co,0 bulk material was studied. The polycrystalline samples
were grown by VPT at a growth temperature of 900-1000and have Co concentrations
< 4 at.% [Jouanne 2006]. Room temperature and low temperatunaRgpectra of such
a bulk ZnCoO sample are shown in Figure 5.25a. In the spedtea tat room tempera-
ture, the expected ZnO modes can be observed, i.e..{lngh) mode at about 437 cm,
the E(high)-E (low) mode at about 330 cm, and the disorder band in the LO phonon
region. Additionally, the A(TO) mode at about 380 cm occurs. For the latter, Raman
scattering is allowed in this case because of the polydtystaharacter of the sample. Its
c-axis is not well-defined and therefore the angle betweaxi€and laser polarization can
not be restricted to 90as in the experiments on the TM-implanted samples. In the low
temperature spectra, not only the difference moghigh)-E,(low) disappears, but also
additional modes occur. The peaks at about 143'camd about 297 cmt can be iden-
tified as CoO magnons [Chou 1976]. The magnon signal of CoO egpéot 220 cn!
can not be observed in the experimental configuration useectrd these spectra. The
temperature behavior of the magnon mode at about 297 @rshown in the inset in Fig-
ure 5.25a. Due to stronger correlation between the spirosetrltemperatures, it shifts to
higher wavenumber values, becomes narrower, and showsrhigbansity with decreasing
temperature. The formation of CoO identified by these magigmats can be attributed to
the fabrication process because the reported solubilioah ZnO usually lies well above
the 3-4 at.% of this sample [Jin 2001, Kolesnik 2004]. As ¢heamples were fabricated
at high temperature, other Co oxide phases, especiaj@Cand ZnCgO,, are not stable
during the growth. Note that, due to its rocksalt struct@e® phonon modes can not be
observed as well-defined Raman features. The Raman featutesmfide modes are dis-
cussed in more detail in subsection 5.3.3. An additional Refle@ture was detected during
experiments on these samples at about 132'¢mhich could be attributed to a vibration
mode of elemental cobalt in hcp structure [Millot 2006, S&iswicz 2007]. Hence, be-
sides the identified CoO, also elemental Co is present in tlasplss already at such low
concentrations.

With decreasing temperature, an additional feature esaeabout 420 cmt, which is
not known as a magnon signal of a Co-related alloy. Its tentperdoehavior suggests a
magnon or a localized vibration as origin, but no final assignt can be given here.
Among all TM-alloyed ZnO systems studied for this thesig thature at 550 crt, as
seen in Figure 5.25a, was particularly strong only in Coyaltbsystems. This fact and the
temperature behavior suggest an impurity-induced vitnatmhe B (high) silent mode is
calculated near this position [Serrano 2007] and actimatibsilent ZnO phonon modes
by impurity incorporation is possible as discussed in [Bsmagnn 2003, Manjon 2005].
However, this silent mode is studied in detail in chapter @ enfound at significantly
higher frequency. The resonance behavior of this featw@sessed in subsection 5.3.3,
suggests the assignment to a mode with LO symmetry.

In the room temperature PL spectra of Co-implanted ZnO, oblpad luminescence band
due to tetrahedrally coordinated €ooccurs in Figure 5.23b. The low temperature spectra
in Figure 5.25b reveal additional features. The observezdiructure is due to spin-orbit
interaction and phonon satellites of the electronic ttaoss. Furthermore, interesting fea-
tures occur at very low wavenumber values, observed foribiifine in Raman scattering
experiments (Figure 5.25c). The structure at akebicm' may correspond to electronic
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Figure 5.26: (a) Raman spectra of MBE-grown Zn.Co,O layers with 0.5 at.% and 5
at.% Co (excitation:\ = 514.5 nm). (b) Red emission of the £Zn,Co,O layers due to
intra-3d transitions of substitutional Cb (excitation: A = 632.8 nm).

Raman scattering on a transition due t&'€8d ground state splitting in Zn,Co,O [Koidl
1977, Szuszkiewicz 2007]. This transition is labeled byeegrarrow in Figure 5.24. An-
other possibility is the Co* 3d ground state splitting in CoO, which also has an energy
corresponding to a Raman shift of 5 chibetween the lowest level and the second lowest
level [Sakurai 1968]. The feature close4d 3 cn1! can be attributed to Co 3d ground
state splitting in CoO, where the energy difference betwherdwest level and the high-
est (third) ground state level amounts to 13 ¢rfSakurai 1968, Szuszkiewicz 2008]. A
further, less likely, explanation for the 13 crnRaman feature is that the 5 cinCo**
transition is shifted if in a locally deformed crystal emament.

The incorporation of Co by ion implantation implies implaida-induced disorder,
and in the case of VPT samples, Co oxides were observed alatdoly concentrations.
In contrast, fabrication via molecular beam epitaxy prasimore ordered Zn,TM,O
systems with weaker secondary phase formation. In the MBRAgisamples studied for
this thesis, intrinsic ferromagnetism was found for coniions <3 at.%, while AFM
correlation between the €b ions dominates the magnetic behavior f88 at.% [Sati
2006]. Like all TM-alloyed ZnO systems of this thesis, thésgers are n-type, in this
case with residual carrier concentrations<n10'® cm=3. In Figures 5.26a and 5.26b, the
Raman spectra and red luminescence of the available MBE laytrs/arying Co con-
centrations are shown. Due to the high transparency of th@séyers, strong additional
signals from the sapphire substrate occur. Interestirdggpite the epitaxial growth, a
strong disorder band between 500 ¢nand 600 cm! is clearly seen in the 5 at.% sam-
ple. Like in the bulk samples discussed above, the broad paakis at 550 cmt, which
was attributed to a impurity-induced mode. The broad'Gahotoluminescence shown in
Figure 5.26b confirms the presence of substitutionallyrpemted Co ions. However, the
luminescence intensity in the 5 at.% samples is only by afaatt 3.2 stronger than in
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the 0.5 at.% sample, indicating that the fraction of substihal Co ions decreases with
rising Co concentration. This could be related to the magriethavior mentioned above:
The MBE grown layers show RT FM behavior for low concentradier at.%, but AFM
behavior for higher concentrations.
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Figure 5.27: Raman spectra of different spots on the 32 at.% Co-implant€d Zample
after 700°C annealing (excitationA = 514.5 nm). The optical microscope pictures show
the studied surface regions A, B, C, D of this sample with infggmeously distributed
oxide formation. Raman spectra from bottom to top: laseused in the middle of the
surface region (A), (B), (C), and (D).
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5.3.2 Zn_,Co,0 layers with concentrations>16 at.%

For Co-implanted ZnO, the formation of secondary phases Wwsareed only for the sam-
ple implanted with 32 at.% Co after annealing at 7@0 The additional phonon modes
occurring in the Raman spectra of this sample clearly inditda¢ formation of ZnCgO,
(Figure 5.27). For comparison, polycrystalline, bulk ZnOgwas grown by VPT. It shows
a structure-rich Raman spectrum with the 5 strongest feapeaking at about 487 crh,
524 cnt!, 624 cnt!, 692 cntt, and 709 cm!. These wavenumber values are in excellent
agreement to the positions of the additional modes in thet.32 @o-implanted sample
(Figure 5.28). No other secondary phases were observeddda-implanted samples by
Raman scattering. The formation of CoO cannot be excludedtinese room temperature
spectra because it exhibits rock-salt structure in stoideitric bulk form, which does not
posses Raman-active phonon modes. However, formation of ZhG®favored under an-
nealing in air and decomposition of €@, to CoO requires temperatures between 800
and 900°C [Schumm 2007, Thakur 2007]. The Znx polycrystalline sample was also
studied with respect to its luminescence properties. Inrashto all Co-alloyed ZnO sam-
ples, no luminescence was detected in the red spectrahragiovhich the luminescence
caused by tetrahedrally coordinated?Cds located.

487 524 624 692/709

ZnCo,0, polycryst. bulk
—— 32 at.% Co impl. ZnO
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Figure 5.28: Raman spectra of polycrystalline, bulk Zn@xyp and of 32 at.% Co-implan-
ted ZnO (spot D) after 700C annealing (excitationA = 514.5 nm).

Besides the 0002 and 0004 Bragg peaks of ZnO, also a thirdaiirapeak in Figure
5.29 is not related to the implanted Co. The unidentified sighabout 52.8 (marked
with an asterisk) was observed in several samples withrdifteTM species and varying
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Figure 5.29: XRD diffractogram of the 32 at.% Co-implanted ZnO sample.id&@ssthe
0002 and 0004 Bragg peaks of the ZnO host, three additiorélifes can be observed.
The peak marked with an asterisk corresponds to the qualsielden 0003 reflex of ZnO.
The other additional features are ascribed to e 1 Bragg peak of elemental hcp Zn and
the 0002 Bragg peak of elemental hcp Co, reported in [JCPDS]1997

TM concentrations. It is attributed to the quasi-forbid@®®3 reflex of ZnO. Despite the
clear identification of ZnCgD, by strong Raman signals, no diffraction peaks in Figure
5.29 can unambiguously be assigned to this secondary plageis surprising although
the sensitivity advantage of Raman in comparison to XRD wasrteg before for Co oxide
formation in Co-alloyed ZnO [Wang 2007]. Two additional psak the diffractogram in
Figure 5.29 are attributed to secondary phases. The sigrddoaut 43.4 could be due
to hcp zinc, which has its strong 1D Bragg peak at about 43.281CPDS 1997]. The
formation of elemental zinc could be enabled by the strattonpact of the implantation
procedure. The additional peak at about 44s3assigned to the 0002 peak of hcp Co
at 44.76 [JCPDS 1997]. The 111 peak of cubic Co lies near this diffracpeak, too.
Though, the usual crystal structure of elemental Co is hexalgand furthermore, hcp Co
was observed before in Co-alloyed ZnO by synchrotron XRD an®R&yman scattering
[Millot 2006, Potzger 2008, Szuszkiewicz 2007, Zhou 2008he Raman feature of hcp
Co, however, lies in a spectral region not accessible in tRasean experiments. While the
identified hcp Zn and hep Co are plausible secondary phas@sasignment is tentatively
because corresponding higher-angle reflections were esaible in the recorded angle
range.
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The oxide phase is inhomogeneously distributed over thepleasurface: A gradual
increase of the Co oxide concentration from one side of thepkaio the other can be
deduced from the Raman spectra taken in different region8(AG, D in Figure 5.27).
These regions also show very different surface qualitieeuthe microscope after the 700
°C annealing. Inhomogeneous implantation is improbabldéhastrface was completely
homogeneous after the implantation, but can not be excluéiedther cause for the inho-
mogeneous oxide distribution could be a temperature gnadigring annealing or during
the cooling down of the sample.

The observed intensity increase of the oxide phase modes Ado D is accompanied
by a decrease of the disorder band in th€LL) region. Region D shows the strongest
oxide phase Raman modes, nearly identical to the bulk Z8¢Gadbut also the smallest
disorder band and the most homogeneous surface under thesoope. Accordingly, the
intensity of the Cé" luminescence signal at about 1.8 eV is considerably enkiandbe
sample surface region with reduced Co oxide concentratibesd@ Raman scattering and
luminescence observations can again be attributed to gseffcation process induced
by the thermal treatment: During annealing, Co ions migratéh¢ surface and form an
ordered, partially closed Co oxide layer, accompanied byngraved crystal quality of
the nearby ZnO. This layer is (almost) closed in the regiowBich consequently shows
the most homogeneous surface under the microscope andohgesdt secondary phase
phonon modes in the Raman spectra.

5.3.3 Nanocrystalline ZnO:Co layers

ZnCoO thin layers were prepared by sol-gel dip-coating. HEseilting layers consist of
nanocrystals with an average size of about 200 nm and Co cwatiens of 3 at.% to 12
at.%. For more details on the fabrication see [Bhatti 200uzR007/1]. The samples
were studied by micro-Raman measurements with the standarthger lines of the Dilor
XY setup (457 nnK A < 514 nm).

Figure 5.30a shows the Raman spectra of the 400, 0 layers for different Co concen-
trations (3 at.%, 7 at.%, 12 at.%) and different annealirgpst The well-known ZnO
Raman modes can be seen in all spectrghigh) at about 437 cmt, A,(TO) at about
380 cntt, and E(high)-E(low) at about 330 cm'. Furthermore, the broad disorder band
appears in the spectral region between 500 'ctn 600 cntt. The disorder-related char-
acter of this band is once more confirmed by resonance expetsnas shown in Figure
5.31a. The structure is largely enhanced by exciting withsai line of higher energy. A
similar enhancement was discussed in subsection 5.2.InfdnD and could be attributed
to impurity-induced Fahlich scattering. Relative to the non-polay(lEigh) mode, the en-
hancement is particularly strong at about 570-émin this region, the polar LO modes
E, and A (570-585 cm') are situated, which are predominantly affected bghfich
scattering resonance. Furthermore, also the resonana@ethent of the 550 cm fea-
ture is strong. As possible origin of this feature an impuiitduced mode was suggested
in subsection 5.3.1. The observed resonance behaviomiedithat this additional mode
possesses LO character.
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Figure 5.30: (a) Raman spectra of 4n,Co,O with x = 3 at.%, 7 at.%, and 12 at.%,
recorded after annealing at 70@ and 900°C (excitation: A =514.5 nm).(b) Full width at
half maximum of the £high) phonon mode versus Co concentration after 0@nd 900

°C annealing. The disorder-induced broadening is reducethby900°C annealing and
scales with the Co concentratiorfc) Co** luminescence of the nanocrystalline samples
after 900°C annealing (excitationA = 632.8 nm).

Additional features appear in the spectra of Figure 5.30achvcan be explained as
vibrations of Co-related secondary phases. Note that inr€i§L8la only the ZnO modes
in the LO region show resonance enhancement, but not thelg@madl modes. The peaks
at about 488 cm!, 527 cnt!, and 714 cm! can be assigned to non-stoichiometrig;O9
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[Hadjiev 1988]. There are also broad structures betweencéb0 and 720 cm! and
around 460 cm!, which can both be ascribed to CoO [Gallant 2006, Zhang 2086uZ
2007/1]. Furthermore, also Zng@, formation is possible, which shows a similar broad
structure in Raman spectra from 650 chto 720 cnt! [Samanta 2006].

A two-step annealing procedure was chosen to study the famaf precipitates during
such after-growth treatments. Both steps (7G0900°C) have temperatures sufficiently
high for pronounced Co oxidation. ,,J, = 900°C was chosen in order to provoke the
migration of interstitial Co, resulting in an improved qulof the ZnCoO. At the same
time, the risk of Co oxidation on the sample surface increag&sfore the first anneal-
ing step, most of the layers did not show any ZnO- or Co-rel&athan signals due to
poor crystal quality. This changed with the first annealihg@0 °C for 15 min in air. In
the second step, the sample was slowly heated to°@0@ air over a period of 4 hours,
then the temperature was held constant for 15 min. Aftersyafte sample was slowly
cooled down to room temperature. The spectra of the sample3mat.% Co show that
after the 700 C annealing, the crystal structure of the ZnO is still reky bad, leading
to a broad E(high) mode and a strong LO disorder band at 500-600'crBmaller peaks
and strongly reduced background noise in the Raman spettratla 900°C annealing
indicate a significant improvement of the crystalline giyaliFor example, the width of
the B(high) phonon mode is reduced by up to 40% due to the*@e€hermal treatment
for all concentrations, see Figure 5.30b. The scaling oBl{gigh) FWHM with the Co
concentration can be explained by a stronger disorder doyl @btential fluctuations, as
discussed in subsection 5.2.3 for ZnMnO nanoparticles.

There is no formation of G®, observed for the 3 at.% sample. The structure at 650'cm
to 720 cnt!, however, may be assigned to ZnQx, as described before. In contrast, for
the layer with 7 at.% Co, G®, vibrations can be observed after the 7@ annealing.
Additionally, the CoO- or ZnCgO,-caused broad structure is visible. After the 9@0an-
nealing, the signal of G®, has disappeared and only the broad CoO / Z@;structure
occurs, but strongly reduced in intensity. For the layehwiite highest Co concentration
(12 at.%), the crystal quality after the 700 annealing is the least perfect and;Og
modes are strong both after the 7@and the 900C annealing.

To explain these results, the formation and degradatiopeeatures of the participat-
ing oxides must be taken into account. The formation of dobsdes is possible for
temperatures well below 70@. Therefore, CgO,, CoO, and ZnCgO, can be produced
during the annealing procedure. Moreover, the formatiddabxides is favored compared
to metal Co clusters for annealing in air. When heating the $artipe Co available on the
surface and Co migrating to the surface of the nanocrystasalthe temperature effect
are oxidized. This Co oxide formation can be observed aftefitst annealing step for
the samples with concentrations3 at.%. In the second annealing step, the temperature
is higher than 700C for some hours before reaching 900, so most of the available
Co is transported to the surface and oxidized. A temperatu®@@°C is higher than the
reduction temperature of GO, into CoO [O’Neill 1985]. Therefore, the disappearance of
the CgO, vibration modes after the second annealing process foraitmple with 7 at.%
Co corresponds to GO, reduction. For this layer, all available Co was oxidized a8l we
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Figure 5.31: Raman spectra of the £iCaqy 120 layer: (a) resonance behavior studied by
varying excitation wavelengths (457.9 nm\ < 514.5 nm)(b) micro-Raman scattering
analysis of different sample surface spots (excitativos:514.5 nm).

as all formed C¢O, was reduced to CoO. That means, there is no Co available for the
formation of new CgO, during the cooling process, when the temperature is withen t
Co;0, formation range for several hours. The strong decline ienisity of the 650 cm'

to 720 cn1! band during the 900C annealing could be due to the reduction of ZpQp
The origin of this band (CoO or ZnG0O,) is addressed in more detail later. The layer
with 12 at.% Co still shows formation of GO, in the cooling period after the second an-
nealing: The migration process of Co to the nanocrystalliméase is still not completed
after the two annealing steps for this sample with the hipGesoncentration. These find-
ings concerning the formation and reduction of cobalt oxidie the surface of Zn,Co,O
layers are in agreement with XRD studies on similar ZnCoO niystals [Bhatti 2007].
The micro-Raman method gives the opportunity to analyzesagwith spatial resolution,
though in this case with a laser spot of abouin there is an averaging over an ensemble of
nanocrystallites. The strongest surface inhomogenettyarrorresponding Raman spectra
was seen in the 12 at.% Co sample after the“@@nnealing. As Figure 5.31b shows, the
Co oxide concentration varies for different spots (1, 2, 3jfensample. Interestingly, the
broad signal at about 650 crhto 720 cnT! shifts between spot 1, where the ZnO modes
are still strong, and spots 2 and 3, where the Co oxide sigoatsnéite. This could reflect
the transition of the Co oxide vibrations from Zn@» to CoO character. The shiftis in
accordance with literature data for CoO and ZpGp[Gallant 2006, Samanta 2006].

The formation of Co-related secondary phases has an impamaact on the magnetic
properties of ZnCoO, as CoO and {n are anti-ferromagnetic or paramagnetic, and
metal Co is ferromagnetic. The magnetic properties of thepgesnwere determined by
SQUID measurements [Zhou 2007/1]. While the 3 at.% and 5 a®pkes showed para-
magnetic signals at room temperature, a weak ferromagsighal was observed for the 7
at.% and 12 at.% samples after 7@ annealing. The latter may be attributed to elemen-
tal Co clusters dominating the magnetic properties of therwith high concentrations
although they could neither be identified by Raman scatterorgoy XRD experiments.
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Still, nanocrystalline precipitates of elemental Co coudddelow the sensitivity of both
Raman scattering and conventional XRD.

Compared to the implanted layer discussed above, the sagopldase formation occurs
for much lower concentrations in these nanocrystallinedgayx,.., > 5 at.% compared
to X;mmp > 32 at.%). In similar Zp_,Co,O nanocomposites prepared by a sol-gel method
and studied by XRD and XAFS (X-ray absorption fine structurecgscopy), mainly
substitutional Co incorporation was found below 5 at.%, bu@arecipitation started
at x > 10 at.% [Shi 2007]. This lower solubility limit of Co in ZnO nastructures com-
pared to bulk ZnO can be attributed to the strong self-puatifie) tendency of such systems
due to their reduced dimensionality and large surfacestarae ratio [Dalpian 2006]. The
migration process of Co ions to the surface, especially dusimealing, is energetically
favored and its subsequent oxidation leads to more promalsecondary phase formation

in nanocrystalline material.
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Figure 5.32: Raman spectra of Fe-implanted ZnO samples of differentastdrations after
700°C annealing indicate precipitate formation for concenimoat > 8 at.% (excitation:
A =514.5 nm).

5.4 Iron-alloyed ZnO

| Fe-alloyed ZnO | Fabrication | Fe concentration |
| layers | hydrothermally grown ZnO impl. with Fe 2-32 at.% |

Table 5.5: Overview of the Fe-alloyed ZnO samples presented in thegghe

Hydrothermally grown ZnO crystals were implanted with Fex@antrations from 2
at.% up to 32 at.%. For 8 at.% Fe and after 7Q0annealing in air, the Raman spectrum
is shown in Figure 5.32. The dominating(Bigh) mode and the weak£LO) disorder

band between 550 cmi and 600 cm! indicate that most implantation damage was healed

by the thermal treatment. No secondary phases or additinodés are visible. This is in
accordance with the results for Mn-, Co-, and Ni-implante®@zilow TM concentrations.

To study the influence of the annealing environment on therstary phase formation,
both annealing in air and vacuum annealing were conductethéosamples with high Fe
concentrations. For annealing in air, secondary phases aatected after thermal treat-
ment with 700°C for all Fe-implanted samples with concentratioriss at.% (Figures 5.32
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Figure 5.33: Raman spectra of different spots on the 32 at.% Fe-impladteéd sample
after 700°C annealing (excitationA = 514.5 nm). The optical microscope pictures show
strong inhomogenetities in the studied surface regions. @aspectra from bottom to top:
laser focused on (A) completely peeled-off surface regiBhpartly peeled-off surface
region, (C) intact surface region, and (D) peeled-off sangxze (inset).

and 5.33). In contrast to the Mn- and Co-implanted samplaesebher, the observed broad
and unstructured Raman bands complicate a clear identircatVithin a broad band rang-
ing from 500 cn1! to 700 cn1!, features occur which were not observed for the samples
with Fe concentrations: 16 at.% nor for annealing:700°C. Their frequencies lie in the
spectral region of strong E®, and FeO modes [Chourpa 2005, De Faria 1997]. However,
no clear Raman signature is visible, which indicates theratesef well-ordered, stoichio-
metric Fe oxides.
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In detailed lateral mapping, already the Raman spectra cddhgples implanted with 16
at.% and 24 at.% Fe indicate secondary phase formation whitoad Raman band be-
tween 600 cm! and 700 cm! (Figure 5.32). Nevertheless, they still exhibit a nearly
homogeneous surface with only few minor inclusions. Thasksions turned out to be
very sensitive to optical irradiation. This poor thermallslity implies that part of the
phase formation took place during the cooling down of the@arafter annealing. For the
sample implanted with 32 at.%, the high implantation dosalwoed with 700°C thermal
treatment lead to destruction of large parts of the surfafer the annealing, the surface
is characterized by intact regions as well as partly or cetepl destroyed regions due
to peeled-off surface pieces (Figure 5.33). Raman spedtea ta regions where the sur-
face was completely peeled off correspond to pure ZnO. Iispieetra of partly destroyed
surface regions, a broad feature occurs, which may comesfmnon-stoichiometric Fe
oxides as discussed above, and is also observed for a peféRdface piece (see inset in
Figure 5.33).
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Figure 5.34: (a) XRD diffractogram of 32 at.% Fe-implanted ZnO. Besides ®@20and
0004 Bragg peaks of the ZnO host, two additional features bsewed. The peak marked
with an asterisk corresponds to the quasi-forbidden 000&xeaff ZnO. The other addi-
tional feature is assigned to the 511 Bragg peak of ZQkereported in [JCPDS 1997].
(b) Photoluminescence spectra of 16 at.%, 24 at.%, and 32 at:4mp&anted ZnO as well
as pure ZnO substrate for comparison (excitation= 514.5 nm). Besides the Raman
features near the excitation energy of 2.41 eV, a broad lesdance is observed in the
implanted systems, which can be identified as the green defenpurity band of ZnO.

The ZnO 0002 (34.9 and 0004 (72.9 reflections as well as the quasi-forbidden 0003
peak at about 52°@re observed in the diffractogram in Figure 5.34a. An add#l peak
occurs at about 56°8vhich presumably corresponds to the strong 511 Bragg pea&356
of ZnFe0, [JCPDS 1997]. From XRD, an average lattice constant of a A8s4educed
for the secondary phases. Assuming the formation of oriespénel structures on ZnO,
the resulting lattice deviation of about 6% may explain tesalibed surface effects, not
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observed for samples implanted with Mn, Co, or Ni ions. Witk 8cherrer equation
[Scherrer 1918], an estimated size of about 12 nm was cééclfar the segregations.
The corresponding higher-angle peaks lie outside the aitdesangle range of the used
XRD setup. However, zinc ferrite precipitates have beenntedaas secondary phase in
Fe-alloyed ZnO [Zhou 2007/2].

As shown in subsection 5.2.1, already the ZnO host cryshei® $uminescence features
attributed to residual Fe ions. For the highly Fe-implanZexD samples, an additional
broad luminescence could be identified between the greethaned spectral range (Fig-
ure 5.34b). The 514.5 nm line of the Ar ion laser was used foitatton, and therefore, the
fine structure in the spectra between 2.25 eV and 2.4 eV qgomels to the phonon Raman
signals of the implanted systems. In contrast, the broadhlescence between 1.8 and 2.2
eV is not present in the pure ZnO crystal and therefore reél@t¢he implantation. As both
features are especially strong for the 16 at.% Fe concerirdhey are not related to the
identified secondary phases which are stronger for the highecentrations. Hence, it is
attributed to the green luminescence of ZnO, which is repbid be due to either intrinsic
ZnO defects or impurities in ZnO (subsection 3.1.3).

Figure 5.35: High-resolution TEM pictures of secondary phase clustershe surface of
the 32 at.% Fe-implanted sample after 5@ annealing in air.

As for the highly Mn-implanted ZnO crystals, additional HRW and EDX line scan
experiments were conducted for the 32 at.% Fe-implanteday€al after 900C anneal-
ing in air. The experimental details of these methods weseritged in subsection 5.2.1.
Figure 5.35 shows TEM pictures of secondary phase clustdngh are again elongated
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Figure 5.36: Raman spectra of Fe-implanted ZnO crystals with conceminatbetween 8
at.% and 32 at.% after vacuum annealing (excitation= 514.5 nm). For comparison,
the spectrum of 32 at.% Fe-implanted ZnO annealed in air ash The inset shows the
homogeneous surface of the vacuum-annealed 32 at.% sample.

and aligned to the subjacent ZnO host crystal and haveussibe. The strong variation of
the contrast is due to structural disorder of the implante@ ZAs in the case of the 32 at.%
Mn-implanted samples, EDX line scans confirm a substaptfaiher TM concentration
within the secondary phase clusters.

The identified, strong TM oxide formation is expected to béast partly caused by the
presence of oxygen during annealing in air. To verify thieaf also high vacuum an-
nealing experiments were performed with Fe-implanted Za@mes (2 at.% - 32 at.%)
for comparison. The samples were fabricated exactly asatmples described above. In
addition, also the vacuum annealing was performed exastlyeaannealing in air, i.e. with
a duration of 30 min and a temperature of 7@) Already under the microscope, a signif-
icantly better surface quality is observed, even for thet3 amplanted sample (inset in
Figure 5.36). This is in contrast to the partial surfacemesion after annealing in air (Fig-
ure 5.33). Furthermore, the Raman spectra indicate a recdiecetdary phase segregation
in Figure 5.36. From pure ZnO to 24 at.% Fe-implanted ZnOy shght changes are visi-
ble in the Raman spectra of the vacuum-annealed samplesit@n®? at.% Fe-implanted
sample shows Raman features similar to the secondary plgasdssiliscussed above. Still,
their intensity is weaker than in the spectrum of the 32 aifamnealed sample. In sum-
mary, the vacuum annealing proves to be the method withrirettelting surface quality
and less pronounced secondary phase segregation, butrthatifin of Fe-related oxides
is still not completely suppressed for high concentrations
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Figure 5.37: (a) Raman spectra of 2 at.%, 4 at.%, and 8 at.% Ni-implanted Zn€&r a0
°C annealing, intensity normalized to the(Righ) mode (excitationA = 514.5 nm). The
intensity of the ALO) disorder band scales with the Ni concentrati@n). Raman spectra
of 32 at.% Ni-implanted ZnO after different annealing stdpssincreasing healing effects
with increased temperatures but no precipitate formatiogneafter 700°C (Note the XRD
results of the sample!). Spectra from top to bottom: no ahngaafter annealing at 500
°C, and after annealing at 700C (excitation: A = 514.5 nm).

5.5 Nickel-alloyed ZnO

| Ni-alloyed ZnO | Fabrication | Ni concentration |
| layers | hydrothermally grown ZnO impl. with Nj 2-32 at.% |

Table 5.6: Overview of the Ni-alloyed ZnO samples presented in thisghes

Ni-alloyed ZnO was studied in the form of implanted samplé& \Mi concentrations
between 2 at.% and 32 at.%. For the samples implantedw@tht.%, no secondary phases
could be identified by Raman scattering in Figure 5.37a. Theesponding spectra show
the ZnO E(high) and E(high)-E (low) modes, and additionally the; AL O) disorder band.
The intensity of the disorder band scales with the Ni conegion.

Also for the Ni-implanted samples with higher concentnasiono secondary phases
could be detected by the means of Raman spectroscopy eveR f@ir% and after an-
nealing at 700C, see Figure 5.37b. The intensity of the(lRO) disorder band shows a
substantial decrease with increasing annealing temperteflecting the improved crys-
talline quality of the ZnO host crystal upon annealing. Wigtical microscopy (50x), an
intact surface is found for all concentrations and anngaiieatments and no inclusions
are resolved on the surface.

In contrast, additional features occur in the XRD measurésneinall Ni-implanted sam-
ples with Ni concentrations 16 at.% at about 37°144.4, and 79.1, which can be as-
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Figure 5.38: XRD diffractogram of the 32 at.% Ni-implanted ZnO sample. iBesthe
0002 and 0004 Bragg peaks of the ZnO host, four additionalifea can be observed. The
peak marked with an asterisk corresponds to the quasi-fdénd003 reflex of ZnO. The
other additional features correspond to the 111 and 222 Brpgaks of NiO and the 111
peak of elemental cubic Ni, reported in [JPCDS 1997].

signed to NiO and elemental Ni. The strong 111 and 222 BragkspefaNiO are reported
at 37.25 and 79.41 [JCPDS 1997], respectively, corresponding well to the oleskpeaks
at about 37.1and 79.2. The third additional feature at 44.4s attributed to the strong
111 Bragg reflection of cubic Ni at 44.50CPDS 1997]. The 01l Bragg peak of hcp Ni
also lies near this position, but elemental Ni crystallimesubic form in ambient condi-
tions. Moreover, the formation of cubic Ni in Ni-alloyed Ziv@s reported before [Potzger
2008, Zhou 2008/1]. The grain size of the Ni and NiO prectp#an the samples studied
for this thesis could be estimated to about 5 nm and 9 nm, césply [Scherrer 1918].
The identified secondary phases are in accordance with enebé of secondary phase
peaks in the Raman spectra. For the cubic phases Ni and Ni@irstbichiometric form,
no Raman-active phonon modes are allowed. Raman scatteomgNiO magnons can
only be observed in low temperature experiments [Dietz 1971
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Figure 5.39: (a) Raman spectra of 2 at.%, 4 at.%, and 8 at.% V-implanted Zn€r &0
°C annealing, normalized to the,fhigh) mode (excitation:A = 514.5 nm). (b) Raman

spectra of 8 at.% V-, Fe-, Ni-, and Co-implanted ZnO after 7G0annealing, intensity
normalized to the Ehigh) mode (excitationA = 514.5 nm).

5.6 Vanadium-alloyed ZnO

| V-alloyed ZnO | Fabrication | V concentration |
| layers | hydrothermally grown ZnO impl. with V/ 2-8 at.% |

Table 5.7: Overview of the V-alloyed ZnO samples presented in thissthes

For this thesis, vanadium-implanted ZnO crystals with Vaantrations<8 at.% were
studied (Table 5.7). No secondary phases or additional smodeld be identified in the
Raman spectra of these samples. Once more, the most prorfeaanes in Figure 5.39a
are the ZnO Khigh) mode and the broad disorder band between 500 @md 600 cm.
Nevertheless, there are differences to the Raman spectree afystems implanted with
other TM ions. Figure 5.39b shows the Raman spectra of 8 atifplanted ZnO com-
pared to 8 at.% Fe-, Ni-, and Co-implanted ZnO. Obviouslyntfaximum in the A(LO)
region is red-shifted by about 10 crhin the case of V. Such a shift was already identi-
fied and discussed in the case of unannealed, heavily ingal&rtO (section 5.1) and was
attributed to reduced symmetry due to structural defectse IFimplanted ZnO systems
were additionally studied in a depth profile series (Figu®h The method is described
in subsection 5.2.1. With the focus being deep within the@art22.5um), the Raman
spectrum of the pure ZnO substrate is observed. When it is dnfogen this position to-
wards the surface of the sampley(th), a strong background occurs, reflecting the phonon
DOS [Serrano 2004]. This background is much stronger thaindrcase of the other TM
species (Figure 5.39b) and rises with the V concentratiogu(E 5.39a). This also in-
dicates an especially strong crystal disorder due to thecdrporation. Since V has the
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lowest mass of the studied TM ions, this can not be due to tipdaimtation damage. On
the other hand, the V mass shows the biggest difference stiualied TM ions with respect
to the substituted Zn atoms (m~ 0.78 y,,). Hence the observed Raman scattering prop-
erties, namely a strong background as well as a 10'@hift of the A (LO) signal, can be
attributed to the structural disorder caused by the diffecation masses of V and Zn.

intensity (arb.u.)

300 400 500 600 700
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Figure 5.40: Series of Raman experiments for 8 at.% V-implanted ZnO usiiifieyent
focus depths. Negative values correspond to a focus withisdhmple, zero to the sample
surface, and focus positions above the sample surface aretel@ with positive values.
The spectra were taken after 700 thermal annealing and are normalized to thglkgh)
mode (excitation = 514.5 nm).
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5.7 Conclusion

TM-alloyed ZnO bulk, layer, and nanocrystalline systemthwarying TM concentrations
and fabricated by different growth processes were studygddman scattering and com-
plementary methods. In this section, the results are etedusith respect to the potential
applications of such systems (subsection 3.2.2).

For all studied TM species, implanted layers were availablech allow controllable TM
concentration and distribution within the implanted layedn the other hand, crystal disor-
der induced by the implantation is inevitable, and thermestiment becomes necessary. At
low concentrations<8 at.%, most implantation damage could be healed with anadinge
temperature of 700C, and no secondary phase formation could be observed. Hsaroe,
ples without precipitates could be realized with lower TMhcentrations<8 at.%, where
also the implantation damage is comparatively low and dmgegemperatures<700°C
are sufficient. Another technological improvement couldh®euse of vacuum annealing.
In high vacuum annealing experiments with 32 at.% Fe-impldiZnO, systems with a
significantly better surface quality and less pronouncedsgary phase formation were
achieved. However, the formation of Fe-related precipgatas still not completely sup-
pressed for this concentration, even after vacuum anrggalin

Clear results were achieved for the ZnO crystals implanteld Wi concentrations of 16
at.% to 32 at.% after annealing in air. While even for the hgghplantation doses the
ZnO surface retained its wurtzite character, formationlefmrental TM and TM oxides
occurred for all studied TM species after the thermal trestimSome identified and other
potential secondary phases are listed in Table 5.8 togetitietheir magnetic properties.
Already small and local inclusions can strongly influence itiegnetic properties of such
systems. The local distribution of the phase formation endtrface strongly depends
on the TM type and concentration. For example, the largesliesi concentration of 32
at.% results in a surface peel off in the case of Fe, but in adgemeous distribution of
secondary phase islands in then range for Mn. In several samples with small local
precipitates, no secondary phases could be detected by XREheDother hand, Raman
spectroscopy fails at the identification, for example, ehsntal Ni clusters, which were
detected by XRD. Hence, a combination of both methods pravée thecessary for the
analysis of secondary phase formation in TM-implanted ZnO.

Promising systems were the studied Co-alloyed MBE layersoRegnetism at room tem-
perature was reported for low concentrations and no secpmpti@ses could be identified
by Raman scattering and XRD. However, the existence of elah€uat clusters or CoO
inclusions can not be excluded. Moreover, it should be ntitatiferromagnetic behavior
was found in Co-implanted ZnO layers with concentrations-6f&.% and after 700C
annealing, which could be assigned to the formation of etéad€Co nanocrystal clusters
within the implanted layer [Norton 2003]. Such elementalo@usters could be below the
sensitivity of the Raman and XRD experiments of this thesis.
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| secondary phase | magnetic ordering | reference |
Mn (clusters) Paramagnet, (Superpara-) [Knickelbein 2001]
MnO Antiferromagnet [Ip 2003]
MnO , Antiferromagnet [Ip 2003]
Mn;0, Ferrimagnet [Zheng 2004]
ZnMn 0O, Ferrimagnet [Zheng 2004]
Co (clusters) Ferromagnet, (Superpara;)[Billas 1994, Park 2004]
CoO Antiferromagnet [Zhou 2007/1]
Cos0,4 Antiferromagnet [Zhou 2007/1]
ZnCo,04 Paramagnet [Kim 2004]
Fe (clusters) Ferromagnet, (Superparas:)[Billas 1994]
Fe;Oy Ferrimagnet [Zhou 2007/2]
ZnFe,O,4 (nanocry.) | Ferrimagnet [Zhou 2007/2]
ZnFe, 0, (bulk) Antiferromagnet [Zhou 2007/2]
Ni (clusters) Ferromagnet, (Superparat)[Billas 1994, Slater 1936]
NiO Antiferromagnet [Kodama 1997, Roth 1958

Table 5.8: Magnetic properties of identified or potential secondaragds in TM-alloyed
Zn0.

For Co- and Mn-alloyed ZnO, polycrystalline bulk samples avavailable grown by
a VPT technique. Their concentration is found to be hard taroband inhomogeneous,
and their crystal orientation is undefined. While no secongaiases could be identified
for these samples with concentration$ at.% by XRD and by room temperature Raman
scattering, magnons of CoO and electronic Raman scatteriegad@d* ions in CoO
were observed in low temperature Raman experiments of thdl@ed bulk samples.
The reason of the TM oxide formation at such low concentratian be attributed to the
VPT growth technique.
ZnO:Mn nanoparticles and ZnO:Co nanocrystalline layerseVadricated to study the ef-
fect of TM alloying on low-dimensional ZnO systems. It wasifiol that in a wet-chemical
synthesis the resulting position of added TM ions is harddotol and therefore TM
clustering with the organic capping molecules becomeska Esgen if the TM ions are in-
corporated in the nanocrystalline core, the results on ZeGranocrystalline layers show,
that the self purification tendency of such nanosystemsleasecondary phase formation
already at low TM concentrations. Thus, the room tempeeafteiromagnetism of these
layers observed for higher concentrations is most likely thuelemental Co clusters.
Besides the identification of secondary phases, also indisabf substitutional TM incor-
poration were found. In the case of Mn, for example, a paaéntindidate for an isolated
impurity mode was identified and the EPR signature of suligiital Mn incorporation
was observed. In addition, the luminescence of tetrahlgdrabrdinated Cé" ions was
observed in the red spectral range for all Co-alloyed samples

In summary, the magnetic properties of the studied TM-akéb¥nO systems are often
dominated by secondary phases. In Figure 5.41, the sajuliits for the TM-alloyed
samples in this thesis are displayed. Obviously, the orfsstandary phase formation is
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Figure 5.41: Observed solubility limits of the TM-alloyed ZnO systenuslisd for this
thesis. Green circles denote samples where no secondargphese detected by Ra-
man scattering and the applied complementary methods. I8amwih only few localized
secondary phase inclusions are labeled with yellow circiRed circles, finally, are used
for strong secondary phase formation. Additionally, rapdrsolubility limits for the TM
species are drawn in the diagram with vertical lines: blue $irzee used for the solubility
limits reported for MBE samples [Jin 2001], orange linesmespond to the solubility lim-
its of TM-alloyed ZnO fabricated by a solid-state reactieotnique [Kolesnik 2004]. In
the case of the TM-implanted samples and the nanocrystalitCoO layers, this diagram
shows the secondary phase properties after @@nnealing.

not only determined by the TM species and concentrationalsat by the sample dimen-
sionality and the fabrication process. While it is still pdéale that there are substitutional
TM ions on Zn sites in all samples, the origin of reportedderagnetism at room tem-
perature is ambiguous, especially for low-dimensionalesys and systems with high TM
concentrations-10 at.%. Such magnetic findings have to be supplemented @sthits on
the actual TM ion position and on the presence of secondaaggsh using methods with
high sensitivity for very small inclusions, especially ¢témental TM clusters and TM ox-
ides. Recently, these findings were confirmed by similar stdt the Forschungszentrum
Dresden-Rossendorf, where nanocrystalline secondargphelsisions were identified in
Mn-, Fe-, Co-, and Ni-alloyed ZnO and conventional XRD alons feaund to be not suffi-
cient for the identification of such precipitates [Zhou 200Zhou 2008/2, Zhou 2008/3].



Chapter 6

Nitrogen-doped ZnO

The technical issues of p-type doping of ZnO and its impaedior (opto-)electronic ap-
plications were discussed in subsection 3.2.1. One prom&cceptor candidate is sub-
stitutional nitrogen on oxygen sites N which was already successfully employed for
the fabrication of ZnO-based blue LEDs [Tsukazaki 2004].r stodying the structural
properties of doped ZnO, Raman spectroscopy is one of thegoosnonly used charac-
terization methods. Several additional Raman modes weernadxdin the Raman spectra
of N-doped ZnO [Wang 2001]. Subsequently, various other Restiadies on ZnO with
incorporated nitrogen were published. However, the orgithese modes is still ambigu-
ous and strongly disputed.

For the studies in this thesis, nitrogen incorporation Zn® was achieved by ion implan-
tation (section 6.1) and during MBE growth (section 6.2). Ti@n question is whether
the additional vibration modes are local modes of subgtital nitrogen on oxygen sites
or if they correspond to disorder-induced Raman scatteifiog.this reason, a systematic
Raman investigation was performed, whose results will beudised in detail in this chap-
ter. The additional modes as well as the structural impagctitobgen incorporation on
the ZnO crystal are studied and the samples fabricated blantgiion and by epitaxial
growth are compared. All Raman scattering experiments gésmlin this chapter were
conducted in micro-Raman configuration at room temperatitrethie 514.5 nm line of an
argon ion laser. The used scattering configuration was b80kscattering with incident
and scattered light directions along the ZnO c-axis whetetaded otherwise.
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Figure 6.1: (a) Photoluminescence spectrum of ZnO implanted with 0.032 Idt.$how-
ing a strong donor-acceptor pair transition band at abo23eV and the corresponding
phonon replica (excitationA = 325.0 nm).(b) The Raman spectra of 0.005 at.% and 0.05
at.% nitrogen-implanted ZnO (after annealing) are neadgntical to the spectrum of pure
ZnO (excitation:\ = 514.5 nm).

6.1 Nitrogen doping of ZnO by ion implantation

6.1.1 Experimental results

Hydrothermally grown ZnO single crystals from CrysTec (Berlvith (0001) orientation
were implanted with nitrogen ions. The implanted N conaaiuns studied for this thesis
are 0.005 at.%, 0.032 at.%, 0.05 at.%, 1 at.%, 2 at.%, and/dratative to O within a
box-like implantation profile of about 200-300 nm. 0.005%atige to O, for example,
corresponds to a volume density of about 2*%1@n—3. After the implantation process, all
samples were annealed at 6@in vacuum for 30 min. For the 1 at.%, 2 at.%, and 4 at.%
samples, an additional 80C annealing was applied.

The acceptor effect of incorporated nitrogen in ZnO crgsi@teflected in their PL spectra
by the occurrence of a donor-acceptor pair (DAP) band [M20é4, Reuss 2004, Tamura
2003]. This band corresponds to electron-hole recomtunatin donor-acceptor pairs af-
ter optical excitation of a semiconductor above its band[apmas 1964]. As described
in subsection 3.2.1, ZnO crystals are intrinsic n-type dr&dpresence of abundant donor
levels can be expected. Therefore, the intensity of the DARsitions reflects the number
of acceptor levels created by the nitrogen incorporatianthe PL spectra of as-grown
ZnO, no DAP transitions are observed. In contrast, the DARIl= about 3.23 eV and
its phonon replica occur very strong in the low temperatursgectrum of the 0.032 at.%
N-implanted ZnO in Figure 6.1a. This spectrum was recordet &00°C vacuum an-
nealing, which proved to be preferable to annealing in airrfl2008]. The PL experiment
was conducted at 15 K with the 325.0 nm line of a He-Cd laserchvimplies strong ab-
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sorbance in the ZnO crystal and therefore high surface tsetysiWhile the strong DAP
band intensity confirms the presence qf Bicceptors, the systems could not be identified
as p-type because the required transport experiments warglicated by the system ge-
ometry. The properties of the implanted layer of sub-depth strongly depend on the
n-type ZnO host crystal. Nevertheless, p-type behaviorrepsrted for N-implanted ZnO
[Lin 2004, Tsai 2008] and, in any case, these nitrogen-imtpld layers are well-suited
model systems to study the optical and structural propedi®-doped ZnO.

In Figure 6.1b, the three Raman spectra of pure ZnO, 0.005%rd-0.05% N-implanted
ZnO show the same features. They can all be assigned to thectéréstic phonon modes
of pure ZnO presented in subsection 3.1.2(high)-E(low) at about 332 cm!, E,(high)

at about 438 cm!, very weak A(LO) at about 576 cm', and second order features be-
tween 1000 cm! and 1200 cm!. Other weak peaks correspond to multi-phonon modes
as presented in Table 3.1 in subsection 3.1.2. No additimoales are observed at such
low nitrogen concentrations. This seems to contradict theirfigs of Kaschner et al.,
who observed strong additional Raman modes for N concemisatyf only 0.0025 at.%
[Kaschner 2002]. However, the wavelength of 514.5 nm useth®bRaman scattering ex-
periments implies that the Raman signal is derived not s@lefy the implanted layer, but
mostly from the underlying intact ZnO crystal. In contrabe samples used in the work
of Kaschner et al. were grown by chemical vapor depositiahratrogen is incorporated
throughout the ZnO crystal.
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Figure 6.2: (a) Raman spectra of 1 at.%, 2 at.%, and 4 at.% nitrogen-implrzaO
before annealing, compared to pure ZnO (excitatiars 514.5 nm). Upon N implantation,
strong additional modes and a broad background signal otatween 250 crt and 900
cnt ! and a very broad band evolves between 1000 'cand 1800 cm!. (b) Raman
spectra of (a) shown in the lower-frequency region. Additionades (AM) are marked by
vertical lines.

To study the effect of N incorporation on the Raman spectraefilplanted sam-
ples, higher concentrations are required. For this purgbsel at.%, 2 at.%, and 4 at.%
N-implanted ZnO crystals were fabricated. Not only the etpé Raman intensity of po-
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tential additional modes is higher due to the increasedgéin concentration, but also the
relative contribution of the implanted layer to the total Ramsignal increases. By compar-
ison with literature data on ZnO implanted with comparabledscentrations [Friedrich
2007, Reuss 2004], the sensitivity of the Raman setup usedtiifothesis is found to be
very competitive. Note that these nitrogen concentratamesstill in an applicable range.
For example, Tsukazaki et al. achieved p-type ZnO with eagdncentration in the 10
cm~? range by a nitrogen concentration of about 0.5 at.% [TsWi&@404]. Figures 6.2a
and 6.2b show the 1 at.%, 2 at.%, and 4 at.% N-doped ZnO csyatalr implantation and
without thermal annealing compared to pure ZnO. Two frequeBgions are especially
affected by the nitrogen implantation: Strong additionald®s and a broad background
signal occur between 250 crhand 900 cm! and a very broad band evolves from 1000
cm~! to 1800 cn1!, superimposing the ZnO two-phonon features at 1000-1200 cBe-
sides the broad signals, sharp additional modes can béfiddrit about 273 cm', 381
cm~!, 509 cn!, 579 cnm!, and 640 cm!. Since there are no modes with 273 Tm
509 cnt!, and 640 cm! in pure ZnO or in ZnO implanted with other ions, these Raman
features can be identified as nitrogen-related. The modasoatt 380 cm! and 580 cm*
are located near the frequency positions of th€T®) mode and the ALO) mode of pure
ZnO, respectively. In implanted and unannealed ZnO, thstalylisorder can lead to re-
duced symmetry. Therefore, modes can be observed, whidyamaetry-forbidden in the
used scattering configuration. This is possibly the cas¢thfofeature at 380 cm, which
could correspond to the ATO) mode. Such modes would be expected to disappear after
thermal annealing in contrast to modes related to the ircatpd impurities.
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Figure 6.3: (a) Raman spectra of 1 at.%, 2 at.%, and 4 at.% nitrogen-impldteO after

30 min annealing at 600C in vacuum, compared to pure ZnO (excitatioh:= 514.5
nm). Again, the additional modes between 250 tand 700 cm! and the broad band
between 1000 cm and 1800 cm* occur. The broad band is also indicated in the spectrum
of the pure ZnO samplglb) Raman spectra of (a) shown in the lower-frequency region.
Additional modes are marked by solid vertical lines, ingitmZnO modes are marked by
dotted vertical lines.
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In chapter 5, resonance effects due to disorder-enhan@ddidfr scattering were ob-
served, especially for LO modes. Therefore, the strongtiaddl mode near the ALO)
frequency can hardly be distinguished from the broad desdodnd, which was identified
for all implanted and disordered samples in chapters 4 aAg&in, such a disorder signal
is expected to be strongly reduced by thermal treatmentthedefore, an unambiguous
assignment should be able upon annealing.

Figures 6.3a and 6.3b show the Raman spectra of the 1 at.%%2 amd 4 at.% N-
implanted samples after 60C thermal annealing in vacuum for 30 min. Vacuum anneal-
ing at this temperature was found to be ideal for N activatamdeduced from the DAP
signature in PL experiments [r 2008]. The feature at about 380 thyobserved be-
fore annealing in Figure 6.2, has disappeared and can tinerieé attributed to the ATO)
mode, which obeys the symmetry selection rules in this moered system after anneal-
ing. Moreover, the background in the 500-900 ¢megion is strongly reduced as it can
be expected for an improved crystalline quality. In cortirdse additional modes at 274
cmt, 510 cntt, 582 crt, and 643 cm! are still clearly observed. The 582 cinmode
near the A(LO) position is narrower than the disorder band observeather implanted
systems in the chapters 4 and 5. Moreover it is observed gtdlglhigher wavenumber
position & +5 cn!) than the weak A(LO) mode in the spectrum of the pure ZnO. This
indicates a different origin of the 582 cradditional mode than the ALO) phonon, what
will be confirmed in subsection 6.1.2. The higher-frequestoyulder of the 643 cnt ad-
ditional mode corresponds to a multi-phonon mode of ZnO disated by the vertical line
in Figure 6.3b.

The strong band between 1200 thand 1700 cm! is still observed after the 60 an-
nealing for all concentrations. However, two shouldersraselved now in contrast to the
single broad band observed before annealing. Interegtitigs two-shoulder signature is
also indicated in the spectrum of the pure ZnO crystal afd@°€ annealing.

The Raman spectra of the 1 at.%, 2 at.%, and 4 at.% samplesiai#eond annealing
step in vacuum are displayed in Figures 6.4a-c. With@D@annealing, the crystal disorder
has been further decreased and substitutional incorparatight be supported. However,
a slight decrease of the DAP intensity was observed in theffeL annealing with temper-
atures higher than 60@.

First, the broad structure between 1200¢rand 1700 cm! is discussed. Such a structure
was not observed or reported for pure ZnO or nitrogen-dopedl. Zt resembles, however,
the well-known Raman signature of carbonaceous materiahjda 1995]. Small carbon
impurities were detected by SIMS measurements, but fambtile detection limit of Ra-
man scattering. This holds true even for carbonaceous mlatehich can show strong
Raman resonance if in graphite or graphene structure (seeeF2g4 in subsection 2.1.2).
The spectrum of the 4 at.% N-implanted ZnO is shown twice guFe 6.4a: before and
after surface treatment with ethanol. Obviously, the brsigdal between 1200 cm and
1700 cnT! has disappeared after this cleaning procedure. Therdfisesignal presum-
ably corresponds to a surface pollution with carbonaceatsmal. This pollution may be
caused by residua of the carbon pads used to fix the samplieg duplantation. While
the pads were attached only to the sample backside, thdipaollf the surface could have
happened during the removal of the pads in alcoholic salutiaterestingly, this additional
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Figure 6.4: (a) Raman spectra of 1 at.%, 2 at.%, and 4 at.% N-implanted ZnQ afte
30 min annealing at 800C in vacuum, compared to pure ZnO (excitatioh:= 514.5
nm). The spectrum of the 4 at.% sample marked by an asterisissthe Raman results
after thorough surface cleaning using ethanol. The broaddbbetween 1200 cm and
1700 cn! has disappeared after this treatment and is identified abaaaceous surface
pollution. (b) Raman spectra of (a) shown in the lower-frequency region. thahdil modes
are marked by solid vertical lines, intrinsic ZnO modes aerked by dotted vertical lines.
The intensity of the additional modes clearly scales withrii®gen concentration(c)
Raman spectrum for the 4 at.% N-implanted ZnO crystal aft€r D and with longer
integration time (excitation:A = 514.5 nm). A fifth additional mode is resolved at about
860 cn1!. The additional modes are labeled by their vibrational fregcies.
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band was also observed in Figure 6.3a for the pure ZnO sampis.could be caused by
contact of the pure ZnO sample with the implanted samplesgisample processing (an-
nealing, storage, transport).

The intensity of the additional modes clearly scales withXhconcentration after the 800
°C annealing (Figure 6.4b). The additional mode at about 582 cnear the A(LO) mode
position, is not significantly reduced despite the thoroaghealing. This is in contrast to
the behavior of the disorder band in this region observetienmplantation experiments
in the chapters 4 and 5. Relative to thglitgh) modes, the additional modes show slightly
weaker intensity after each annealing step. However, asisied above, annealing also
improves the transparency of the implanted layers, aneétber, more Raman scattering
signal derives from the substrate below. If this effect ista&en into account, the intensity
reduction of the additional modes with annealing in N-inmpéal ZnO can result in mis-
leading conclusions, e.g. in [Artus 2007]. In Figure 6.4Raman spectrum of the 4 at.%
N-implanted sample is shown, which was recorded with lomgggration time. Besides
the already mentioned additional modes at about 275'¢B6i1 cnr!, 582 cnT!, and 644
cm !, a weak feature occurs at about 860 ¢mThe origin of these five additional modes
is discussed in detail in subsection 6.1.2.
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Additional Raman features (cnr!)
Reference AM1 | AM2 | AM3 | AM4 | AM5 | p-type
[Wang 2001] 274 | 508 | 581 | 642 | 857 no
[Kaschner 2002] 275 | 510 | 582 | 643 | 856 no
[Reuss 2004] 275 | 508 | 579 | 642 - no
[Du 2005] 274 | 508 | 580 | 642 | 857 yes
[Haboeck 2005]| 275 | 510 | 582 | 643 | 856 no
[Lu 2006] 275 | 506 | 579 | 642 - no
[Tu 2006] 275 | 508 | 581 | 640 | 854 yes
[Wang 2006/2] | 275 | 504 | 575 | 644 - no
[Yu 2006] 275 | 510 | 576 | 640 - no
[Artus 2007] 275 | 510 | 580 | 640 | 850 no
[Friedrich 2007]| 275 | 510 | 577 - - no

Table 6.1: Additional modes reported in various Raman studies on N-d&pe. The

origin of the additional modes proposed by the authors iscaigd by the text color: red
= localized vibration of substitutional nitrogen; blue =timnsic ZnO modes or nitrogen-
related complexes.

6.1.2 Discussion: Origin of the additional Raman features

The sharp additional modes in N-doped ZnO were reportedhédiintst time in [Wang 2001]
and since then observed for various N-doped systems duregetent years. Table 6.1
summarizes, in chronological order, the reported frequeatues of the additional modes
as well as the assignments made by the authors of the mosin@ainand most recent
publications on this topic. As can be seen, the initial apinvas that the additional modes
correspond to localized vibrational modes of substitwglaritrogen on oxygen sites. In
recent publications, this opinion is not shared. Intrind© modes or nitrogen-related
complexes are favored for the explanation of these features

Localized impurity modes due to substitutional nitrogen

After the first report in [Wang 2001], Kaschner et al. prowdagfirst explanation of the

additional modes in N-doped ZnO [Kaschner 2002]. They hedrall five additional fea-
tures to localized vibrations of nitrogen atoms on oxygéessand based their suggestion
mainly on two findings: (i) A successful nitrogen incorpaatwas confirmed by SIMS,
and (ii) the intensity of the additional modes was found talsavith the nitrogen con-
centration. However, both findings would also be consistetit other explanations, for
example with nitrogen complexes or ZnO defects induced bsemsing nitrogen impurity
concentration.
In subsection 2.3.2, theoretical considerations werespitesl to the question in which fre-
qguency regions localized vibrations of impurities can ewishout coupling to eigenmodes
of the surrounding crystal lattice. For ZnO, this is possiiol the frequency gap between
the acoustic and the optical phonon modes, from about 270 tm¥10 cnt!, and above



6.1 Nitrogen doping of ZnO by ion implantation 147

the highest optical phonon mode frequency, i.e. above ad@@QitcnT!. The frequency
positions of the additional modes observed in subsectibri @Gre 275 cm', 511 cn?,
582 cnr!, 644 cn!, and 860 cm!. Therefore, the feature at about 275 ¢ntould be

a gap mode and the features at about 644'cand 860 cm' could be local vibrational
modes. In contrast, the 511 cirmode is in a frequency region with high phonon density
of states and the 582 crhfrequency position is near the LO phonon modes (see subsec-
tion 3.1.2). The mass of the substituting nitrogen atom @aB5% of the oxygen mass.
As a consequence, generally higher vibrational frequenca® be expected compared to
the existing ZnO modes. This contradicts the assignmemteo75 cm! feature to a gap
mode of substitutional nitrogen.

In the related host material ZnSe, an experimental prodbfmalized vibrational modes of
nitrogen was presented by the use of infrared absorpti@if3094]. ZnSe samples were
implanted with the nitrogen isotopgéN and for comparison alternatively witfiN. As a
result of the difference in mass, two vibrational frequesaivere observed, at about 537
cm~ ! and about 553 crmt. This result is in perfect agreement with the frequencyresiti-
mated in a diatomic model for localized vibrations of the bltages against Zn neighbors,
in which case the relevant parameter is the reduced masslotbostituents [McCluskey
2000]:

VLVM(15N) [L(14N, Zn) ~ (.97 & 537 cmfl (61)

VLVM(MN) M(15N, Zn) 553 em~—t’

124

Analogously, ZnO crystals were implanted wititN and!®N ions by Artus et al. and the
frequency positions of the additional Raman features weaiyaed [Artus 2007]. With the
factor of 0.97 derived above, the frequency positions ofweestrongest additional modes
at about 275 cm! and 582 cm* could be expected to show a red-shift of about 8 €and
17 cn!, respectively, for the sample implanted with tha&l isotope. Such shifts should
be easily detectable with the typical experimental resmiubelow 2 cnt! in conventional
Raman setups. However, no frequency shifts occurred foettves strong modes. The
same behavior was observed for the additional mode at ald@ucisr!. Therefore it is
excluded that the modes at 275 tim510 cnt!, and 582 cm' are localized impurity
modes of substitutional nitrogen. The modes at 644 'cand 860 cm' could not be ob-
served in this work due to insufficient sensitivity. Furtinere, as stated above, they lie in
a frequency region which is expected for local impurity modénitrogen. On the other
hand, all five additional modes show the same intensity hiehapon annealing and for
increasing nitrogen concentrations. Therefore, the samgendor all additional modes
seems most probable.

Another possibility of localized vibration modes was sugfgd in [Wang 2006/2]. They
calculated the local phonon density of states (LPDOS) abuarpossible configurations
in N-substituted ZnO using a real-space approach. A vibmatimode with 275 cmt fre-
quency was found in these calculations for a Zn atom if onesafeéarest oxygen neighbors
is substituted by nitrogen atoms. This vibration would rattcadict the findings in the iso-
tope experiments of Artus et al. because the vibration igliped at a Zn atom. However,
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this theoretical finding regarding the 275 thmode origin has not been supported exper-
imentally up to now and only covers this single mode.

Nitrogen-related complexes

Since the possibility of localized vibrational modes of stitlational nitrogen on an O
site was ruled out by isotopic studies, an explanation afad in literature is the forma-
tion of not further specified nitrogen-related ‘complex@stus 2007, Friedrich 2007]. In
the following, several possible complexes are analyzek rgjard to the Raman scattering
results obtained in this thesis.

First, nitrogen-hydrogen complexes are discussed. Inped&nSe, the N-H stretching
and wagging vibrations of nitrogen-hydrogen complexesvediserved by Raman scatter-
ing at about 3200 cm and 800 cm*, respectively [Wolk 1993]. Haboeck et al. observed
several high-frequency Raman features in N-doped ZnO betabeut 2200 cm! and
2300 cnt!, which they assigned to the vibrations of lattice-boundsNiHaboeck 2005].
The N-H stretching mode in ZnO:N was reported by Nickel etatl.about 3100 cmt,
while other modes between 2800 chand 3000 cm! were assigned to C-H vibrations
[Nickel 2003]. In contrast, no additional modes have beeseoked in the Raman spectra
of N-doped ZnO in this thesis in the frequency range betw&@802n1! and 3200 cm'.
The broad band between 1200 thand 1700 cm! in several spectra of subsection 6.1.1
could be ascribed to carbonaceous surface pollution. Iitiaddeven 30 min annealing at
800°C did not result in a disappearance of the additional mod#sgven a significant in-
tensity decrease could be detected. These findings cacttthdiinvolvement of hydrogen,
which is expected to be volatile at such high temperaturdsdmich leads to typical vibra-
tional frequencies much higher than the observed additimodes. The formation of N
molecules on oxygen sites is not excluded in N-doped ZnCals/H_ee 2001]. However,
the calculated vibrational frequencies of such substinai N, are about 1500 cnt and
2150 cnt! [Limpijumnong 2005]. In the same publication, also the giiwns of NQ, are
simulated (950 cm' and 1500 cm*).

In summary, the expected strongest modes for the most pebélogen and nitrogen-
hydrogen complexes in ZnO are located at high wavenumbaesalue to the low masses
of N and H. In these high frequency regions, no indicationaduitional modes are ob-
served in the Raman spectra for this thesis. Thus, it is nelylithat the observed additional
modes at low wavenumber values are caused by such complexes.

Disorder-induced Raman scattering

The most widely recognized publication on the origin of tdeitional Raman modes
in N-doped ZnO is a work by Bundesmann et al. They suggestlieadditional modes
correspond to disorder-induced Raman scattering, indegperfdom the species of the
disorder-producing impurity [Bundesmann 2003]. Experitakavidence for this sugges-
tion was presented in form of Raman scattering results orSke; Al-, Ga-, and Li-alloyed
ZnO. Features near or exactly at the frequency positiortsecddditional modes were most
strongly seen in the Raman spectrum of Al-alloyed ZnO andarsffectrum of one of the
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two studied Ga-alloyed samples. In addition, smaller festnear the discussed wavenum-
ber values were also observed for the Fe- and the Sb-all@yegles. The Li-alloyed sam-
ple showed no additional modes.

These findings are in marked contrast to the findings of tlasish Among all ZnO-based
systems with various impurity elements, concentratioasti€ation techniques, and after-
growth treatments, these modes are only seen in nitrogpaeddnO systems. Especially,
ZnO implanted with Ar, Mn, Ni, V, Co, or Fe did not reveal any ication of these modes.
These findings are confirmed by numerous Raman studies ofreearch groups. For ex-
ample, additional modes were observed in N-implanted Zn®nbt in samples implanted
with P, O, Zn [Artus 2007], O, Si, Ga [Yu 2006], Ga [Reuss 20@4hjd H [Friedrich 2007],
respectively. The implantation and annealing studies bssation 4.1.1 and section 5.1
demonstrate that a broad and intense band in the LO regidraiscteristic for disorder-
induced Raman scattering in ZnO, reflecting the phonon deps$istates and disorder-
enhanced Fhlich scattering of the ALO) mode. In these experiments, no additional
modes are induced by the structural disorder.

How could the findings of Bundesmann et al. be explained indbigext? The strongest
additional modes were observed for Al alloying and in onenefZnO:Ga samples, while
the other Ga-alloyed sample shows much weaker additiondérsignature. The difference
between the two Ga-alloyed ZnO crystals was the atmospheiegdgrowth. The sample
with the weak additional modes was grown in oxygen atmosphée sample with the
strong additional modes in nitrogen atmosphere. This sstgdkat nitrogen was acciden-
tally incorporated during growth and induced the strong esad the respective Ga-alloyed
sample. In addition, Bundesmann et al. can not exclude mtr@gncentrations below 3
at.%. As can be seen from the results in subsection 6.1.h,ncentrations could easily
account for the observed additional modes. The weak additmodes in the Fe-, Sb-, and
Ga-alloyed sample are therefore attributed to uninteatiartrogen incorporation during
growth.

An interesting case is the Al-alloyed sample. It was growmxygen atmosphere, but
still shows very strong additional modes at about 276 %09 cntt, 579 cnt!, and
643 cnl. In contrast to Fe-, Sb-, and Ga-alloyed ZnO, this findingAballoyed ZnO

is confirmed by the experimental studies in [Choopun 2007]olz2000, Tzolov 2001].
However, no additional modes are observed in other Ramaiestod Al-alloyed ZnO
systems, for example in [Behera 2008].

To summarize the experimental situation, the additional@sare reported in most nitrogen-
alloyed ZnO systems, in few studies on Al-alloyed ZnO, andstveral alloy elements in
the work of Bundesmann. They are not observed in numerous siilndies on disordered
ZnO or ZnO alloyed with other impurities than N or Al. The Ransgnature of the
nitrogen-doped systems does not agree with the Raman sgectesally seen in disor-
dered ZnO.

Impurity-activated silent modes
Using an ab initio method, Manjon et al. calculated the \tibraal frequencies of the

B, (low) and B (high) mode of ZnO [Manjon 2005]. These modes are silent rmpde.
not observable in Raman scattering and infrared absorptidernunormal conditions. The
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computed vibrational frequencies of ®w) and B (high) are 265 cm! and 552 cm?,
respectively. While the frequency of thg w) mode agrees quite well with the addi-
tional mode observed at about 275 Tmthe frequency difference between thg(lidgh)
calculation and the additional mode at about 582 tim rather high. Nevertheless, several
arguments support such an assignment. The applied abrimetiood calculates the,ALO)
and E(LO) phonon modes of ZnO with about 550 chand 560 cm!, respectively [Ser-
rano 2004], compared to their experimentally observedieagies of about 574 cm and
590 cnmr!, respectively [Cusco 2007]. This underestimation of abduti®! to 30 cn1't
could explain the frequency discrepancy between the atledilB (high) mode at about
552 cnt! and the observed additional mode at about 582 'cnProvided that this silent
mode assignment is correct for the 275<¢nand 582 cm'® additional modes, the other
modes could be explained by multi-phonon processes inwplihe silent modes. Taking
the experimental data,; Ehigh)+B; (low) could be expected at about 857 thwith much
weaker intensity, in good agreement with the additional enatiabout 860 cm. The
modes at about 511 crhand 644 cm! are assigned to 2xBow) and B (high)+TA. The
experimental data presented in subsection 6.1.1 suppsrastignment. The two modes
assigned to Blow) and B, (high) show the strongest intensity. Furthermore, thesdaso
are narrow compared to the disorder-induced Raman scatteliserved in many TM-
alloyed samples in chapter 5. The additional modes pengist after thorough annealing,
which contradicts the hypothesis of pure, structural disogas origin.

a 0.8 at.% Mn impl. ZnO E,(high) b 4 at.% N impl. ZnO *
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Figure 6.5: () Raman spectra of 0.8 at.% Mn-implanted ZnO without annegiewprded

in different scattering configurations (excitation:= 514.5 nm). The disorder-enhanced
A;(LO) mode is symmetry-forbidden if the directions of inoidend scattered light are
perpendicular to the ZnO c-axis, i.e:(...)z. (b) Raman spectra of 4 at.% N-implanted
ZnO after 800°C annealing, recorded in different scattering configurasdexcitation:\
=514.5 nm). In both configurations, all additional modes &isible, including the one
with vibrational frequency similar to the;£LO) phonon mode.

The assignment of the signal at about 582 ¢rto the B (high) phonon mode is not
shared by most publications, where it is assigned to tf{e®@) mode. In fact, the ALO)
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mode frequency is very near to this additional feature (a6@4 cn1') and is known to be
sensitive to disorder as shown in chapters 4 and 5. The sinbergsity and the frequency
position of this additional mode might suggest that it isAh€_O) mode of ZnO, disorder-
enhanced by nitrogen incorporation. Friedrich et al., fareple, compare nitrogen- and
hydrogen-implanted ZnO without thermal annealing [Frigld2007]. In both samples, the
disorder band in the ALO) region is observed, in agreement with the implantasidies

of this thesis (e.g. subsection 4.1.1). From this fact, twclude that the additional mode
reported for nitrogen in this region is identical with the(RO) mode. As will be shown
in the following, this assignment is quite arguable. The enisdhot reduced to nearly zero
despite a thorough annealing at 8@ Furthermore, it is narrower than the broad disorder
band.

To clarify the origin of this additional mode at about 582 ¢mRaman experiments were
conducted with different scattering configurations: (gident and scattered light direc-
tions along the ZnO c-axis, i.e:(...)z and (ii) incident and scattered light directions per-
pendicular to the c-axis, i.ex(...)z. To be sensitive for diagonal as well as off-diagonal
Raman tensor components, no polarization selection of thgesed light was used. The
A1(LO) mode is symmetry-forbidden in both(yy)z and z(yz)z configuration [Cusco
2007]. Figure 6.5a shows the Raman spectra of 0.8 at.% Mramgd ZnO, recorded in
z(...)z andz(...)z configuration, respectively. This sample was chosen becaassec-
ondary phases are expected or indicated and, in the usti@rgog configuration, it shows
the broad band in the ALO) region characteristic for disordered ZnO. As expedteth
the selection rules, this,/ALO) band is not observed in the...)z scattering configuration.
Only the ZnO modes allowed for this symmetry are observed, the E(high)-E(low)

at about 330 cmt, the A (TO) at about 377 cm', the E(TO) at about 410 cm', and
the E(high) at about 437 cmt. These ZnO modes are also observed inithe)z con-
figuration for the 4 at.% nitrogen-implanted sample in FeggGrSb. But in addition, the
modes at about 275 cmh, 510 cnt!, and 580 cm! are visible, too. Therefore, it is clear
that the additional mode at about 580 tnhas a different origin than the well-known dis-
order band. Presumably, it is the activatedtgh) and only coincides with the £LO)
frequency position.

Besides the observed silent modes and silent-mode-relatkdphonon features, an addi-
tional feature is predicted in [Manjon 2005]. The(Bigh)-B, (low) feature can be expected
at about 582 cm! minus 275 cm!, near the E(high)-E (low) phonon mode. In fact, the
difference mode can be observed as a lower-frequency stroafdhe E(high)-E(low)
mode in Figure 6.5b. A two-Lorentzian fit gives a frequencyabbut 310 cm! for this
shoulder assigned to the, Blifference mode. Note that this difference mode is allowed
even in pure ZnO and was observed with very weak intensity mdascattering [Cusco
2007].

Further support for the mode assignment comes from the wditsan of disorder-activated
scattering of B silent modes in other wurtzite-type materials such as InANGAIN [Man-
jon 2005]. As to the reason for thg Bilent mode activation in the case of nitrogen, Man-
jon et al. suggest the strong change of the electronic ptiegdyetween nitrogen and the
substituted oxygen due to central-cell corrections, wieispecially affect elements of the
first row of the table of the elements. Following this reasgnithe absence of additional
features in the TM-alloyed ZnO systems in this thesis co@dkplained because Zn is
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substituted by the electronically similar TM elements V, Mie, Co, and Ni. Tzolov et
al. explained the occurrence of additional modes at abo#ic7 ! and 580 cm* in Al-
alloyed ZnO with the carrier introduction by Al doping andriuted the Raman signals
to silent mode activation by electric-field-induced Ramaattscing [Tzolov 2000, Tzolov
2001].

Conclusion of the additional mode discussion

To conclude, additional modes were observed in the Ramarrapdaitrogen-doped
ZnO at about 275 cmt, 511 cnt!, 582 cnrt, 644 cn!, and 860 cm!. They are assigned
to the impurity-activated silent modes, w) and B (high) and related multi-phonon
modes. Since they are not observed in other ZnO systemssithibsis, the silent mode
activation can be described as characteristic for nitrpganit is not excluded for other
elements. Regarding literature results, another candatatiel be aluminum-doped ZnO,
for example. The mechanism behind the silent mode activdtyonitrogen incorporation
stays unclear. Possible directions could be (i) the diffeegectronic properties of nitrogen
and the substituted oxygen or (ii) a correlation with theidggffect of nitrogen on oxygen
sites. If the mechanism is clarified in future work, the aiddi&l modes might be used as
confirmation of substitutional nitrogen on oxygen sitesrtiker insight in the connection
between the additional modes and other structural andadgtioperties of N-doped ZnO
was achieved in the experiments with MBE-grown samples pteden section 6.2.
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Figure 6.6: Overview over the MBE-grown, nitrogen-doped ZnO samples232Band
MB256 were heteroepitaxially grown on sapphire substrate fidt shown MB254 differs
from MB256 only by the nitrogen concentration (40% and 668spectively). MB308 and
MB309 were grown homoepitaxially on Zn-polar and O-polar ZnOsrate, respectively.
MB327 consists of a nitrogen-doped ZnO layer on top of a lggality ZnO layer, grown
on O-polar ZnO substrate.

6.2 Nitrogen doping of ZnO by epitaxial growth

Nitrogen incorporation by ion implantation, as discussedection 6.1, induces disorder,
which is known to add to the intrinsic n-type properties ofXkpitaxial growth by MBE,
on the other hand, permits nitrogen incorporation into Zn@aewt irradiation damage.

In a heteroepitaxial growth series, N-doped ZnO samples geawn on sapphire substrate
with ‘nitrogen concentrations’ o of 25%, 40%, and 66%, referred to as MB252, MB254,
and MB256, respectively. Additionally, the homoepitaxiahgples MB308, MB309, and
MB327 were grown with ‘nitrogen concentrationsy irom 22% to 33%. For both series,
ny denotes the fraction of nitrogen molecules to the total nemalb nitrogen and oxygen
molecules in the gas phasey = Ny / (N, + O;). Figure 6.6 shows the designs of these
samples. The not shown MB254 differs from MB256 only by theagiean concentration.
All samples were grown at 45. Further details concerning the experimental setup are
provided in [Bakin 2006].

This section again focuses on the additional Raman featt@ir@g@gen-doped ZnO. Fur-
thermore, the influence of the different growth conditiomstlee structural properties of
the ZnO:N top layers and on the doping effect of nitrogenuslistd.
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Figure 6.7: Raman spectra df) MB252, grown with 25% nitrogen in the gas phase, and
(b) MB256, grown with 66% nitrogen in the gas phase (excitatiars 514.5 nm). The
microscope pictures show the surface spots where the laseiosased during the Raman
scattering experiments. The additional modes occur in pleetsa recorded with focus on
the dark islands and are related to activatedddent modes of ZnO. Signals marked by an
asterisk come from the sapphire substrate.

6.2.1 Nitrogen-doped ZnO, grown by heteroepitaxy

Before the spectroscopy experiments, the surface topolbthedeteroepitaxially grown
samples MB252, MB254, and MB256 were studied by optical miapgq50x). The
surface of MB252, grown with 25% nitrogen in the gas phase gistiphomogeneous with
only few dark spots ofim size. This changes with increasing N concentration in t g
phase. The density of the black spots increases from MB2528834 (40%), and from
MB254 to MB256 (66%). Surface pictures of MB252 and MB256 are shiowrigure 6.7,
together with micro-Raman scattering results recordedesbdusing on different spots of
the sample surface. Besides the well-known ZnO phonon mddedRaman spectra of
the dark spots exhibit strong additional modes at about 274 ¢510 cnt!, 581 cnr!,
643 cnt!, and 856 cm!, which were identified as activated, Bilent modes and their
corresponding multi-phonon processes in section 6.1. Mhemogeneous broadening
of the mode at about 581 crhand the strong background between 400 €rand 700
cm™!, especially in MB256, strengthen the impression of a poarcsiral quality within
these spots. The spectra taken with focus on the surrousdirigce show no additional
features, but only ZnO phonon modes. Nevertheless, therecme of the A(TO) mode
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at about 378 cm' and the rather strongALO) mode at about 577 cm indicate reduced
structural quality in these regions as well. In the used® I&kscattering configuration
with incident and scattered light directions along the Zréxis, the A(TO) is symmetry-
forbidden and the ALO) is usually observed with very weak intensity in welHered
ZnO [Cusco 2007]. Note that the;AO) occurs even stronger in the spectra taken with
focus on the dark islands. These findings show that, undeusgbd growth conditions,
nitrogen incorporation is inhomogeneous and induces fgignit disorder in the ZnO:N
top layer. The disorder clearly scales with the used nitnagecentration in the gas phase.
The additional modes are only seen when focused on the dat&, spdicating a stronger
nitrogen incorporation than in the surrounding surfaceoreg) To further study this aspect
and in order to fabricate ZnO:N samples with improved stiadtquality, homoepitaxial
samples were grown, which will be discussed in subsecti®26.

a E,(high) ZnO:N MB 308 b —— MB327 - ZnO:N top layer
ZnO substrate ZnO:N 22% (300 nm) —— MB327 - ZnO layer
ZnO:N MB 309 —— MB327 - ZnO substrate
— ZnO (700 nm)
3 AM =
.e _2 ZnO
8 T Zn-polar
Z 2z MB327
g 5
Slav g (high) AM AM £ | (AM) U’V') (AM)
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Figure 6.8: (a) Raman spectra of MB308 and MB309, compared to pure ZnO sbstr
(excitation: A =514.5 nm). Both samples were grown with 33% N in the gas phasa0BIB
on Zn-polar ZnO substrate, MB309 on O-polar substrate. F&B3@8, additional modes
are observed, indicating nitrogen incorporatiofn) Raman scattering on the different lay-
ers of MB327 (excitationA = 514.5 nm). The spectra of the O-polar ZnO substrate, the
high-quality ZnO buffer layer, and the ZnO:N top layer aremtical within the experimen-
tal sensitivity. In particular, no additional modes are epged in the top layer, despite 22%
nitrogen in the gas phase.

6.2.2 Nitrogen-doped ZnO, grown by homoepitaxy

For the samples MB308 and MB309, a ZnO:N top layer was growrctiyren Zn-polar
and O-polar ZnO, respectively. For both samples, a nitr@eg&centration in the gas phase
of 33% was chosen. In the microscope pictures (50x), thesesfof both samples were
found to be homogeneous. In particular, no dark islands wbeerved as seen on the
surface of the heteroepitaxial samples in subsection .6NeYertheless, huge differences
occur in the Raman spectra of the samples, as shown in Figgae W/hile the spectrum
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of MB309 only reveals the Raman features of pure ZnO, the aadilj B -related modes
are observed at about 274 th 510 cmt, 580 cnt!, and 644 cm! for MB308. In both
samples, no symmetry-forbidden modes occur.

To evaluate these findings, the results of transport exgetisrare taken into account. The
top layer of MB309 shows n-type conductivity like undoped Zm®contrast, the ZnO:N
layer on top of MB308 is semi-insulating, indicating that thicogen incorporation led
to a compensation of the ZnO-intrinsic donor levels. Thiglpauccessful doping is ac-
companied by the occurrence of the additional Raman featliteés may indicate that the
additional Raman modes could be suited to test substitutivtnagen incorporation after
all. However, the mechanism behind the activation of trensiB, modes should be under-
stood in advance.

In addition, it can be stated that growth of ZnO:N layers orpotar substrate is the more
promising growth procedure. In this context, Lautensagaet al. recently reported that
the structural quality of ZnO epilayers grown on Zn-polad &polar ZnO substrate show
equivalent structural properties within the experimestisitivity of AFM and XRD, but
differ in the optical properties [Lautenschlaeger 2008HdAional excitonic recombina-
tions in low temperature PL spectra (excitation 325 nm)datk a higher degree of unin-
tentional impurity incorporation for growth on O-polar siitate.

To further study the influence of the ZnO substrate polakit327 was grown on O-polar
ZnO substrate, but with a high-quality ZnO buffer layer. Shuffer layer has a very low
defect density and a n-type carrier concentration beloW d&®—3. No significant inhomo-
geneities were resolved with 50x optical microscopy on thiéase of the ZnO:N top layer.
Figure 6.8b shows the Raman spectra taken on the ZnO subsimates ZnO buffer layer,
and on the ZnO:N top layer, respectively. Within the expental error of the applied
Raman scattering method, no differences are observablese gpectra. The narrow peak
width of the E(high) mode at about 437 crh, the weak intensity of the ALO) mode at
about 577 cm!, and the weak background confirm the high structural quafityre lay-
ers. However, Raman spectroscopy indicates no nitrogemgacation. In particular, no
additional modes occur in the spectrum of the ZnO:N top lakese results confirm that,
under the used growth conditions, the O-polarity of the ZnBssrate hinders successful
nitrogen incorporation, despite the high-quality ZnO bufayer.



Chapter 7

Summary

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

Bulk ZnO single crystals were characterized by Raman spedpysn different scat-
tering configurations. The ZnO phonon modes obeyed the sworeling symmetry se-
lection rules and their peak widths and vibrational freques confirmed a high struc-
tural quality. A multi-phonon process observed in these Respectra was identified
as the phonon difference, fhigh)-E (low) by its vibrational frequency and temperature-
dependent intensity behavior. In comparison to the highltyuZnO single crystals, poly-
crystalline ZnO of minor structural quality was analyzetieTcorresponding Raman spec-
tra revealed mixed orientations and a broad disorder batttkihO mode region.

The Raman resonance in ZnO was studied using bulk singleatsysftirst effects were
already visible when tuning the exciting laser wavelengtimf green (514.5 nm) to blue
(457.9 nm). Much stronger resonance was observed at e@nitaith 363.8 nm close to
the band gap of 3.4 eV. The ZnO,A.O) phonon and the corresponding multiple phonon
processes 2xALO), 3xA;(LO), etc., dominated the Raman spectrum due to the strong
resonance of Bhlich scattering.

In order to study extrinsic disorder effects, ZnO was iradelil with argon ions. Again, the
disorder signature of ZnO was identified as a broad band i@enode region, which
scaled with the argon fluence. Furthermore, no broad modeohserved in the Raman
spectra of ZnO irradiated with low argon fluence, but onlyighdly intensified A(LO)
mode occurred. From these findings and from symmetry coradidas, the broad ZnO
disorder band was attributed to an intensifiedl&) mode due to extrinsic Bhlich scat-
tering. Its broadening was explained by disorder-inducemshd&ascattering contributions
from outside the Brillouin zone center. Thermal annealing sjaplied to analyze the heal-
ing effect on the irradiation-induced disorder. It was fduhat most crystal damage in
these argon-irradiated ZnO samples was healed alreadynaakmg at 500C.

ZnO nanoparticles were grown according to a newly develgyathesis procedure. In
their Raman spectra, a quasi-LO phonon mode was observea wititational frequency
corresponding to a random orientation of the crystallitesaddition to the ZnO phonon
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modes, molecular vibrations of the organic stabilizer watected in all Raman spectra
of ZnO nanoparticles analyzed for this thesis. In order t@iokZnO nanoparticles capped
with functional ligands, the synthesis was modified by thditamh of the dye molecule
oracet blue. During the Raman experiments on these nandpartlaser-induced local
heating led to thermal annealing effects, improving thestalyquality of the particles, but
presumably harming the organic ligands simultaneouslg @ionon peak shifts observed
during these experiments were attributed to local heatifegts. In particular, no optical
phonon confinement was observed.

To further analyze a possible optical phonon confinemenf@ Aanoparticle series was
studied with different average diameters ranging from 2rOta 16 nm. Despite litera-
ture reports of phonon confinement effects for larger ZnQiglas, the phonons appeared
at their bulk positions in the Raman spectra of particle efesnwith average diameters
down to 3.2 nm. The pentanetrione-capped nanoparticlésamitiverage diameter of only
about 2.0 nm are among the smallest ZnO nanopatrticles ezporttil today. No phonon
mode could be detected for these nanopatrticles, presurdablyo the reduced structural
guality of the nanocrystal cores and the optical propedfdbe surrounding organics.

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

Manganese-, cobalt-, iron-, vanadium-, and nickel-allbyaO was studied by Raman
spectroscopy and complementary methods. The samples amieated by ion implan-
tation, vapor phase transport, molecular beam epitaxyo#imel growth techniques. The
experiments on cobalt-, iron-, and nickel-implanted ZnQenthe first reported Raman
studies on such systems. In the focus of the experiments digveder effects, an analy-
sis of the substitutional transition metal incorporatiotoiZnO, and the magnetic impact
of secondary phase formation. Such secondary phases wasevet in several systems,
depending on the transition metal species, transitionmetaentration, growth method,
and after-growth treatment.

The effect of transition metal implantation on ZnO crystaiss studied using high im-
plantation doses of vanadium, manganese, iron, cobaltnhahkel. The broad ALO)
disorder band was observed in the Raman spectra again, bt mare intense than for
the argon-irradiated ZnO. Its intensity was especiallgragrfor manganese implantation,
which was attributed to reduced transparency of the marsgaimeplanted layer compared
to the other transition metals. Thermal annealing of up @°&reduced the implantation-
induced crystal damage, but did not yet lead to a completinigea

For manganese concentrations at.% in ZnO, two contributions were identified by elec-
tron paramagnetic resonance: a fine structure due to islpktbstitutional M#™ ions and

a broadened, unstructured signal from dipole-interacsdpstitutional MA™ ions in the
implanted layer. The isolated ions were already observéldeiunimplanted ZnO crystals
and therefore attributed to residual impurities of the logstals. By photoluminescence
experiments, iron ions were identified as additional redidonpurities. In the Raman



159

spectra of the manganese-alloyed ZnO crystals, ti{fe@) disorder band scaled with the
manganese concentration. Much stronger resonance affabis band were found in this
manganese-alloyed ZnO compared to pure ZnO, which wasiarglay impurity-induced
Frohlich scattering. For very low manganese concentratimast of the resolved features
in the Raman spectra could be assigned to ZnO multi-phonarepses. One feature was
suggested as a localized vibration of substitutional maeg@. This assignment is based on
the intensity behavior of this feature upon increasing naaege concentration and thermal
annealing. Furthermore, of all transition-metal-alloyatD samples studied in this thesis,
only the manganese-alloyed samples exhibited this featiirwas found that the broad
A (LO) disorder band is red-shifted for very high disorderresponding to the dispersion
of the A;(LO) phonon branch near the Brillouin zone center in the phafispersion rela-
tion of ZnO. By a Raman scattering depth profile, the disorddrermanganese-implanted
layer was analyzed in detail. No secondary phases weretddtbg Raman scattering,
in accordance with the findings of high-resolution transmois electron microscopy and
X-ray diffraction. An additional mode, which occurred inetthow-temperature Raman
spectra, was identified as a ZnO-related, localized defedem

For implanted manganese concentratioi$ at.%, secondary phase formation was clearly
observed after annealing at 700 in air. In the samples with the highest manganese con-
centration of 32 at.% relative to zinc, secondary phasads@fum size were littered over
the entire surface. As major secondary phase, Zitdjrwas identified by Raman scat-
tering, in accordance with X-ray diffraction results. Oreavflocalized spots of the sam-
ple surface, micro-Raman mapping revealed non-stoichioerién;_,Mn,O, precipitates
with Raman signatures similar to pure Mdy. These inclusions lay below the sensitivity
limit of X-ray diffraction. High-resolution transmissioglectron microscopy and energy-
dispersive X-ray spectroscopy line scans confirmed theepresof sulbtm, manganese-
rich secondary phases with elongated shape and in alignmigmnthe ZnO wurtzite struc-
ture.

The wet-chemical synthesis of manganese-alloyed ZnO ratides was found to be very
sensitive to the choice of the organic stabilizer. Nanaglag capped with the ligand
molecule DMPDA showed the characteristic Raman sighatuneamiganese-alloyed ZnO,
but with very broad and red-shifted phonon features. By dimgeaxperiments, this effect
could be attributed to local heating, alloy potential flattans, and disorder. Magnetic
characterization and electron paramagnetic resonanceunggaents indicated that part of
the manganese ions were located on the intended zinc Iaitee However, clustering
manganese ions were also observed by these methods, plkdguwithin the surrounding
organics.

ZnO implanted with cobalt concentration®8 at.% showed the characteristig(RO) dis-
order band in Raman scattering. Additionally, photolumoeese features were observed,
which were attributed to substitutional cobalt incorpamaion zinc sites. In ZnO:Co sam-
ples grown by vapor phase transport, no secondary phasés lmeudentified by room-
temperature Raman experiments. In experiments at 10 K, oothe hand, additional
features occurred, which correspond to magnon Raman sogtfeom CoO inclusions
within the crystal. Furthermore, substitutionally incorated Cé* ions were identified by
photoluminescence experiments. In accordance with tle=ssdts, electronic Raman scat-
tering features were observed for the first time, which apoad to intra-3D ground level
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splitting of C@* in CoO and in ZnO.

For ZnCoO layers grown by molecular beam epitaxy, substitadi cobalt incorporation
was confirmed by photoluminescence experiments. Theseslap@wed ferromagnetic
properties for small cobalt concentrations. For higheattodoncentrations, they lost their
ferromagnetic ordering and, accordingly, the photolurs@e®ce signature of substitutional
Co** was reduced and the Raman signature of ZnO disorder increased

For a very high implanted cobalt concentration of 32 at.%litewhal Raman modes were
observed. Their vibrational frequencies and intensitipsatere found to be identical with
the Raman features obtained from experiments with bulk Z2@¢owvhich was grown for
comparison. These ZnG0O, precipitates turned out to be below the sensitivity limit of
X-ray diffraction. Though, X-ray diffraction experimentsvealed the presence of the sec-
ondary phases hcp zinc and hcp cobalt.

Nanocrystalline ZnCoO layers were grown by dip-coating amalrv&ed extremely strong
crystal disorder. This disorder could be reduced by thanaihgrmal annealing. On the
other hand, annealing at 70Q induced the formation of ZnG®, and CqO, secondary
phases, whereas annealing at 900ed to the reduction of these cobalt oxides into CoO
on the surface of the layers. Moreover, the nanocrystdtipers showed a very strong Ra-
man resonance in the LO mode region due to impurity-inducédlieh scattering, while
no resonance was observed for the secondary phase modésnigfib-Raman mapping,
an inhomogeneous distribution of the formed cobalt oxidas feund.

For iron-alloyed ZnO, secondary phase formation set iradlydor iron concentrations of
16 at.%, but again only after 70€ annealing in air. High-resolution transmission elec-
tron microscopy revealed suybm precipitates of elongated shape, which were aligned to
the ZnO wurtzite structure. X-ray diffraction measurenseintlicated that ZnkE©, was
the major secondary phase in these samples. In contrasteaoRaman signature was
visible, but only broad and unstructured additional bamdsch suggested the absence of
well-ordered, stoichiometric iron oxides. For the highesh concentration of 32 at.%,
very strong disorder effects occurred after the 7G0annealing in air, including even a
partial surface peel-off. In order to evaluate the impadhefenvironment during the an-
nealing procedure, additional experiments were conduettidiron-alloyed ZnO samples
annealed in vacuum instead of air. This procedure resultedsirongly improved surface
guality and less pronounced secondary phase segregatareuvdr, the formation of iron-
related oxides was still not completely suppressed for igihconcentrations.
Nickel-alloyed ZnO showed the characteristig(lXO) disorder Raman band scaling with
the nickel concentration. At the highest nickel concerdrabf 32 at.% and after 700C
annealing, secondary phase formation of NiO and cubic el&heickel was identified by
X-ray diffraction. Both phases cannot be observed by Ramaiesicey due to selection
rules.

It was concluded that secondary phase formation in tramsitietal-alloyed ZnO can be
induced by thermal annealing, but can also occur during tirowlost of the identified
secondary phases had a large impact on the magnetic pespeftihe entire system, even
if they appeared only as sporadic, localized inclusions.v€otional X-ray diffraction was
not sensitive enough to detect such singular inclusionspmnirast to micro-Raman map-
ping. On the other hand, some elemental phases and cubsttivanrmetal oxides have no
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Raman signature. Therefore, a combination of these methaslseguired for the analysis
of secondary phase formation in transition-metal-allo¥a®.

(iii) Nitrogen-doped ZnO (Chapter 6)

ZnO single crystals were implanted with nitrogen ions andrabterized by Raman
scattering and photoluminescence. A strong donor-acc@piotransition band in the pho-
toluminescence spectra indicated the successful incatiparof nitrogen ions as dopants.
Five strong additional modes appeared in the Raman spectrireden-doped ZnO for
nitrogen concentrations1 at.% relative to O. Their origin is disputed in literatuneda
was therefore discussed in detail in this thesis. Structisarder caused by the ion im-
plantation was successfully healed by thermal annealivg@aum at 700C and 900°C.
No intensity reduction of the nitrogen-related additiomaddes occurred upon this after-
growth treatment. Furthermore, they were found to scalk thié nitrogen concentration
after the last annealing step. By a recently reported isotstoidy, localized vibrations of
substitutional nitrogen were excluded as the origin of ehe®des. Comparison to data
reported in the literature clearly showed that the obsefeatlres do not correspond to
the vibrations of N or NO on oxygen sites and neither to nitrogen-hydrogen cergsl.
The favored explanation in literature is a pure disordexaffHowever, this was disproved
by the annealing experiments of this thesis, which did nad l® a substantial reduction
of the additional modes. Therefore, and in accordance Wwebretical considerations, the
additional modes were attributed to impurity-activatedddent modes of ZnO and the
corresponding multi-phonon processes. The activatiorhan@em was found to be char-
acteristic for nitrogen since the additional modes werepnesent in the Raman spectra of
any of the ZnO systems alloyed with other elements thangeiman this thesis. Raman
experiments in different scattering configurations wenedewted to confirm the Bhigh)
mode assignment of the additional mode with vibrationajjdiency close to the ALO)
phonon. In these experiments, the additional mode was wéx$éor scattering configura-
tions, in which the A(LO) mode is forbidden. Additionally, the symmetry seleatirule
for the A;(LO) mode was confirmed by Raman experiments on a manganegeeasam-
ple. They showed a strongA.O) band in the allowed, but no ALO) signal at all in the
symmetry-forbidden scattering configuration.

Nitrogen-doped ZnO grown by molecular beam epitaxy wadstlisy Raman spectroscopy
and complementary methods. Heteroepitaxial growth onlsepfed to strong disorder on
the sample surface and micro-Raman mapping revealed an ogeraous distribution
of the nitrogen-related additional modes. Homoepitaxralagh, in contrast, resulted in
strongly improved structural properties. A large diffezerwas observed between the ho-
moepitaxial growth on the Zn-polar and O-polar surface$efZnO substrate. While no
additional modes were observed for growth on the O-polaiasar they appeared very
strong if the Zn-polar surface was chosen. Photoluminescand transport experiments
showed that the growth on Zn-polar surfaces led to semiatisg ZnO by the compen-
sation of the ZnO-intrinsic donor levels. In contrast, n@idg effects could be observed
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for growth on the O-polar surface, even if a high-quality Zin@fer layer was grown be-
tween the substrate and the nitrogen-doped layer. Thermes# the nitrogen-activated
silent ZnO B modes in Raman scattering was identified as a potential itwdtit@ substi-
tutional nitrogen incorporation.



Chapter 8

Zusammenfassung

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

Zur Analyse ihrer Gitterdynamik-Eigenschaften wurden 2Zvi@umenkristalle mit-
tels Ramanspektroskopie in verschiedenen Streukonfignaticharakterisiert. Die ZnO-
Phononmoden befolgten dabei die Symmetrie-Auswahlregainidealem ZnO und die
beobachteten Peakbreiten und Schwingungsfrequenzeitigtst eine hohe strukturelle
Qualitat der Proben. In den Ramanspektren dieser Einkristalle eveird Multiphonon-
Prozess beobachtet, welcher aufgrund seiner Schwingeagshnz und seines tempera-
turablangigen Verhaltens als die Phonon-Differenzhigh)-E (low) identifiziert werden
konnte. Als Vergleich zu den hochqualitativen ZnO-Eintaiien wurde polykristallines
ZnO niedrigerer Qualit untersucht. Die entsprechenden Ramanspektren zeigtesae
te Orientierungen und eine breite Unordnungsbande im Bedsc LO-Moden.

Die Raman-Resonanz in ZnO wurde anhand von volumenartigémi&adlen untersucht.
Erste Effekte waren schon bei einénderung der Laserwelle@ahge vom diinen (514,5
nm) zum blauen (457,9 nm) Spektralbereich sichtbar. Eiaks@éirkere Resonanz trat bei
der Anregung mit 363,8 nm auf, und damit nahe der ZnO-Banekaont 3,4 eV. Das ZnO-
A1(LO)-Phonon und die entsprechenden Multiphonon-ProZds8gLO), 3xA;(LO) usw.
dominieren das Ramanspektrum aufgrund der starken ResoeaRbUlich-Streuung.

Um extrinsische Unordnungseffekte zu untersuchen, wum® it Argon-lonen be-
strahlt. Dabei konnte wiederum die Unordnungs-Signatur 200 als eine breite Bande
im Bereich der LO-Moden identifiziert werden, welche mit demgdn-Fluss skalierte.
Dagegen wurde keine breite Mode in den Raman-Spektren deikzistalle beobachtet,
welche mit niedrigem Argon-Fluss bestrahlt worden warendsrn es trat nur eine leicht
verstirkte A (LO)-Mode auf. Mit diesen Ergebnissen und durch Symmaéiitierlegungen
konnte die breite ZnO-Unordnungs-Bande einer intensemeft; (LO)-Mode aufgrund ex-
trinsischer Fohlich-Streuung zugeordnet werden. lhre Verbreiterungde/unit Unord-
nungs-induzierter Ramanstreuung von aul3erhalb des Brilldanen-Zentrums erétt.
Im Anschluss an die Ar-Bestrahlung wurden die Proben beichégdenen Temperaturen
thermisch ausgeheilt und der zugelge Heilungseffekt analysiert. Dabei stellte sich her-
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aus, dass die Besatligungen des Kristalls in diesen Argon-bestrahlten Zm@h&h schon
bei 500°C weitestgehend ausgeheilt werden konnten.

ZnO-Nanopartikel wurden auf Basis einer neu entwickeltamtl®se-Prozedur gewachsen.
In den entsprechenden Ramanspektren trat ein Quasi-LOsRhoit einer Schwingungs-
frequenz auf, welche einer ZAlfigen Orientierung der Kristallite entspricht. Nebemde
ZnO-Phononmoden wurden in den Ramanspektren aller ZnOpeatikel dieser Arbeit
auch Molekilschwingungen der organischen Stabilisatoren detéktigm ZnO-Nano-
partikel zu erhalten, welche mit einem funktionalen Ligandtabilisiert sind, wurde die
Synthese durch die Zugabe des FarbstoffmiakeiOracet-Blau modifiziert. \hrend der
Raman-Experimente an diesen Nanopartikahrte laserinduzierte, lokale Aufheizung zu
thermischen Ausheileffekten. Diese verbesserten zwarsits die Kristallqualit der
Partikel, bescadigten aber gleichzeitig auch die organischen LigandésmVBrschiebung
der Phonon-Peaks, welchelarend dieser Experimente beobachtet wurde, konnte voll-
standig durch lokale Aufheizungseffekte exki werden. Insbesondere wurde kein Con-
finement der optischen Phononen beobachtet.

Um ein nogliches Phonon-Confinement weitergehend zu untersuchamleveine Serie
von ZnO-Nanopartikeln mit durchschnittlichen Durchmess®n 2,0 nm bis 16 nm spek-
troskopiert. kr alle Partikel-Ensembles mit durchschnittlichen Durelssern>3,2 nm
erschienen die Phononen an den Frequenz-Positionen dgsemfitenden Volumenmate-
rials. Dies widerspricht Literaturberichten von Phonomfilmement-Effekten in gii3eren
ZnO-Partikeln. Die Pentanetrion-stabilisierten Nanagal mit einem durchschnittlichen
Durchmesser von nur ca. 2,0 nm @gedén zu den kleinsten jemals hergestellten ZnO-
Nanopartikeln. Allerdings konnteriif diese Nanopartikel keine Phononen detektiert wer-
den, vermutlich aufgrund reduzierter struktureller Qiaalkiler Nanopartikel-Kerne und be-
dingt durch die optischen Eigenschaften der umgebendeanix.g

(ii) ZnO legiert mit Ubergangsmetallen (Kapitel 5)

Mangan-, Cobalt-, Eisen-, Vanadium-, und Nickel-legieZe wurde mittels Ra-
manspektroskopie und kompleméardr Methoden untersucht. Hergestellt wurden die ent-
sprechenden Proben u.a. durch lonenimplantation, Gasptlaansport und Molekular-
strahl-Epitaxie. Die Experimente an Cobalt-, Eisen-, untkBl-implantiertem ZnO stellen
die ersten vdiffentlichten Ramanstudien an solchen Systemen dar. Ineldithkt der Ex-
perimente standen Unordnungseffekte, der substitutmbiblergangsmetall-Einbau sowie
die magnetische Auswirkung potentieller Fremdphaseunbdd Solche Fremdphasen wur-
den in mehreren der untersuchten Systeme beobachtéingighvom jeweiligerUber-
gangsmetall-Element, ddsbergangsmetall-Konzentration, dem Wachstumsprozeds un
von der Behandlung nach dem Wachstum.

Der Effekt derUbergangsmetall-Implantation auf ZnO-Kristalle wurdetels hoher Im-
plantations-Dosen der verwendeten Elemente untersuaith A& diesen Ramanspektren
wurde die breite A(LO)-Unordnungsbande beobachtet, allerdings deutliatkst als @ir
das Argon-bestrahlte ZnO. Besonders deutlich trat sie irhdeal Mangan-Implantation
hervor, was einer reduzierten Transparenz der Mangaramtiptten Schicht verglichen
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mit andereriJbergangsmetallen zugeordnet wurde. Thermisches Aeshiedi bis zu 500
°C reduzierte die Implantations-induzierten Kristallsdbn, fihrte jedoch noch nicht zu
einer kompletten Heilung.

Bei der Elektronenspinresonanz-Analyse von ZnO legiert Mahgan-Konzentrationen
<8 at.% (relativ zu Zink) wurden zwei Be#tge identifiziert: eine Feinstruktur aufgrund
isolierter, substitutioneller Mit-lonen und ein verbreitertes, unstrukturiertes Signal von
Dipol-wechselwirkenden, substitutionellen Knlonen in der implantierten Schicht. Die
isolierten lonen wurden bereits in den unimplantierten Aa@tallen beobachtet und
daher wachstumsbedingten Fremdatomen der Wirtskristaliegordnet. Mittels Photo-
lumineszenz-Experimenten wurdeniaer hinaus auch kleine Konzentrationen von Eisen-
lonen in den nominell reinen ZnO-Kristallen nachgewiesemden Ramanspektren der
Mangan-legierten ZnO-Kristalle skalierte dig (RO)-Unordnungsbande deutlich mit der
Mangan-Konzentration. Aul3erdem wurde tliese Bande in Mangan-legiertem ZnO eine
viel groRere Ramanresonanz festgestellt als in reinem ZnO, wasemtdatom-induzier-
ter Fiohlich-Streuung erldrt werden konnte. Bei sehr niedrigen Mangan-Konzentration
konnten die meisten der aufgsten Ramansignale ZnO-Multiphonon-Prozessen zuge-
ordnet werden. Eines dieser Signale wurde allerdings algliohe lokalisierte Schwin-
gung substitutionellen Mangans identifiziert. Diese Zwuag beruht auf dem Inten-
sitatsverhalten dieses Signals bei steigender Mangankaagientund bei thermischem
Ausheilen. Des Weiteren trat dieses Signal unter allenrsmtétenUbergangsmetall-
legierten ZnO-Proben nur bei Mangan-Legierung auf. Es wurérausgefunden, dass
die breite A(LO)-Unordnungsbande bei sehr starker Unordnung rothetsen ist. Diese
Verschiebung entspricht der Dispersion dgglf)-Phononzweiges nahe dem Brillouin-
Zonen-Zentrum in der Phononendispersionsrelation von. 4niDeinem Raman-Tiefen-
profil wurde die Unordnung in der Mangan-implantierten $bhim Detail analysiert. Mit-
tels Ramanstreuung konnten keine Fremdphasen nachgeweséen, was durch hoch-
auflosende Transmissionselektronenmikroskopie udidtgenbeugung bestgt wurde. In
den entsprechenden Tieftemperatur-Ramanspektren teazesttzliche Mode auf, welche
als lokalisierte ZnO-Defektmode identifiziert werden kt@n

Fur Mangan-Konzentrationer16 at.% wurde nach thermischer Ausheilung bei 7G0
an Luft eine deutliche Fremdphasenbildung beobachtet.emRioben mit derdchsten
Mangan-Konzentration von 32 at.% waren gam-grof3e Fremdphasen-Insdlber die
gesamte Obeikhe verstreut. Als hauggtshliche Fremdphase wurde Znb@y mittels
Ramanstreuung identifiziert und durcbiiRgenbeugungs-Experimente [gjt. An weni-
gen Stellen der Probenobédhe zeigten sich bei Mikroraman-Scans nicbtktomet-
rische Zn_,Mn,O,-Ablagerungen mit einer Raman-Signa#imlich dem reinen MyO;,.
Diese Einschisse lagen unterhalb der Empfindlichkeitsgrenze datéenbeugung. Hoch-
auflosende Transmissionselektronenmikroskopie und Endigpersive Rntgenspektros-
kopie besitigten das Vorhandensein sulmi-grof3er, mangan-reicher Fremdphasamgt
licher Gestalt und ausgerichtet an der ZnO-Wurtzitstruktu

Die nasschemische Synthese von Mangan-legierten ZnOg€datikeln stellte sich als sehr
empfindlich gegeiber der Wahl des organischen Stabilisators heraus. Néil@gbata-
bilisiert mit dem Liganden DMPDA zeigten die charaktegshe Raman-Signatur von
Mangan-legiertem ZnO, allerdings mit sehr breiten undeehobenen Phononmoden. In
Temper-Experimenten konnte dieser Effekt mit lokaler &mung und dem Fremdatomein-
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bau erkart werden. Magnetische Charakterisierung und Elektrgneresonanz-Messun-
gen zeigten, dass ein Teil der Mangan-lonen auf den bediggern Zink-Gitterphtzen
eingebaut waren. Allerdings wurden mit diesen Methodet &l@ngan-Cluster beobach-
tet, vermutlich innerhalb der umgebenden Organik.

ZnO implantiert mit Cobalt-Konzentrationef8 at.% zeigte die charakteristische(RO)-
Unordnungsbande in der Ramanstreuung. aflh wurden Photolumineszenz-Signale
beobachtet, welche einem substitutionellen Einbau von IEab&Zink-Platzen zugeord-
net wurden. In ZnO:Co-Proben, welche mittels Gasphasensprat gewachsen wurden,
konnten in Raumtemperatur-Ramanexperimenten keine Freamdphdentifiziert werden.
In Experimenten bei 10 K dagegen traten &uiche Signale auf, welche Magnon-Ra-
manstreuung von CoO-Einscisisen im Kristall entsprechen. AulRerdem wurden durch
Photolumineszenz-Experimente substitutionell eingeb&a@* -lonen identifiziert.Uber-
einstimmend mit diesen Ergebnissen wurde zum ersten Midretesche Ramanstreuung
beobachtet, welche die intra-3D-Grundzustandsaufspalton C3+ in CoO und ZnO
widerspiegelt.

Auch in ZnCoO-Schichten, gewachsen mittels Molekularéty@taxie, besitigten Photo-
lumineszenz-Experimente einen substitutionellen Cdbialbau. Diese Schichten zeigten
ferromagnetische Eigenschaften bei Cobalt-KonzentratieiB at.%. Bei ldheren Cobalt-
Konzentrationen verloren sie allerdings ihre ferromagobe Ordnung. Im Einklang damit
sank die Photolumineszenz-Signatur von substitutiorieiebautem Co™ und die Ra-
mansignaturidr ZnO-Unordnung nahm zu.

Bei einer sehr hohen implantierten Cobalt-Konzentration32mat.% wurden zwgzliche
Ramanmoden beobachtet. Die Schwingungsfrequenzen umgitateverfaltnisse stimm-
ten dabei genau mit den Raman-Signalen von Volumen-Z@Caberein, welches zum
Vergleich gewachsen wurde. Die damit identifizierten Zsf@eAblagerungen waren un-
terhalb der Empfindlichkeitsgrenze debdmgenbeugung. Andererseits wiesetniRjen-
beugungsexperimente elementares Zink (hcp) und Cobalj édispveitere Fremdphasen
nach.

Nanokristalline ZnCoO-Schichten wurden mittels Tauchbestung hergestellt und zeig-
ten extrem starke Kristallunordnung. Diese Unordnung kemurch giindliches ther-
misches Ausheilen reduziert werden. Allerdings indueields Tempern bei 700 die
Bildung der Fremdphasen Zng®, und CgO, und die Behandlung bei 90T flhrte
zur Reduktion dieser Cobaltoxide zu CoO auf der Probendiotydl. Die nanokristallinen
Schichten zeigten eine sehr starke Ramanresonanz im Besgit®@eModen aufgrund von
Fremdatom-induzierter Bhlich-Streuung. &r die Fremdphasen-Moden wurde dagegen
keine Resonanz beobachtet. Mikroraman-Scans ergabenaikéesiomogene Verteilung
der gebildeten Cobaltoxide.

Im Fall von Eisen-legiertem ZnO setzte die Fremdphaseunbgdschon bei Eisen-Kon-
zentrationen von 16 at.% ein, allerdings wiederum erst riaeimischem Ausheilen bei
700 °C an Luft. Hochautisende Transmissionselektronenmikroskopie zeigtgliche,
subum-gro3e Ablagerungen, welche an der ZnO-Wurtzit-Strultusgerichtet waren.
Rontgenbeugungs-Messungen ergaben, dass,Zfée vorrangige Fremdphase in diesen
Proben darstellte. Im Gegensatz dazu war keine eindeutige/agnatur sichtbar, son-
dern nur eine breite und unstrukturierte aiztiche Bande, was die Abwesenheit geord-
neter, sbchiometrischer Eisenoxide nahelegtirlie lbchste Eisenkonzentration von 32
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at.% traten nach dem Ausheilprozess bei 7@n Luft sehr starke Unordnungseffekte auf.
Es wurde sogar eine teilweise Alsung der Probenobeifthe beobachtet. Um den Ein-
fluss der Temper-Umgebung zu analysieren, wurde@atzlishe Experimente mit Eisen-
legiertem ZnO nach Tempern im Vakuum anstatt an Luft durfiigé Durch diesen
Ausheilvorgang verbesserte sich die Ol#mflenqualdt deutlich und auch die Fremd-
phasenbildung war weniger stark ausg@epr Trotzdem wurde die Bildung oxidischer
Fremdphasen bei hohen Eisen-Konzentrationen nighzlgch unterdickt.

Bei der lochsten Nickel-Konzentration von 32 at.% und nach thern@st Ausheilen bei
700°C wurde mittels Rntgenbeugung die Fremdphasenbildung von NiO und kuhbische
elementarem Nickel identifiziert. Beide Phasé&miken aufgrund von Auswahlregeln nicht
in der Ramanstreuung beobachtet werden.

Als Schlussfolgerung ergab sich, dass Fremdphasenbilidudgergangsmetall-legiertem
ZnO durch thermisches Ausheilen hervorgerufen wird, jehragstem aber auch schon
beim Wachstum auftreten kann. Die meisten der identifereRremdphasendkinen die

magnetischen Eigenschaften des gesamten Systems starkussen, selbst wenn sie nur

als vereinzelte, lokale Einsdidse auftreten. Im Gegensatz zu Mikroraman-Scans war

konventionelle Bntgenbeugung nicht empfindlich genug, solche siéxgul Einschisse
zu detektieren. Andererseits besitzen einige elementaradphasen und kubischber-
gangsmetall-Oxide keine Ramansignatur. Daher stelltedseceKombination dieser Meth-
oden fir die Untersuchung der Fremdphasenbildung/bergangsmetall-legiertem ZnO
als rbtig heraus.

(ii) Stickstoff-dotiertes ZnO (Kapitel 6)

ZnO-Einkristalle wurden mit Stickstoff implantiert und tt@ls Ramanstreuung- und
Photolumineszenz-Experimenten charakterisiert. DehelDonator-Akzeptor-Paafber-
gange in den Photolumineszenz-Spektren zeigten einergegichen Einbau von Stick-
stoff-lonen als Dotanden an. Die strukturelle UnordnungRi®ben, verursacht von der
lonenimplantation, wurde mit thermischem Ausheilen im Mak erfolgreich behandelt.
Bei Stickstoff-Konzentrationer 1 at.% relativ zu O traterihf starke, zuatzliche Moden
in den Ramanspektren des Stickstoff-dotierten ZnO auf. Baekhft dieser Moden ist
in der Fachliteratur umstritten und wurde daher in diesdrefrdetailliert analysiert. Das
Ausheilen bei bis zu 90TC bewirkte keinen Intengitsiickgang dieser Stickstoff-induzier-
ten, zudtzlichen Moden. Des Weiteren skalierten sie nach diesea#ting deutlich mit
der Stickstoffkonzentration. Anhand einénrklich vebffentlichten Isotopenstudie wurden
lokalisierte Schwingungen substitutionellen Stickstadfs Ursachelir die zu&tzlichen
Moden ausgeschlossen. Durch einen Vergleich mit Literatgebnissen wurde gezeigt,
dass die in dieser Arbeit beobachteten Signale nicht mitStgmwingungen von Noder
NO auf Sauerstoff-Rizenubereinstimmen und auch nicht Stickstoff-Wasserstofifako
plexen zugeordnet werderdknen. Die in der Fachliteratur favorisierte Eking ist ein
reiner Unordnungseffekt. Allerdings wurde dies mit den PpemVersuchen dieser Arbeit
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widerlegt, die keine klare Reduktion der atdichen Moden bewirkten. Daher wurden die
zusatzlichen Moden irUbereinstimmung mit theoretisché&tberlegungen identifiziert als
Fremdatom-aktivierte, eigentlich stille ZnO-Bloden und entsprechende Multiphonon-
Prozesse. Der Aktivierungsmechanismus ist dabei chaistiseh fur Stickstoff, da die
zusatzlichen Moden von allen legierten ZnO-Systemen diesbeausschliel3lich in den
Stickstoff-legierten auftraten. Raman-Experimente isekiedenen Streu-Konfigurationen
wurden durchgefhrt, um die Zuweisung einer der &izglichen Moden als Rhigh) zu
besatigen, welche eine Schwingungsfrequenz sehr nahe girO)-Phonon besitzt. In
diesen Experimenten wurde die ateiche Mode in Streugeometrien beobachtet, in wel-
chen die A(LO)-Mode verboten ist. Des Weiteren wurde die Auswahlreige A, (LO)-
Mode bei Raman-Experimenten an Mangan-legiertem ZnCabgst Diese zeigten eine
starke A (LO)-Bande in der erlaubten, abigperhaupt kein ALO)-Signal in der verbote-
nen Streugeometrie.

Stickstoffdotiertes ZnO wurde auRerdem auch mittels Mdkaistrahlepitaxie hergestellt
und mit Ramanspektroskopie und komplendeenh Methoden untersucht. Heteroepitak-
tisches Wachstum auf Saphirtrte zu einer starken Unordnung auf den Probendiudréin,
und Mikroraman-Scans zeigten eine inhomogene Verteil@ngtickstoff-induzierten zu-
satzlichen Moden. Im Gegensatz dazu wurden bei homoemtdigm Wachstum deutlich
verbesserte strukturelle Eigenschaften erreicht. EifdgrdJnterschied zeigte sich zwi-
schen dem homoepitaktischen Wachstum auf Zn-polarer ur@d-golarer Obertiche des
ZnO-Substrats. \Bhrend keine zw@gzlichen Moden bei Wachstum auf der O-polaren Ober-
flache beobachtet wurden, traten sie sehr stark auf, wenmeiel@re Oberfiche gewhlt
wurde. Photolumineszenz- und Transport-Experimenteteeiglass das Wachstum auf
Zn-polaren Oberédchen zu semi-isolierendem Zn@hfte, also eine Kompensation der
ZnO-intrinsischen Donatoren bewirkt wurde. Dagegen kenrkeine Dotierungseffekte
bei Wachstum auf O-polarer Obéxrthe beobachtet werden, selbst wenn eine hochqualita-
tive ZnO-Pufferschicht zwischen dem Substrat und der Sti¢kdotierten Schicht gewach-
sen wurde. Die Anwesenheit der Stickstoff-aktivierten ZBGModen in der Ramanstreu-
ung wurde als potentieller Indikatoiarf substitutionellen Stickstoff-Einbau identifiziert.



Appendix A

Abbreviations

AM - Additional mode

APF - Alloy potential fluctuations

BZ - Brillouin zone

CB - Conduction band

CCD - Charge-coupled device

CW - Continuous wave

DACH - Diaminocyclohexane

DAP - Donor-acceptor pair

DFT - Density functional theory

DLS - Dynamic light scattering

DMS - Diluted magnetic semiconductor
DMPDA - Dimethylpropylenediamine

DOS - Density of states

EDX - Energy-dispersive X-ray spectroscopy
EPR - Electron paramagnetic resonance

FM - Ferromagnet(ism)

FT - Fourier transform

FWHM - Full width at half maximum

HCP - Hexagonal close-packed

HRTEM - High-resolution transmission electron microscopy
LM - Local mode

LO - Longitudinal optical

LPDOS - Local phonon density of states
LVM - Localized vibrational mode

MOKE - Magneto-optical Kerr effect

MREI - Modified random-element isodisplacement model
NIR - Near infrared

PDOS - Phonon density of states

PL - Photoluminescence
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Abbreviations

PDR - Phonon dispersion relation

RT - Room temperature

TEM - Transmission electron microscopy
TMAH - Tetramethylammonium hydroxide
TM - Transition metal

TO - Transverse optical

UV - Ultraviolet

VB - Valence band

XAFS - X-ray absorption fine structure spectroscopy
XAS - X-ray absorption spectroscopy
XPS - X-ray photoelectron spectroscopy
XRD - X-ray diffraction
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