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Zusammenfassung

Diese Dissertation widmet sich experimentellen Untersuchungen der Gitter-
dynamik in den oxidischen Halbleitern Kupfer(I)-oxid (Cuz20O) und Zinkoxid
(ZnO) mittels der Raman-Spektroskopie. Insbesondere wird der Einfluss von
strukturellen Defekten auf die phononische Struktur idealer Kristalle und der
Einfluss von Dotierung am Beispiel von Stickstoff dotiertem Zinkoxid (ZnO:N)
vorgestellt.

Der Raman-Effekt bezeichnet die inelastische Streuung an quantisierten Figen-
zustdnden der Gitterschwingungen (Phononen) mit elektromagnetischer Strah-
lung [1l 2]. Dabei bestimmen Impuls- und Energieerhaltung sowie Symmetrie-
Auswahlregeln, welche Gitterschwingung im Experiment detektiert werden kann.
Defekte brechen die perfekte Translationssymmetrie des Kristallgitters und wei-
chen somit die Erhaltungssitze und Auswahlregeln auf. Dadurch kann sowohl die
Streuung an Phononen an einem beliebigen Punkt der Brillouin-Zone als auch
die Streuung an Raman- und Symmetrie-verbotenen Moden zu experimentellen
Signalen beitragen [3] 4]. Auferdem koénnen Defekte zu lokalen Schwingungen
angeregt werden, die zusétzliche Signale in Raman-Spektren verursachen kénnen

I5].

Als erstes Beispiel fiir ideale Systeme werden Raman-Messungen an kristallinen
7Zn0O Proben vorgestellt. Die Beobachtungen kénnen mit Hilfe der Auswahlregeln
flir einen idealen Kristall beschrieben werden, obwohl die vorliegenden Proben,
wie alle Materialien nicht frei von Defekten sind, da die Entropie immer zur
Bildung von Gitterdefekten fithrt [6]. So ist zum Beispiel bekannt, dass nomi-
nell undotiertes ZnO auf Grund von intrinsischen Defekten und extrinsischen
Verunreinigungen n-leitend ist [7HI0]. Die Raman-Spektroskopie ist also typi-
schen Konzentrationen solcher Defekte in den untersuchten Proben gegeniiber
unempfindlich.

Anders stellt sich die Situation fiir die Dotierung von ZnO mit Stickstoff dar.
Hier treten schon ab einer Defektkonzentration von ungefihr 10*® N Atomen /cm?
fiinf zusatzliche Signale in den Raman-Spektren auf [II]. Dieses Ergebnis ist
unabhingig von der verwendeten Wachstumsmethode der Proben. Die Ursa-
che fiir das Auftreten dieser Moden wurde in den letzten Jahren kontrovers
diskutiert [I1HI9)]. In dieser Arbeit werden sowohl die Raman-aktiven ZnO Git-
terschwingungen und die dem Stickstoff zugeordneten Moden systematisch in
Abhéngigkeit der N-Konzentration analysiert. Neben der Polarisationsabhin-
gigkeit, d.h. der Orientierung der Kristallstruktur relativ zur Polarisation des
anregenden Lasers, wird auch das Verhalten unter hydrostatischem Druck un-
tersucht. Die experimentellen Beobachtungen gehen iiber die bisherigen Stu-
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dien hinaus und koénnen nicht schliissig von den bisher diskutierten Modellen
wiedergegeben werden. Stattdessen liefern sie Hinweise, dass die zusétzlichen
Raman-Moden von Einschliissen, aufgebaut aus N-Atomen, verursacht werden.
Basierend auf diesen Ergebnissen wird ein Modell fiir ZnszNs Einschliisse vorge-
stellt, die sich bilden kénnten, sobald die Léslichkeitsgrenze von N-Atomen auf
Sauerstoff-Gitterpldtzen iiberschritten wird.

Der letzte Abschnitt dieser Arbeit behandelt die Gitterdynamik von CugO.
Raman-Spektren von kristallinen CusO Proben zeigen eine ausgeprigte Struk-
tur [4]. Sie werden typischerweise von infrarot-aktiven und stillen Moden do-
miniert, obwohl nur eine Raman-aktive Mode fiir ein ideales kubisches Kri-
stallgitter erwartet wird. Die Auswahlregeln fiir Raman-Streuung eines perfek-
ten Kristalls sind in diesem Fall nicht giiltig. Es wird gezeigt, dass intrinsische
Defekte die Symmetrie des idealen Kristallgitters erniedrigen und dadurch die
Raman-Aktivitits- und Symmetrie-Auswahlregeln modifiziert werden. Kupfer-
Fehlstellen, bei denen das benachbarte Kupferatom auf einen Zwischengitter-
platz verschoben ist, flihren sogar dazu, dass alle Raman-verbotenen Moden
Raman-aktiv werden. Die Erniedrigung der Kristallsymmetrie durch diesen be-
sonderen Defekt ist also eine mogliche Erkldrung fiir die ungewthnlichen Raman-
Spektren. Theoretische Berechnungen fiir die von diesem Defekt verursachte
Storung des Kristallgitters untermauern dieses Model. Als alternative Ursa-
che fiir die Aufhebung der Auswahlregeln wird der Einfluss von resonanten
Raman-Streumechanismen und der Aufhebung des Wellenzahlerhaltungsatzes
diskutiert.
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Introduction

Deviations from an ideal crystal structure, like point and line defects or com-
plexes, play an important role in semiconductor physics. The intentional use
of defects is a tool to tune the building blocks of modern electronics. Vari-
ous material properties are determined by defects depending on the type, their
arrangement, and their concentration. For example, selective doping with im-
purities may give rise to electronic states in the band gap defining the type
of majority carriers, electrical conductivity, free-carrier concentration and mo-
bility as well as optical absorption and emission, among others [20H24]. These
characteristics need to be customized for the development of electronic and opto-
electronic device applications like n- and p-type layers for light-emitting diodes
(LEDs). This example shows that the study of defects and their characteris-
tics is necessary as well as that defects make semiconductor physics interest-
ing.

In general, defects in semiconductors, especially dopants, are investigated by
Hall effect experiments, deep-level transient spectroscopy (DLTS), and optical
methods such as absorption or luminescence spectroscopy (e.g., see references
22, 25, and 26)). In addition, a variety of microscopy and particle beam methods
are employed to characterize deviations from an ideal crystal structure. Raman
spectroscopy is commonly used to analyze only the chemical composition of
the material under study and not defects. However, Raman spectroscopy may
also give insight into defects in semiconductors, as demonstrated within the
framework of this thesis.

Defects may modify the dynamics of a crystalline lattice which affects material
characteristics like the specific heat, thermal expansion, or thermal conductiv-
ity. The Raman effect is an inelastic scattering process making the study of
phonons, quanta of lattice vibrations, at the center of the Brillouin zone possi-
ble and revealing the chemical composition, crystal class, and orientation among
other properties of the material under study. The lattice vibrations detectable
by vibrational spectroscopy are restricted by the laws of energy and momentum
conservation as well as by symmetry selection-rules. Non-stoichiometry due to
the formation of defects may lift these restrictions in crystalline materials: on
the one hand, the perfect translational symmetry is broken leading to the re-
laxation of the wave-vector-conservation selection-rule [3, 27]. Consequently,
phonon states with momenta out of the whole Brillouin zone will contribute
to the Raman signals, which may result in shifts in vibrational frequency, line
broadening, and line shape variations in the Raman spectra. Furthermore, the
Raman activity and symmetry selection-rules no longer hold strictly, e.g., de-
fects reduce the local symmetry such that the assignment to Raman-active or
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Raman-forbidden lattice vibrations may be modified [4, 28]. On the other hand,
depending on the type of defect, its compatibility with the lattice, and the re-
sulting scattering probability, additional modes may be introduced, such as local
impurity vibrations or a series of modes arising from complex structures [5], [29].
Chapter of this thesis focuses on the impact of defects on Raman scatter-
ing and how in turn Raman spectra can be used to gain insight into defects
in semiconductors. The theoretical discussion raises the questions when which
effect will occur and when its perturbation is large a enough to be detectable in
experimental Raman spectra.

The oxide semiconductors cuprous oxide (Cug0) and zinc oxide (ZnO) as well as
nitrogen doped zinc oxide (ZnO:N) are typical examples of materials whose prop-
erties are controlled by defects providing a huge variety of interesting physics.
Nominally undoped ZnO is often intrinsically n-type conducting due to intrin-
sic defects and/or, more likely, due to the incorporation of extrinsic impuri-
ties during the growth process such as hydrogen [7HI0]. In chapter |3| the lat-
tice dynamics of ZnO are investigated, in particular the correlation between
its crystal structure, phonon symmetry characters, and scattered Raman in-
tensities. All experimental findings using Raman spectroscopy are consistent
with the laws of conservation as well as the Raman activity and the symme-
try selection-rules established for an ideal crystal structure. Essentially, the
Raman spectra of nominally undoped ZnO samples analyzed do not exhibit
any impact of defects. In general, this holds true for most crystalline materi-
als.

Nitrogen was naturally believed to be the best candidate for a shallow acceptor
dopant in ZnO since it possesses a similar ionic radius as oxygen and since it was
successfully used to p-type dope ZnS and ZnSe [30-32]. Nevertheless, none of
the approaches using nitrogen achieved stable, reproducible, and homogenous p-
type conductivity yet, overcoming the doping asymmetry in ZnO. In chapter
the appearance of additional Raman modes related to the nitrogen impurity in
ZnO are addressed. The unusually high number of five defect-related modes
appears independent of the growth technique. The defect-related modes scale
in intensity with the N content while at the same time the ZnO host phonons re-
main unaltered. The characteristics of the nitrogen-related modes are analyzed
indicating that these modes might originate either from Raman-forbidden ZnO
phonons or from clusters containing N atoms/ions embedded in ZnO. Chap-
ter [4] closes with a discussion of the possible formation of ZnszNs-like clusters
or nanoinclusions as a likely cause of nitrogen-related modes, and their rele-

vance for doping, since such inclusions would limit the solubility of nitrogen in
Zn0O.

Currently, the copper-oxygen compound system, consisting of the phases CuO,
Cus0, and Cuy03, is receiving renewed interest for solar-cell applications due to
the suitability of its band gaps for achieving high efficiencies as well as consisting
of sustainable elements [33]. Cuprous oxide is a natural p-type semiconductor,
whose conductivity is controlled by the cation deficiency (non-stoichiometry),
i.e., by intrinsic point defects like oxygen interstitials or copper vacancies [34].
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In chapter [ the lattice dynamics of CugO are investigated, in particular its
unusual Raman spectra. The dominant signals observed in Raman spectra of
Cu20 are actually due to infrared active, silent, and defect modes rather than
due to the single Raman-active mode, independent of the method and conditions
of the synthesis. These findings are in contrast to the Raman spectra of pure
Zn0. In general, perturbations by point defects are insignificant when studying
crystalline materials by Raman spectroscopy; however, it will be demonstrated
by a group theoretical analysis that the copper vacancy in the so-called split
configuration introduces an unusually strong perturbation leading to Raman
activity of all CusO extended phonon modes observed in experiment. Resonant
Raman scattering mechanisms or the relaxation of the wave-vector-conservation
selection-rule may also account for the observation of normally Raman-forbidden
phonons, but only the changes introduced by defect-induced Raman activity
seem to be consistent with the symmetry characteristics of the phonons observed
in experiment.

This thesis is structured as follows: the first two chapters serve as brief in-
troductions to lattice dynamics of crystals, classifications of phonons, inelas-
tic light scattering, and the impacts of defects on Raman scattering. Chap-
ter [2| provides information about the experimental setup used. In the next
three chapters, the experimental results are presented as indicated above. At
the end, the findings are summarized and an outlook for further research is
given.

The results presented in this thesis, in particular in chapters ] and [ have
been previously published and may be found in references [33] 35l [36, 87 and
38






1 Theoretical background —
Correlations between crystal
symmetries, lattice vibrations,
defects, and Raman spectroscopy

All semiconductor materials reveal unique Raman spectra due to the chemical
elements of which they are composed. Nevertheless, different Raman spectra
of one kind of material might deviate from each other depending on the phase
the semiconductor crystallizes in, the crystal quality, and the orientation of the
semiconductor’s crystal axes with respect to the propagation directions of the
incident and scattered radiation as well as the orientations of the corresponding
polarization vectors in experiment. For instance, one may observe different Ra-
man signals when analyzing the scattered radiation parallel or perpendicular to
the propagation direction of the incident radiation. The crystal structure of the
semiconductor and its symmetry characteristics are the physical origin of the
diversity in experimental spectra and dependences on orientation. An analysis
by means of group theoretical methods only based on the crystal lattice struc-
ture of the material already yields, in principle, the properties of the lattice
dynamics of the crystal and allows one to determine which lattice vibrations
couple to incident electromagnetic radiation via inelastic light scattering. The
following chapter briefly describes why and how lattice vibrations are classified
by irreducible representations of the crystallographic point groups giving their
symmetry characteristics. The Raman effect will be introduced within a semi-
classical approach and use will be made of the symmetry characteristics of the
lattice vibrations to determine selection rules for their Raman activity in an ideal
crystal structure. The last part of this chapter focuses on perturbations of the
lattice dynamics caused by defects. In particular, localized vibrational modes
of defects will be addressed, as well as the lifting or breaking of the selection
rules due to lowering of the symmetry will be discussed using group theoretical
arguments. The concepts summarized in this introductory chapter can be found
in more detail in references 2 [5, 24l 28] [39] to 44l

1.1 Lattice dynamics and classification of vibrations

The study of the dynamics of a perfect crystalline lattice based on the many
particle Hamiltonian consisting of the kinetic energies of all (valence) electrons

11
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and ions (nuclei and core electrons) as well as the Coulomb interaction be-
tween them, neglecting relativistic corrections, is still a formidable task due
to the large number of particles involved. The Hamiltonian #H is simplified
considerably by applying the Born-Oppenheimer or adiabatic approximation
which separates the electronic and ionic motions from each other. Further-
more, the harmonic approximation is used for describing the interactions be-
tween the ions. As a result one obtains the following Hamiltonian for the ions
[24]:

2

’H—’T—i-Uharm— E E m <8u;”> ; EN oV Uy
B N i=1 k=1 * =1 k=1 duy, O ; s
(1.1)

Here my, denotes the mass of the kth ion, u, ; denotes its displacement coordinate
from the equilibrium position, /V is the total number of atoms in the crystal, and
V is the adiabatic electronic potential. Treating H classically and making use of
the periodicity of the crystal lattice results in a system of 3n linear homogeneous
equations, where n is the number of atoms in the primitive unit cell, describing
a system of coupled harmonic oscillators. The solution of the characteristic
equation of this system yields 3n eigenfrequencies wy(q) for each wave vector
d. The functions w)(¢) are the 3n phonon branches of the phonon dispersion
relation.

The Hamiltonian given in equation (1.1)) is invariant under symmetry operations
of the particular space group of the crystal. By a proper orthogonal transfor-
mation H can be represented in normal coordinates @); with frequencies wy

[2]:
3N 2
H = %Z [(%) + w,ﬁ@i] (1.2)

k=1
Due to the symmetry invariance, the normal coordinates form a basis for a 3N
dimensional representation, which in general can be decomposed into irreducible
representations of the point group of the crystal. Hence, lattice vibrations can
be classified according to irreducible representations of one of the 32 crystallo-
graphic point groups to which the particular space group of the crystal belongs.
In a similar manner, vibrations and rotations of molecules are classified. The
representations are denoted by Mulliken symbols listed in table which rep-
resent their symmetry characteristics [43, 45, 46]. Therefore, vibrations are
assigned to a specific symmetry species or symmetry type. For instance, a vibra-
tion of Ay, type is totally symmetric under all symmetry operations, whereas
an B, type vibration is twofold-degenerate and antisymmetric with respect to
an inversion [2]. For a given crystal structure, group theoretical techniques
make it possible to determine the number of lattice vibrations, their symmetry
characteristics, i.e., their symmetry type, and their degree of degeneracy [47].
This can be achieved by the factor group, molecular site group, or nuclear site
group analysis method for lattice vibrations at the center of the Brillouin zone

12
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Mulliken character y
symbol  dimension F Ch ) o Cs or oy,

A 1 1 1
B 1 1 -1
E 2 2

F/T 3 3

X 1

Xu -1

X' 1

X" -1

Y1 1
Y, -1

Table 1.1: Abbreviations of irreducible representations of the crystallographic
point groups and their corresponding symmetry characteristics. The Mulliken
symbols are used to classify molecular and lattice vibrations. The letter X is a
variable for any Mulliken symbol while Y is a variable for A or B [43] 45} 40].

(I'-point). Knowing the symmetry type of the lattice vibrations enables one fur-
ther to derive which modes couple to electromagnetic radiation. This procedure
will be elucidated in the next chapter. An actual value for the adiabatic elec-
tronic potential V' in equation is only required when explicitly calculating
the vibrational frequencies and amplitudes.

1.2 Raman spectroscopy

Raman spectroscopy is the analysis of light inelastically scattered by time-
dependent inhomogeneities in a medium. This type of inelastically scattered
radiation was discovered by the Indian physicist C. V. Raman in 1928 [48].
While Raman was studying the scattered radiation by liquids, he observed new
lines in the spectra on either side of the exciting wavelength and identified
the shifts in energy with the change in energy of the vibrational states of the
molecules in the liquid [4852]. For his experimental discoveries C. V. Ra-
man received the Noble prize in physics in 1930 [53]. Already five years before
Raman’s experimental observation in 1923, the Austrian physicist A. Smekal
analyzed the interaction of radiation with matter quantum mechanically [54].
He indicated the possibility of a change in energy of electromagnetic radiation
by an amount equal to the difference between two states of the system. Thus,
not only the change in energy of electromagnetic radiation inelastically scattered
by molecular vibrations is refered to as the Raman effect but also scattering by
quasi-particles, such as phonons, plasmons, and polaritons, or single particle
excitations, like vibrational or electronic excitations of impurities in solids. An
important semiclassical description of the Raman effect was developed by the

13
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Czech physicist G. Placzek in 1934, known as the polarizability theory [55]. It
allows one to derive selection rules for the Raman effect from the symmetry
of the polarizability and accordingly of the susceptibility by applying group
theoretical methods [48)].

The polarizability theory

In the macroscopic framework of the polarizability theory, elementary excita-
tions may induce a change in the in the polarizability o of molecules or the
electric susceptibility x of crystals which is the origin of Raman scattering [2].
An incident electric field present in a medium

— —

E(7,t) = Ei(ki,w;) cos(ki7 — wit) (1.3)

will induce a dipole moment in a molecule or a polarization Pin a Crys-
tal:

—

P(7,t) = e / x (7,7 6, ) EF  t)dFdt’ (1.4)

where € is the vacuum permittivity and E; is the amplitude of the incident elec-
tric field of frequency w; and wave vector k. In case of a vibrational excitation
of the crystal lattice, for instance, the susceptibility will be modulated. Under
the assumption that the exciting radiation is far away from singularities in the
electronic susceptibility x, the modulation can be treated as a perturbation and
the susceptibility can be expanded in a Taylor series in normal coordinates Q
of the excitation around the equilibrium positions:

X Q) = X0 + 3 (a") Q+Y (82") QuQm+ - (15)
Y k anz 0 k,m anan 0
with
Qr(7,t) = Qro(q, w) cos(q7 — wyt) (1.6)

One obtains for the polarization by substituting equations (1.5)) and (1.6) into
T

ﬁ(ﬁ t, Qk) = GOXOEi COS(Eﬂ?— wit)—i—

% . Z <886§k)0 Qo - €0 - [cos((Ei — Q)7 — (Wi — wg)t)+ (1.7)
k

+ cos((k + OF — (w; + wp)t)] + ...,
where ¢ and wy, are the wave vector and the frequency of the lattice vibration,
respectively. The first term on the right hand side of equation (1.7)) is a polar-

ization vibrating in phase with the incident electric field. It causes elastically
scattered light of frequency wj, known as Rayleigh scattering. The second and

14
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third summand on the right hand side in the equation ([1.7) are induced polar-
ization waves by one phonon consisting of a Stokes shlfted wave with frequency
wsg = wj — wi and wave vector ks = k — ¢ and an anti-Stokes shifted wave
with frequency w,s = wi + wi and wave vector k aS = =k + q. The equations
describe one-phonon (first-order) Raman scattering and embody that energy
and momentum are conserved during the inelastic scattering process. Higher-
order terms in the expansion of the electric susceptibility x in equation (1.5
give rise to scattering by more than one phonon (higher-order Raman scatter-

ing).

The maximal carry of the one-phonon wave vector is 2k; due to momentum
conservation. Using light in the visible wavelength regime for excitation, this
value is small compared to the size of the Brillouin zone. Thus, one-phonon
Raman scattering of an ideal crystal structure only probes lattice vibrations
from the center of the Brillouin zone (¢ =~ 0). The constraint of an almost
vanishing ¢ value is referred to as the wave-vector selection-rule of one-phonon
Raman scattering.

The scattering cross-section

Within the macroscopic framework, the spectral differential cross-section can
be obtained with the help of the induced polarization in equation (1.7)). For the
Stokes component of first-order scattering by phonons follows [40}, 42]:

0?0g wiwd g 195'% 2
= e s . _’si_’i : 1 A i Ws), 1.
000w~ amdm 2V |50, (nwn) + g Alwi—ws), (18)

where wy, is the phonon frequency, wj is the frequency of the incident radiation,
and ws the frequency of the scattered light. The spectral differential cross-
section further depends on the ratio of the refractive indices n; and ng of the
medium for the incident and scattered radiation, on the scattering volume Vg,
the total sample volume V4, and on the number of primitive unit cells N of the
crystal. The unit vectors €; and & represent the polarization of the incident
and scattered radiation, respectively, c is the speed of light, and n(wy) is the
Bose-Einstein statistical factor. To account for the finite width of signals at
frequency wy, equation (1.8)) is weighted by the line shape function A(w; — wy),
which usually exhibits a Lorentzian profile. The total Raman scattering cross-
section og is obtained by integrating the spectral differential cross-section over
the scattered frequencies Jws and the solid angle element 0€2. Similar cross
sections can be derived for anti-Stokes and multi-phonon scattering. It follows
from such considerations that first-order Raman spectra display a set of dis-
crete lines, whereas higher-order processes give rise to a broad continuum of
features.

The equations for the polarization and for the spectral differential scattering
cross-section ((1.7)) and (1.8)) demonstrate that a lattice vibration can only con-
tribute to Raman scattering if it induces a change in the polarizability or sus-

15
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ceptibility. In particular, the derived polarizability tensor (Ox/0Q})o must have
nonvanishing components.

The Raman tensor

The derived polarizability tensor is proportional to the Raman tensor with the
components R?l = (0x,1/0Qk)o. It is a third rank tensor: the indices j and [
cover the space coordinates x, y, and z, respectively. The third index k extends
across the 3n — 3 normal coordinates @ for the vibrations, where n is the
number of atoms in the primitive unit cell. In the following, the term Raman
tensor denotes for simplicity a second rank tensor R” of one individual mode
k, in which case it has the form of a quadratic matrix with three rows and three
columns. The actual elements of the matrix depend on the symmetry type of the
mode, i.e., on its irreducible representation of a crystallographic point group,
as well as on the orientation of the three orthogonal coordinate axes x, y, and
z with respect to the crystallographic axes. For non-magnetic materials in the
quasi-static approximation, i.e., if the excitation frequency is large compared to
the frequency of the scattered radiation, the Raman tensor is fully symmetric
[44]:

RY =R} (1.9)

These approximations hold for the vast majority of cases. An important excep-
tion is resonant Raman scattering, where the quasi-static approximation is not
valid and Raman tensors may be antisymmetric.

Whether or not a lattice vibration is Raman active, thus has nonvanishing tensor
elements, can be determined on the one hand by analyzing the displacement, of
the atoms of that particular lattice vibration in the ideal crystal structure and
by verifying if it induces a change in the susceptibility. On the other hand, one
can make use of the symmetry properties of the ideal crystal structure and of
the lattice vibrations introduced in chapter [L.1]

Application of group theory — Raman activity

In quantum mechanics, the transition probability for a system from an initial
state described by W; to a final state described by W¢ is proportional to the
following matrix element [2], 28, 4T], 43]:

My = /\Ifréqfidf, (1.10)

where O is the operator driving the transition. Using group theory, one can
demonstrate that the matrix element in equation may be nonzero, i.e.,
the transition from the initial to the final state is allowed, if the direct product
of the representations of the initial state, the transition operator, and the final

16
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state is or contains the totally symmetric representation. An equivalent formu-
lation is that the direct product of the representations of the initial state and
the transition operator is or contains the representation of the final state. In the
case of Raman scattering, the driving operator of the transition is the derived
polarizability tensor, which is a second rank tensor. Every tensor transforms
as the product of coordinates; thus, its representation corresponds to that of
the product of coordinates of the appropriate point groupf_-] Assuming that the
initial state belongs to the totally symmetric representation, i.e., the system is
in the unexcited ground state, and that the final state is a phonon state char-
acterized by its irreducible representation I't of the point group of the crystal,
a Raman transition is allowed if 't belongs to the representation of the de-
rived polarizability tensor of the corresponding crystallographic point group (at
¢ =~ 0). An equivalent formulation is that I't must be contained at least once in
the decomposition of the direct product of the polar vector representation I'y
with itself [44]:

Iy®T, >I} (1.11)

When any of the two conditions is satisfied, the phonon characterized by the
irreducible representation I't of the point group of an ideal crystal is Raman
active, i.e., it exhibits a Raman tensor with nonvanishing components. Two-
phonon processes are Raman active if the direct product I';, ® I';;, of the modes
n and m contains irreducible representations that are themselves Raman active.
In a similar manner, selection rules for infrared activity can be derived bearing
in mind that the transition operator for an interaction with electromagnetic
radiation is the dipole moment, which transforms according to the coordinates,
thus, like a polar vector. The remaining lattice vibrations in an ideal crystal
structure, which are neither Raman nor infrared active, do not couple to elec-
tromagnetic radiation and are called silent modes. By means of group theory,
the matrix form of the Raman tensors can be constructed for all point groups
and irreducible representations of lattice vibrations, tabulated for example in
the book by Hayes and Loudon [40].

The scattered intensity — polarization or symmetry selection-rule

The intensity of inelastically scattered light is proportional to the square of the
induced polarization and, therefore, to the square of the Raman tensor RF.
This yields

2 2
" |eT - RE- & :‘Zesd-Rﬁ-ei’l (1.12)
j7l

for an individual mode k if the excitation frequency is far from than any singu-
larities in the electronic polarizability or susceptibility [42]. The unit vectors &

!The transformation properties of the polarizability are demonstrated in the appendix of the
book by Wilson [41].
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and € represent the polarization of the incident and scattered radiation, respec-
tively. If a mode is degenerate, the total scattered intensity is found by summing
the intensities corresponding to the various Raman tensors of the same mode
[2,56]. Equation is widely used in Raman spectroscopy since it determines
if a Raman-active mode is in principle observable in a given scattering geome-
try or not. For instance, one may observe different Raman-active phonons when
analyzing the scattered radiation parallel or perpendicular to the propagation
direction of the incident radiation. It further follows from the approximation for
the scattered intensity above and the spectral differential cross-section in (1.8))
that Raman spectra depend on the symmetry type of the Raman-active lat-
tice vibrations, since these determine the elements of the Raman tensor. Thus,
Raman spectroscopy is not only sensitive to the chemical elements the crystal
is composed of but also to its symmetry characteristics. To emphasize this,
equation is referred to as the polarization or symmetry selection-rule in
literature.

In summary, lattice vibrations can be classified according to irreducible repre-
sentations of the crystallographic point group to which the ideal crystal struc-
ture belongs. The symmetry characteristics of the lattice vibrations determine
whether these are Raman active and induce selection rules on their detectabil-
ity in an experiment, in addition, to the laws of energy and momentum con-
servation. Thus, one-phonon Raman spectra only probe lattice vibrations from
the center of the Brillouin zone, whose representations transform like a second
rank tensor. For a given experimental scattering geometry, these will appear in
Raman spectra if they exhibit a nonzero scattering intensity according to the
symmetry selection-rule. In the following chapter, perturbations of the ideal
crystal structure by defects and their impacts on Raman spectra will be ana-
lyzed.

1.3 Perturbations of the ideal crystal structure and
their impact on Raman spectra

In reality, there are no perfect crystals as entropy always leads to the formation
of lattice defects [6]. The large variety of defects occurring can be classified
according to their dimension [27, 57]: zero-dimensional defects are intrinsic
point defects, such as vacancies, self-interstitials, or antisite defects, as well as
extrinsic point defects, like interstitial or substitutional impurity atoms that
have been introduced either by design or unintentionally during the synthesis.
Chains of point defects and dislocations are one-dimensional defects. Examples
for two-dimensional defects are the crystal surface or stacking faults. Voids
or inclusions, among others, are considered to be three-dimensional defects.
If the long-range order of the ideal crystal structure is lost and the material
is composed of crystallites of varying size and orientation, it is referred to as
polycrystalline or amorphous depending on the magnitude of the loss of the long
range order.
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1.3 Perturbations of the ideal crystal structure

As it was shown in the previous section lattice vibrations of an ideal crystal
structure may be observed in Raman experiments if they fulfill certain condi-
tions defined by the laws of energy and momentum (wave vector) conservation
as well as by the symmetry characteristics of the crystal structure: first-order
Raman processes exhibit a Lorentzian line-shape originating from phonons with
a well defined wave vector ¢ ~ 0 and a frequency w, and whose irreducible
representations of the crystallographic point group transform like a second rank
tensor. These constraints might be lifted by perturbations of the ideal crystal
structure. In particular, signals of Raman-active modes might vary in line shape
and shift in frequency or normally Raman-forbidden modes of the perfect lattice
might become Raman active, thus appear in the Raman spectra. The defects
themselves can further be excited, exhibiting vibrational modes in Raman spec-
tra that have no analogue to the lattice vibrations of the ideal crystal structure.
These aspects are briefly introduced in the following already with regard to the
oxide semiconductors studied in this thesis.

Defect modes — local vibrational, gap, or resonant modes

Defects in a crystalline material may give rise to new vibrational modes, which
differ in real and frequency space from the lattice vibrations of an ideal crystal
structure and, therefore, serving as probes of the defect and its environment
[5]. The linear-chain vibration model provides an intuitive understanding of the
characteristics of modes introduced by point defects, including vacancies and
interstitials, in an otherwise perfect crystal lattice. The model is an oversimpli-
fication of the Hamiltonian problem in chapter approximating a compound
semiconductor by a one-dimensional linear-chain composed of alternating masses
m and M connected by springs of force constant k. Restricting the problem to
nearest-neighbor interactions and using periodic boundary conditions yields for
the equation of motion:

oAt .
with
f:(xl...xj...xn)T, (1.14)
M 0 O
0 m O
M = 0 0 M , (1.15)
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and
o% —k 0 ... 0 —k
—k 2% —k 0
k=" —k 2k ], (1.16)
0
—k 0

where n is the number of atoms in the chain and z; is the displacement of atom j.
The matrices k and M are of dimension n xn. Solving the equations of motions
for the displacements can be turned into a (simple) diagonalization problem if
a harmonic time dependence for the variables is assumed. The eigenvalues w of
the so-called dynamical matrix are the allowed vibrational frequencies and the
eigenvectors the corresponding atom motions.

A defect may be introduced into the model, for instance, by simply replacing
one atom of the chain by a new atom type of mass m’. As an example consider
nitrogen doped ZnO approximated by a diatomic chain of in total 128 zinc and
oxygen atoms with masses 65u and 16 u, respectively, in which the oxygen atom
at position 63 in the chain is substituted by a nitrogen atom of mass 14 u. For
simplicity, any effects due to different bond lengths in the hexagonal structure
of ZnO and to the different charge states of the nitrogen and oxygen atoms
are neglected. A numerical solution of this linear-chain model in comparison
to the unperturbed case results in a new vibrational mode at a frequency of
about 608 cm~!. Using a larger number of atoms, does not seem to vary the
outcome of the model calculation considerably. Figure is a histogram of
the numerically calculated vibrational frequencies, reflecting the phonon density
of states (DOS), including the new mode lying above the vibrational bands of the
ideal crystal. The spring constant & = 1.325-10? N/m in the model was chosen
such that the upper limit of the optic bands resembles the experimental value
of the E{(LO) phonon frequency of ZnO of about 590cm~!. In figure
the displacement of the atoms (eigenvectors) in the linear chain are exemplary
shown for three different vibrations. The new mode C, the defect mode, is
localized in space. Its amplitude is largest at the defect site (atom position 63)
and approaches zero within a distance of a few atoms from the defect site.
These elementary considerations illustrate the characteristics of localized modes
that originate from vibrations of light impurities and give rise to sharp lines
in Raman spectra at frequencies above the optic bands of the ideal crystal
structure.

In addition to local vibrational modes, one further distinguishes between gap
and resonant modes [40]. Gap modes may be activated by all kinds of defects
and occur in the frequency gap of the single phonon DOS of the perfect lattice if
such a gap exists at all. These modes are localized in space and give rise to sharp
spectral lines. Resonant modes may also be activated by all kinds of defects,
in particular, when an atom is substituted by a much heavier isotope. The
vibrational amplitude of a resonant mode is enhanced at the defect site but does
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Figure 1.1: Linear-chain model-calculation for N doped ZnO consisting of in
total 128 zinc and oxygen atoms. The oxygen atom at position 63 in the chain
is substituted by a nitrogen atom. In (a) a histogram of the frequencies (eigen-
values) is shown, resembling the phonon density of states. The mode above the
optical bands is due to the N impurity and not present in model calculations for
pure ZnO. In (b) the displacement (eigenvectors) of the atoms in the chain are
exemplary shown for three different vibrations. Mode C exhibits the character-
istic features of a local vibrational mode (LVM) while modes A and B are not
influenced by the defect and resemble lattice vibrations of unperturbed ZnO.

not die out far from the defect, in contrast to local vibrational and gap modes.
Therefore, these modes are partially localized, giving rise to broader signals
within the vibrational bands of the ideal crystal.

With increasing defect concentration, small clusters begin to form in the crystal.
These may exhibit a number of vibrations of the localized, gap, and resonant
type, thus, differ in real and frequency space from the lattice vibrations of the
ideal crystal structure as well.

Defect modes are present in Raman spectra if they introduce a change in polariz-
ability and if their concentration is large enough (about 10'® defect atoms/cm?)
to compete against second-order scattering from the host crystal [42]. Details
and more sophisticated models for vibrations in disordered solids can be found
in the extensive review article by Barker and Sievers from 1975 and in the more
recent article by McCluskey from 2000, which covers localized modes of impu-
rities in semiconductors [5, 29].

Besides modes of actually vibrating defect atoms, perturbations of the ideal
crystal structure may further lift the Raman activity and wave-vector selection-
rules. This may lead to scattering by normally Raman-forbidden lattice vibra-
tions and of phonons with arbitrary wave vectors (¢ # 0). Such kind of effects
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1 Theoretical background

are addressed in the following paragraphs.

Changes in Raman activity — symmetry forbidden modes

The ideal crystal symmetry, defining whether lattice vibrations couple to elec-
tromagnetic radiation, may be reduced when an external macroscopic perturba-
tion is applied, e.g., uniaxial stress. According to the Curie principle, the new
symmetry group is restricted to a subgroup of the original one, containing only
those symmetry operations which are common to both the unperturbed and
the perturbed system [28]. The subgroup of the original group representing the
perturbed system may contain different irreducible representations than the un-
perturbed one. Therefore, vibrational modes which are Raman forbidden may
become Raman active and degeneracies may be lifted if a macroscopic perturba-
tion is applied that reduces the crystal symmetry.

These considerations may not only hold for macroscopic perturbations. For ex-
ample, if one atom in an otherwise ideal crystal structure is substituted by an
impurity, the symmetry of the crystal is reduced since the translational invari-
ance is lost. In general, the presence of any kind of defect in a crystal breaks
the translational symmetry such that the wave-vector (see discussion below)
and Raman activity selection-rules derived for the ideal lattice do not strictly
hold any longer in Raman spectroscopy. The new symmetry group includes only
those operations that leave the defect site invariant. As a consequence, the Ra-
man activity selection-rules for extended phonon states do not hold any longer
as the presence of the defect may alter the polarizability change caused by the
displacement pattern of the phonon eigenstates. Lowering the symmetry from
that of the space group to the site symmetry of the defect may make the original
irreducible representation reducible under the operations of the site group, i.e.,
it may be expanded in terms of irreducible representations of the point group
characterizing the defect site. The expansion in the representations of the point
group of the defect site may exhibit different behavior than that of the origi-
nal mode. In particular, the expansion of a originally Raman-forbidden lattice
vibration may contain Raman allowed irreducible representations of the point
group of the defect site. Thus, vibrational modes that are Raman forbidden
become Raman active and degeneracies may be lifted due to the reduction of
the symmetry by defects.

In the following, the II-VI semiconductor ZnO that crystallizes in a wurtzite
structure belonging to the space group C§, (P63mc, No. 186) is considered as
an example [58] 59]. In ZnO, the oxygen and zinc atoms occupy sites of Cl,
symmetry [60]. Consequently, substitutional or vacancy defects in ZnO locally
reduce the ideal crystal symmetry from the Cg, point group to the Cj, one. The
expansion of the original irreducible representations in the reduced symmetry is
given by the correlation table of the Cg, point group to its subgroups, depicted
in table in which bold printed symbols indicate representations transform-
ing like second rank tensors which, hence, may be Raman active. Depending
on the orientation, it follows for the C's,, point group that the original silent By
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1.3 Perturbations of the ideal crystal structure

point group irreducible representations

Céo (6mm) Aq A, By Ba Eq E-»

Cs (6) A A B B E, E-»

Csy (0y)  (3m) Aq Ao Aq Ay E E

Csy (0g)  (3m) A A, Ay Ay E E

Cay (mm2) Ay Az B, Bs B;®B2: A;BA3
Cs (3) A A A A E E

Co (2) A A B B 2B 2A

Cs (o) (M) A’ A" A’ A" AaoA” A'oA”
Cs (oq) (m) A/ A" A" A’ A'oA” A'pA”

Table 1.2: Correlation table of the Cg, point group and its subgroups [41l [61].
Bold printed symbols indicate representations transforming like second rank
tensors, hence, which may be Raman active.

lattice vibration becomes Raman active whereas the By mode remains Raman
forbidden or that the B mode becomes Raman active and phonons of By sym-
metry type remain silent. If the symmetry perturbation is even stronger, e.g., a
reduction to the Csq, point group, the twofold-degeneracy of each E symmetry
type modes is lifted.

It should be noted that group theory based on symmetry arguments only states
whether phonon modes couple to electromagnetic radiation, but it cannot pre-
dict the magnitude of these effects. The magnitudes depend entirely on the
strength of the perturbation caused by the defects.

Relaxation of the wave-vector conservation-rule

In an ideal crystal structure, the momentum (wave vector) conservation restricts
the first-order Raman scattering-processes to lattice vibrations from the center
of the Brillouin zone (¢ = 0), as it was shown in section If the long-range
order (translational symmetry) of the perfect lattice is lost, like in amorphous
solids, Bloch’s theorem is not longer applicable. Thus, the wave vector is not a
good quantum number and the related selection rule is lifted [27]. Assuming that
the correlation length, which characterizes the spatial extent of a normal mode
vibrating state, in amorphous solids is short compared to optical wavelengths,
Shuker and Gammon demonstrated that the wave-vector selection-rule breaks
down, that all modes become Raman active, and that the first-order Raman
scattering intensity is roughly proportional to the phonon density of states [3]
62]. Based on this picture of nearly localized lattice vibrations, Raman spectra
of amorphous solids may not exhibit a discrete set of lines but rather broad
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features, being a measure of the phonon DOS, e.g., experimentally observed in
amorphous Ge and Si [63].

A relaxation of the wave-vector selection-rule also accounts for the charac-
teristics of Raman spectra of materials between the extreme cases of highly
crystalline and amorphous solids, e.g., partially disordered, mircocrystalline, or
polycrystalline materials. With decreasing crystallite size, the first-order Raman
signals redshift, broaden, and exhibit asymmetric line shapes (combinations of
Lorentzian and Gaussian functions). These observations can also be described
by the localization of lattice vibrations to a finite volume and a relaxed wave-

vector selection-rule, however, not as strongly perturbed as in amorphous solids
[64., [65].

In real crystalline samples, the wave-vector selection-rule (¢~ 0) remains a use-
ful approximation, despite the considerable amount of defects, that, in principle,
lift the translational symmetry, like vacancies, impurities, and so on. However,
defect-induced lattice vibrations violating the wave-vector selection-rule have
been observed. For an overview see chapter 2.1.16 of reference[62L

In summary, defects may give rise to additional modes, which differ in real and
frequency space from the lattice vibrations of an ideal crystal, and/or allow
normally Raman-forbidden lattice vibrations to become Raman active due to
symmetry reduction. If the defects induce such a strong perturbation that the
long-range order of the perfect lattice is lost, the position in frequency and the
shape of the Raman signals may be altered. In the extreme case of an amorphous
solid, Raman spectra do not exhibit a set of discrete lines anymore but rather
broad features. There are no general rules established yet when which effect
will occur.
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2 Experimental setup

To investigate the lattice dynamics of the oxide semiconductors, a commercially
available Renishaw inVia Raman microscope is used. In the following para-
graphs, the basic setup is described briefly, as well as the experimental methods
for carrying out polarization-, pressure-, and temperature-dependent Raman ex-
periments. The chapter ends with a short discussion of the procedure for the
determination of phonon frequencies and intensities from experimental Raman
spectra.

The experimental Raman setup

A schematic illustration of the optical light path of the experimental setup is
depicted in figure As excitation sources, three different laser wavelengths
have been available: the 532 nm line of a diode-pumped frequency-doubled solid-
state laser (50 mW), the 633nm line of a HeNe laser (30 mW), or the 785nm
line of a diode laser (300 mW). The linearly polarized laser light is focused onto
the sample’s surface in a optical microscope by Leica Microsystems using a 50 x
objective (Leica Microsystems, NA 0.75). The scattered radiation is collected
by the same microscope in backscattering geometry. It is then dispersed by a
spectrometer with a focal length of 250 mm and finally detected by a charged
coupled device (CCD) camera. A Rayleigh rejection filter is installed in the
light path in front of the spectrometer. It transmits only scattered light above
a certain wavelength threshold. Anti-Stokes and Rayleigh scattered light are
rejected, whereas the Stokes component of the scattered radiation is transmit-
ted and investigated. For each excitation wavelength a customized Rayleigh
rejection filter is required. These possess different wavelength thresholds in the
range of about 100 to 300 cm~! above the wavelength of the excitation laser.
To study near-excitation Raman bands the Rayleigh rejection filter is replaced
by a double monochromator (NExT filter). It allows one to tune the cut off
wavelength for the 633nm laser but leads to a greater loss in scattered in-
tensity due to all the additional optical elements the light has to pass in the
monochromator. To a first approximation, the spectral resolution is limited by
the focal length, grating type, and slit width of the spectrometer. Table
lists achievable spectral resolutions. For the standard measurements using the
532nm excitation laser in this thesis, the systems’ spectral resolution is limited
to about 5.1cm™!.
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Figure 2.1: Schematic illustration of the experimental setup used for the Ra-
man experiments. The polarizer and the wave plates can be installed optionally
to realize various scattering geometries.

Polarization-dependent experiments — Determination of the phonon
symmetry character

To analyze the symmetry properties of the lattice vibrations, and hence different
Raman tensor elements, see equation , various polarization geometries can
be realized for the visible excitation sources, i.e., for the wavelengths of 532 and
633nm. If a polarizer is introduced between the Rayleigh rejection filter and
the entrance slit of the spectrometer, parallel aligned polarization vectors of the
incident laser light and the scattered radiation from the sample can be studied
as depicted in figure 2.1l To investigate perpendicularly aligned polarization
vectors, a half-wave plate (A\/2) can be placed in front of the polarizer, such
that it rotates the polarization of the scattered light from the sample by 90°
(m/2). The following polarizer then only transmits polarization vectors of the
scattered light aligned perpendicularly to the incident one. This may also be
achieved by rotating the polarizer by 90°. However, the grating is polarization
sensitive and thus the intensity measurements would have been biased. If no
additional polarization optics is introduced, all polarization orientations of the
scattered radiation are detected simultaneously (unpolarized Raman spectra).
It is further possible to rotate the incoming polarization vector of the excitation
laser by 90° (7w/2) or to circularly polarize it by introducing a half- or quarter-
wave plate, respectively, in the light path of the exciting laser, see figure [2.1

The various scattering configurations are labeled by the Porto notation [58]:
Ei(é}é’s)l;s, where the symbols EZ and Es outside the parentheses denote the
propagation directions of the incident and scattered radiation with respect to
the crystal axes, respectively. The direction of their polarization vectors is given
by the two symbols €; and €5 inside the parentheses. In backscattering geometry,
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grating/  slit width/ spectral resolution /cm ™!

(lines/mm) pm 532nm  633nm  785nm
2400 65 3.8 2.7
20 1.2 0.8
1800 65 5.1 3.6
20 1.6 1.1
1200 65 3.5
20 1.1

Table 2.1: Spectral resolution (spectral bandpass) of the experimental setup
determined accordingly to equation (4.21) in reference 2L

the propagation directions of the incident and scattered light are antiparallel,
e.g., z(yy)Z denotes a measurement in which the incident radiation propagates
along the z axis and the scattered radiation is detected along the —x axes while
their polarization vectors are directed along the y axis.

To obtain the full symmetry information of the lattice vibrations, the samples
can be mounted on a rotating microscope stage. It allows one to rotate the
crystal axes in plane with respect to the incident polarization vector of the exci-
tation laser. This is equivalent to the rotation of the plane of polarization. Due
to mechanical limitations, it is not possible to perfectly match the center of the
rotating microscope stage with the laser line. Therefore, the laser spot is not ro-
tated about a single sample location but covers a small area. The radius covered
is about 50 pm in experiment. Assuming that the area covered by the laser dur-
ing the rotation is homogenous and of one crystal orientation, the influence of
the misalignment on the experiment is negligible.

Pressure-dependent experiments

To investigate Raman spectra as a function of hydrostatic pressure a diamond
anvil cell (DAC) is used. For that purpose, a small part of a thin film or crystal
was scraped or broken off using a thin needle and afterwards placed inside the
DAC. A methanol-ethanol (4:1) mixture was used as a liquid pressure medium.
The DAC was mounted on the optical microscope equipped with a 50x long-
distance objective (Olympus, NA 0.45) to focus the linearly polarized excitation
laser into the DAC and to collect the scattered radiation from the sample. In
that manner, Raman spectra as a function of hydrostatic pressure were collected
at room temperature.

The fluorescence line R; of ruby is used as a pressure gauge [66]. For this
purpose, ruby powder is placed in the DAC in addition to the sample. The fluo-
rescence lines are fitted using a Lorentzian line-shape assuming a constant back-
ground. The wavelength A of the fluorescence line R; almost linearly correlates
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to the applied pressure and allows its determination in GPa [67]:

A B

— -1 2.1
() ] , 1)
where A\g = 693.95nm is the zero pressure value, and A = 1876 and B = 10.71
are fit parameters. The standard error of the determined pressure values is bet-
ter than 0.8 GPa (upper bound) using the laws of propagation of uncertainty
with AA = 6.7, AB = 0.14, and the spectral resolution of the Raman micro-

scope of about 0.14nm (5.1 cm™!) as the relative error for A and \g. The maxi-
mal achieved hydrostatic pressure was about 6.5 GPa.

A

p==
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Temperature-dependent experiments

In order to carry out temperature-dependent Raman experiments a Linkam
Scientific Instruments heating and freezing microscope stage (THMS600) is at-
tached to the optical microscope. To focus the excitation laser into the temper-
ature stage and to collect the scattered radiation from the sample, the optical
microscope is equipped with a 50x long-distance objective (Olympus, NA 0.45).
The sample under study is placed onto a silver block inside the temperature
stage. It serves as a heating element to increase the sample’s temperature up
to about 870 K. On the other hand, the silver block can be directly cooled with
liquid nitrogen. Thus, experiments in the temperature range between about 80
and 870 K can be carried out.

Analysis of Raman spectra

The actual values of phonon frequencies or energies and corresponding phonon
signal intensities determined from Raman spectra depend on the method how
the background is treated, i.e., what is subtracted from the Raman spectra, as
well as on the procedure how these quantities are analyzed. In general, neither
the shape nor the magnitude, in sense of scattered intensity, of the background in
Raman spectra are well known. Various physical processes contribute to it, such
as Rayleigh scattering, cosmic rays, photoluminescence, or higher-order Raman
scattering-processes from the sample itself or its substrate in case of thin films.
Thus, no standard has been established yet on how to correct Raman spectra
for its background.

In this thesis, a piecewise linear background is subtracted from the obtained
Raman spectra if necessary. The chosen anchor points for the baseline might
vary for different sections, however, almost remain the same within a set of
Raman spectra that are compared to each other. Subsequently, signal positions
and intensities are determined. For this purpose, two different methods are
applied: on the one hand, these quantities are estimated by the naked eye. This
is a simple approach and quickly carried out, however, the results depend on
the experimentalist. On the other hand, the Raman spectra are fitted with

28



peak functions using the analysis software OriginPro by OrginLab. The latter
method seems more sophisticated to yield independent results, but it depends
on the line shape, number of signals fitted at the same time, or the fitting range,
among others. Thus, it also depends on the experimentalist. Neither method is
free of error nor are the determined values but as long as the same procedure is
applied to a set of Raman spectra the results can be compared to each other.
At the beginning of each analysis, the methods chosen to analyze the Raman
spectra are briefly discussed.
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3 Lattice dynamics of ZnO — Raman
scattering of an ideal crystal
structure?

Zinc oxide (ZnO) is a binary II-VI compound semiconductor with a wide and di-
rect band gap. Its properties have been studied since the late 20s of the last cen-
tury [9]. First Raman spectra of ZnO were published almost 50 years ago in 1966
[58]. Since that time, Raman spectroscopy is commonly used to probe the qual-
ity and crystal orientation of ZnO crystals and thin films.

The lattice dynamics of ZnO, in particular, the experimental analysis of the
symmetry characteristics of Raman-active lattice vibrations are the subject of
the following chapter. It serves as a basis for the study of the perturbed system
nitrogen doped ZnO, which will be covered in chapter [d] The first two sections
focus on selected properties of ZnO, on its lattice dynamics from a theoretical
point of view, as well as on first- and second-order Raman scattering-processes.
In the third part, the dependence of the scattered intensity by Raman-active
ZnO phonons on sample rotation is analyzed. The findings demonstrate the
correlation between the crystal structure, the phonon symmetry types, and the
scattered intensities. All experimental results using Raman spectroscopy in this
chapter are consistent with the laws of conservation as well as the Raman activ-
ity and the symmetry selection-rules established for an ideal hexagonal crystal
structure. Inconsistencies with respect to theory are attributed to deviations
from the ideal scattering geometry in experiment.

Sample characteristics

The ZnO thin films analyzed in this chapter have been grown by chemical vapor
deposition (CVD). Details about the growth process can be found in refer-
ence 36l In addition, commercially available pure ZnO crystals from CrysTec
GmbH and Tokyo Denpa Co., Ltd. (TEW) grown by a hydrothermal method
have been investigated [68] [69]. The analyzed samples possess various crystal
orientations.

3.1 Selected properties and lattice dynamics of ZnO

The binary II-VI compound semiconductor ZnO crystallizes in wurtzite struc-
ture, which belongs to the hexagonal crystal system [7, ©]. The symmetry
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(a)

primitive unit cell 2x2x1 unit cells hexagonal cell

Figure 3.1: Schematic illustration of the wurtzite crystal structure of ZnO. In
@ and @ one and 2x2x1 primitive unit cells are shown, respectively. The
latter demonstrates the tetrahedral coordination of the oxygen and zinc atoms.
Inthe hexagonal cell is illustrated. Bold printed lines represent the primitive
unit cell.

characteristics of the wurtzite crystal structure are given by the space group
Cg, (P63mc, No. 186) and its corresponding point group Cg, (6mm). As de-
picted in figure each zinc ion (Zn%") has four oxygen (O%) neighbors in
a tetrahedral configuration and vice versa. This is typical for a sp® covalent
bonding. However, due to the large differences in electronegativity of oxygen
(3.44 in Pauling scale) and zinc (1.65 in Pauling scale) [70], the ZnO bond in
the hexagonal crystal structure has a considerable degree of polarity and thus
exhibits an additional distinct ionic character. ZnO is colorless and transparent
in appearance with a large energy band gap of about 3.3eV at room temper-
ature [7, [7I]. Nominally undoped ZnO is often intrinsically n-type conducting
due to intrinsic defects and /or, more likely, due to the incorporation of extrinsic
impurities during the growth process such as hydrogen [7HI0]. The tetrahe-
dral bonding geometry may also result in a zinc-blende crystal structure, which
belongs to the cubic crystal system and whose symmetry properties are de-
scribed by the space group T2 (F43m, No. 216) and its corresponding point
group Ty (43m). The cubic crystal structure, however, is less favorable than
the wurtzite one [7]. In figure |3.1(a)| the primitive unit cell of the wurtzite
crystal structure is schematically illustrated. The primitive translation vec-
tors @ and b of the unit cell have equal length, include an angle of 120°, and
are in the plane perpendicular to the primitive translation vector & that is di-
rected along one of the tetrahedral binding orbitals [7, 9]. The hexagonal crystal
structure of ZnO has four atoms (n = 4) per primitive unit cell, i.e., two ZnO
molecular units, leading to 3n = 12 phonon branches (vibrational eigenmodes)
[58, 59]. According to group theory, the modes are classified by the following ir-
reducible representations of the crystallographic point group Cg, at the I'-point
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Figure 3.2: Atom displacement (eigenvectors) of the six optical lattice vibra-
tions in wurtzite ZnO according to reference [9L.

58, 59]:
' = 2A; @ 2B & 2E; 6 2E, (3.1)

Lattice vibrations of symmetry type A and B are non-degenerate, whereas
phonons of E symmetry are twofold-degenerate. The three acoustic phonon
branches exhibit A; and E; symmetry character, therefore, the 3n—3 = 9 optical
phonon branches belong to the irreducible representations:

Fopt =A|®2B) ®E| ®2E, (32)

Using the group theoretical methods introduced in chapter|l.2] one obtains that
A1 phonons are both Raman and infrared active with a polarization parallel to
the c axis. The twofold-degenerate phonons of E; symmetry type are also Raman
and infrared active but polarized in the plane perpendicular to the c axis. Lattice
vibrations of Eg symmetry type are Raman active only and modes of B; charac-
ter are silent, neither Raman nor infrared active.

The displacement of the oxygen and zinc atoms of the six optical lattice vibra-
tions are schematically shown in figure The A; mode pattern consists of
oscillations of the Zn- versus O-sublattices directed along the ¢ axis. Similarly,
the two B modes oscillate along the ¢ axis, however, only the zinc sublattice for
one mode and only the oxygen sublattice is displaced for the other, referred to
as BV and B}figh, respectively. Phonons of E symmetry type are directed in
the plane perpendicular to the ¢ axis and are thus twofold-degenerate. The E;
mode pattern consists of oscillations of the Zn- versus O-sublattices, analogous
to the A; mode pattern. The two phonons of Ey symmetry character can in
principle be divided into oscillations that predominantly involve zinc or oxygen
atoms, named E12°W and Egigh, respectively.

Lattice vibrations of symmetry type A; and E; result in an oscillating polar-
ization (polar modes) and thus induce macroscopic electric fields [56, 58, 59].

33



3 Lattice dynamics of ZnO

r K M r A H K
80 — —— ; ——
poke] I X X3 'S b o o
*
< 60 O T Q/o/
i | L N 3 22
E . | ¢
> |
S 40 i ] ] ]
5 | B
2 | o o
w 20 4 Q o
| o 092
|
ol L . . . . . e
0.0 02 04 04 02 00 02 04 0.2 0.4 0.2 0.0
[a o O] [ 0 0] [00 o] [0 0 0.5] [1/3 1/3 a]

Figure 3.3: Phonon dispersion relation of ZnO along the main symmetry
directions in the Brillouin zone [72]. Red diamonds and blue circles repre-
sent inelastic neutron scattering data, green squares are Raman data, and
solid lines are outcomes of ab initio calculations. Reprinted figure with per-
mission from J. Serrano et al., Phys. Rev. B 81 (17), 174304 (2010), http:
//dx.doi.org/10.1103 /PhysRevB.81.174304. Copyright (2015) by the American
Physical Society.

These lead to additional restoring forces. As a consequence, the polar modes
split into longitudinal (LO) and transverse optical (TO) phonons. Group the-
ory does not account for the splitting of the polar modes since it is confined
to non-propagating vibrations at the center of the Brillouin zone (¢ ~ 0) [9].
No polarization is induced by the two vibrations of B; and Eo symmetry char-
acter. Thus, in total eight optical phonon branches are expected in wurtzite
ZnO at the T-point: A;(LO), A;(TO), Blev, BY8" E,(LO), E;(T0), E¥Y, and
E5E",

The phonon dispersion relation of ZnO for the main symmetry directions in the
Brillouin zone is depicted in figure It is determined by inelastic neutron
scattering and ab initio calculations based on density-functional perturbation
theory [72]. Overall, an excellent agreement occurs between the experimental
data points and the theoretical calculations (solid lines). Further ZnO dis-
persion relations may be found in references (73| [74] and [75. The dispersion
relation can be divided into four regions: (1) acoustic phonons, which pass
through the origin, (2) optical phonons between about 100 and 280 cm ™! (12.4
to 34.7 meV), involving predominantly oscillating zinc atoms, (3) a forbidden
gap between 280 and 380 cm ™! (34.7 to 47.1 meV), and (4) optical phonons
in the range of about 380 to 600 cm~! (47.1 to 74.4 meV) , involving pre-
dominantly oscillating oxygen atoms. In accordance with the considerations
above, eight optical phonon branches are found at the center of the Brillouin
zone.
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3.2 Raman-active lattice vibrations in ZnO

Figure further visualizes an important property of ZnO crystallizing in the
wurtzite structure: due to its hexagonal lattice structure and to the polar char-
acter of the A; and E; symmetry type modes, one has to take into account the
phonon propagation direction (phonon wave vector). For example, the A;(LO)
mode is visible along the direction from the I'- to the A-point, thus along the
c axis, but not in a direction perpendicular to it. This has to be kept in mind
when studying ZnO specimens of different crystal orientation in the next chap-
ter.

3.2 Raman-active lattice vibrations in ZnO

In the preceding chapter, the lattice dynamics of ZnO crystallizing in a wurtzite
structure have been studied from a theoretical point of view. The considera-
tions demonstrated that the maximal number of signals corresponding to one-
phonon scattering processes of optical lattice vibrations in a Raman experi-
ment of an ideal wurtzite ZnO crystal structure is six. Usually the number
of lattice vibrations observed in experiment is lower because of the selection
rules imposed by the scattering geometry and the second rank Raman tensors
(see chapter [1.2)). For wurtzite ZnO, whose symmetry characteristics are given
by the point group Cg,, the Raman tensors have the following matrix form
[40]:

a 0 0 0 0 —c 0 00 0 d 0 d 0 0
0 a O 0 0 O 0 0 ¢ d 0 0 0 —d O
0 0 b —c 0 0 0 c O 0 0 0 0 0 O
Al (Z) El(—x) El(y) E2 EQ
(3.3)

The coordinate in parenthesis denotes the direction of the phonon polarization.
The phonon modes of E symmetry type are twofold-degenerate and their corre-
sponding Raman tensor can be divided into two individual matrices. The matrix
form of the Raman tensors depends on the setting of the coordinate axes. The
tensors listed in equation are defined with respect to the basis axes of a
right-angled coordinate system x, y, and z, depicted in figure EI For a
particular experimental scattering geometry, one can now determine if a Ra-
man active lattice vibration is allowed or forbidden by inserting the appropriate
tensors and polarization vectors, given with respect to the axes z, y, and z, in
the approximation for the scattered intensity in equation (|1.12)). Table lists
the symmetry selection-rules of zone-center optical phonons in wurtzite ZnO for
various scattering configurations.

2An alternative orientation of the coordinate axes is given in the book by Koster, in which
the z axis of the right-angled coordinate system is oriented perpendicularly to the a-plane
and accordingly the y axis is parallel to the a-plane [6I]. The z axis is chosen in the same
manner as in figure parallel to the sixfold rotation axis. The matrix form of the
Raman tensors is the same in both coordinate systems.
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a-plane c-plane m-plane
(abdc) (11-20) (0001) (1-100)
[xyz] [010] [001] [100]

Figure 3.4: @ Schematic illustration of the orientation of the primitive unit
axes a, b, and c in the hexagonal structure with respect to the orthogonal co-
ordinate axes x, y, and z. On the basis of the latter axes the Raman tensors
are defined in the hexagonal crystal system belonging to the point group Clg,.
(b)H(d)| Ilustration of three lattice planes in the hexagonal structure which are
commonly used ZnO crystal orientations. Below each representation, the Bra-
vais Miller indices (abdc) of the lattice planes and their corresponding normal
vectors, represented in the right-angled coordinate system (xyz), are given.

parallel polarization crossed polarization

frequency/ z(yy)x x(zz)z z(xx)z z(yz)z ylzz)y z(zy)z

mode em™ y(ex)y y(22)7 z(yy)z w(zy)T oy(za)y  z(yx)z
Elow 100 X - X - - X
Blow 261 - - - - - -
A (TO) 378 X X - - - -
Ei(TO) 410 - - - X X -
Ebieh 438 X - X - - X
Bhieh 552 ; ; - - - -
A1(LO) 575 ; i x . . .
E1(LO) 590 ; ; ; ; ; ;

Table 3.1: Symmetry selection-rules of zone-center optical phonons in wurtzite
7ZnO for various scattering configurations denoted in the Porto notation. The
listed phonon frequencies are experimental values at room temperature with the
exception of the values for lattice vibrations of B symmetry type. The latter are
silent modes and the corresponding phonon frequencies are results of ab initio
calculations taken from reference [73l
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3.2 Raman-active lattice vibrations in ZnO

First-order or one-phonon Raman scattering

Figure depicts Raman spectra of CVD grown and hydrothermally grown
wurtzite ZnO samples with different crystal orientations, defined in ﬁgure
and@ The spectra were recorded at room temperature using a linearly po-
larized 532 nm laser for excitation, and analyzing the polarization vector of the
scattered radiation parallel to that one of the incident excitation laser. Depend-
ing on the sample orientation and, therefore, on the scattering configuration,
different Raman-active one-phonon processes (dashed lines) are allowed: the
four modes located at about 378, 410, 438, and 575 cm ™! are the Raman-active
phonons of A;(TO), E{(TO), EIngh’ and A1(LO) symmetry character, respec-
tively. The E;(LO) phonon at a frequency of about 590cm™! is not allowed
in the scattering geometries considered here, see table 3.1l Due to the limited
transmission range of the Rayleigh rejection filters in the microscope, the EX™
mode at about 100 cm ™! is not completely accessible and, therefore, will not be
analyzed in the following. For the spectra shown in figure the samples have
been aligned such that the E;(TO) mode is minimal and thus the intensity of
the Egigh mode is maximal. The lattice vibration of A;(LO) symmetry type
exhibits a spectral feature that is weak in intensity. This is caused by a destruc-
tive interference of the deformation potential with the Fréhlich contribution,
according to Callender et al. [76]. All experimentally observed Raman-active
phonons are in accordance with the symmetry selection-rules summarized in
table e.g., phonons of A1(LO) and Ey symmetry character are allowed for
scattering of a c-plane oriented sample (z(zx)z) and only those are observed in
experiment.

Second-order or two-phonon Raman scattering

In first-order Raman scattering, the wave-vector conservation restricts the scat-
tered phonons to the center of the Brillouin zone (¢ ~ 0). This constraint of
a nearly vanishing wave vector is limited to the sum of wave vectors in case
of second- or higher-order Raman scattering. Thus, lattice vibrations from the
entire Brillouin zone will be accessible in the experiment if the correspond-
ing higher-order scattering-process is Raman active. The scattered intensity of
higher-order processes is, in principle, governed by the phonon density of states
or rather by the likelihood of the scattering process. As a typical example
figure shows the feature-rich structures caused by two-phonon scattering-
processes in the range of 100 to 950 cm™! of wurtzite ZnO specimens with
different crystal orientations. The assignments of the spectral features in fig-
ure[3.6]to higher-order scattering-processes follows the work by Cuscé et al. [77].

Table[3.2]lists second-order scattering-processes in the range of 200 to 1000 cm ™
in wurtzite ZnO including their symmetry characters determined from exper-
iment [77]. The latter are in agreement with the ones predicted by a group
theoretical analysis of the perfect wurtzite lattice structure by Siegle et al. [T8].
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Figure 3.5: First-order Raman scattering-processes of wurtzite ZnO samples
with different crystal orientations, hence for different scattering configurations.
The spectra were recorded at room temperature using a linearly polarized
532 nm laser for excitation. The scattering configuration is denoted in the Porto
notation. Black, dashed lines indicate allowed Raman-active ZnO phonons.
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Figure 3.6: Enlarged view of the Raman spectra of wurtzite ZnO shown in
figure [3.5] The spectra depict the rich structure of higher-order scattering-
processes indicated by black, solid lines. The assignment of the spectral features

follows the work by Cusco et al. [77]. Black, dashed lines indicate first-order
Raman scattering-processes in ZnO.
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3 Lattice dynamics of ZnO

frequency/ecm~!  scattering Brillouin zone symmetry character
here  ref.[T7  process [77] points/lines [T7]  exp. [77] th. [78]
204 203 2ELY: 2TA T L, M, H Ay, (Eo) Ay, Eo; -
284 284  BlEM_Blw T Ay Ay
333 333 ESE_plow A1, (Es, E1) Ay, Es
483 2LA M-K Aq -
540 536 2BYv: 2LA T, L, M, H Ay A -
619 618 TA+TO H, M Aq -
657 657 TA+LO L, H Eq, Eo -
668 666 TA+LO M Aq -
702 700 LA+TO M Aq -
724 723 LA+4+TO L-M Aq -
745 LA+TO L-M Aq -
773 773 LA+TO M, K Aq -
812 LA+LO L, M Aq -
980 2TO L-M-K-H Aq -

Table 3.2: Room temperature frequencies of second-order Raman scattering-
processes in wurtzite ZnO and their corresponding symmetry characters deter-
mined from experiment (exp.) in comparison to the ones predicted by a group
theoretical analysis (th.) of the ideal wurtzite structure. Excerpt from table IT
in reference [77 and from table II in reference [T8l

An analysis of the higher-order scattering-processes is essential to avoid misin-
terpretations of spectral features in Raman spectra of perturbed crystals. For
example, defect modes often only exhibit weak scattering intensities, similar to
the intensities of higher-order processes of the host material, and are therefore
easily misidentified.

3.3 Probing the symmetry characteristics of
Raman-active lattice vibrations

The first Raman spectra of crystalline ZnO, including polarization-dependent
experiments and an analysis of the lattice dynamics of the wurtzite crystal
structure by group theory were published almost 50 years ago by Damen et al.
in 1966 [58]. Based on their findings, the symmetry types of the phonons in
wurtzite ZnO were identified. The detailed analysis of the properties of the
polar phonons and the discussion of the various scattering configurations in
need to observe all phonons in wurtzite semiconductors by Arguello et al. from
1969 is also worth mentioning in this context [59]. In the following section, the
established assignment of the irreducible representations of the Cg, point group
to phonons in wurtzite ZnO will be reviewed. This is accomplished by making
use of the dependence of scattered intensity on the orientation of the crystal axes
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3.3 Probing the symmetry characteristics of Raman-active lattice vibrations

=

Figure 3.7: Schematic illustration of the orientation of the wave vector k; and
the polarization vector € for a rotation of the hexagonal crystal structure about
@ the y axis (normal to the a-plane), the z axis (normal to the c-plane),
and the x axis (normal to the m-plane). The circles denote the rotation of
the polarization vector and ¢ is the rotation angle.

with respect to the propagation direction of the incident and scattered radiation
as well as on the orientations of their polarization vectors. In particular, the
intensity dependence on the rotation of the sample will be studied. This is
equivalent to the rotation of the plane of polarization and allows one to analyze
the symmetry properties of the lattice vibrations, to confirm their assignment to
symmetry characters, and to determine the ratios of the Raman tensor elements
in wurtzite ZnO.

Theoretical calculation of the dependence of the scattered Raman
intensity on sample rotation

At first, the procedure how to analyze the symmetry characteristics is intro-
duced from the point of view of theory: figure |3.7(a)|, , and [(¢)| schematically
illustrate the orientation of the wave vector k; and the polarization vector €;
of the excitation laser for a rotation of the sample about the x, y, or z axis
with respect to the hexagonal crystal structure. The polarization vector is not
necessarily aligned to one of the crystal axes, but lies in the zz- (a-plane), zy-
(c-plane), or yz-plane (m-plane). To calculate the dependence of the scattered
Raman intensity on the rotation angle, the polarization vectors are represented
in polar coordinates, e.g., a vector rotating in the a-plane about the y axis has
the form:

cos(9)
o = 0 , (3.4)
sin(g)

where ¢ is the rotation angle between incident polarization vector €, and the
x axis. The polarization of the scattered light may now be analyzed paral-
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3 Lattice dynamics of ZnO

lel or perpendicularly to the incident one, thus one obtains in polar coordi-
nates:

gl = 0 (3.5)
or

(3.6)
cos(9)

where | and L denote parallel and perpendicularly oriented incident and scat-
tered polarization vectors, respectively. Inserting these polarization vectors and
the Raman tensors of wurtzite ZnO in equation yields the dependence of
the scattered Raman intensity on sample rotation about the y axis. For example,
one obtains for modes of Eo symmetry character (y(zz)y <> y(22)y):

cos(¢) 0 d 0\ [cos(o)
T"(Eg) o 0 d 0 0 0
sin(¢) 0 00 sin(¢)
cos(o) T4 0 o0 cos(¢) ’ (3.7)
+ 0 0 —d O 0

sin(¢) 0 0 O sin(¢)
x }dcos2(¢>)‘2

The dependence of scattered intensities of any Raman-active ZnO phonon on the
rotation of the sample about the z, y, and z axis can be determined similarly.
The outcomes of such calculations are listed in table [3.3] and clearly show a
distinct correlation between scattered intensity and symmetry character of the
modes, which makes them distinguishable from each other and allows their
identification in experiment.

Probing the dependence of the scattered Raman intensity on sample
rotation by the experiment

Corresponding Raman experiments have been carried out on hydrothermally
grown a-plane and CVD grown c-plane oriented ZnO specimens, thus for the
rotation of the samples about the y or z axis of the wurtzite crystal structure,
respectively. The Raman spectra have been recorded in backscattering geome-
try at room temperature using a linearly polarized 532 nm laser for excitation.
Figure 3.§(a)| depicts Raman spectra of the a-plane oriented ZnO sample for
various rotation angles about the y axis (y(xx)y > y(22)y). The spectra are
shifted vertically by a constant amount for clarity. Between 0° and 180° the
Eglgh phonon reaches a single intensity maximum at about 90°, whereas the
E;1(TO) mode exhibits two maxima at 40° and 120°, and three minima at 0°,
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Figure 3.8: Raman spectra of a-plane and c-plane oriented ZnO for
various polarization orientations of the incident laser with respect to the crystal
axes. The spectra were recorded at room temperature using a linearly polarized
532nm laser for excitation. The numbers are experimental rotation angles and
dashed lines indicate allowed first-order Raman scattering-processes. For clarity,
the spectra have been shifted on the axis of ordinates.

90°, and 180°. In comparison to the E1(TO) phonon, the A;(TO) mode is phase
shifted by 90° being maximal when the E;(TO) mode is minimal and vice versa.
In contrast, the Raman spectra shown in figure of the c-plane oriented
ZnO specimen rotated about the z axis (z(zx)z <> z(yy)Zz) reveal that phonon
signals of A;(LO) and Egigh symmetry character are independent of the sample
rotation.

The prominent features in the measured spectra were fitted with combinations
of Gaussian and Lorentzian functions assuming a linear background in the range
of 275 to 525cm~! for the A{(TO), E1(TO), and Egigh phonon signals and in
a narrow range around the A;(LO) one, chosen individually for each spectrum.
In fact, the mode of Egigh symmetry character is best described with a Fano-like
line-shape due to its decay into a sum of longitudinal and transverse acoustic
phonons [77, [79]. However, fitting with a Fano-like line-shape does not seem
to improve the results of the peak positions and integrated areas. This might
be due to the limited spectral resolution of about 5.1cm™! in the experiment
and to the simplified assumption that the background possesses a linear shape.
The results of these fits are shown in figure and in which the inte-
grated peak area of each phonon signal is plotted versus the rotation angle for
both polarization configurations, i.e., for parallel and perpendicularly oriented
incident and scattered radiation. The error bars are the standard errors of the
integrated area. Due to the fitting routine, the standard error of the Gaussian
functions could not be estimated. In these cases, the largest observed stan-
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3.3 Probing the symmetry characteristics of Raman-active lattice vibrations

dard error of fits with Lorentzian functions was used as an upper limit for that
mode. Obviously, each Raman signal exhibits a distinct intensity dependence
on rotation. Comparing these findings to the results in table [3.3| confirms the
assignment of the symmetry characters and phonon signals in wurtzite ZnO.
For example, only the signal at about 438 cm™! reveals a dependence on rota-
tion about the y axis for parallel aligned polarization vectors which is given by
the calculation in equation (3.7). Thus, it can be identified with Ep symmetry
character. Discrepancies between experiment and theory are due to deviations
from an ideal experimental geometry, which will be discussed in the following.

In figure the derived intensities of the prominent features of the a-plane
oriented ZnO sample for parallel aligned incident and scattered polarization
vectors are shown versus the rotation angle (y(zz)y <> y(2z)y). The top graph
depicts the peak areas of the lattice vibrations of A1(TO), E;(TO), and E5'S"
symmetry character. The data points were fitted with the model functions in
table weighted by the standard errors of the integrated area (solid lines)
to determine the Raman tensor elements. The findings for the phonons of
A1(TO) symmetry character are only described correctly if the Raman tensor
elements a and b are complex numbers. Thus, these may exhibit a nonzero phase
difference x. An appropriate value for the phase difference can account for the
experimentally observed nonzero minimum Raman intensity and the 7/2 (90°)
periodicity of the signal. At first glance, complex Raman tensor elements are
not allowed as the energy of the excitation lager below the band gap infers that
the imaginary part of the dielectric function is zero. However, lattice vibrations
of A1 and E; symmetry type are both Raman and infrared active. Hence they
exhibit a nonzero imaginary part of the dielectric function as demonstrated
by infrared spectroscopic ellipsometry [80]. This may explain why the Raman
tensor elements of the A; mode are complex numbers. Accordingly, the Raman
tensors elements of E; symmetry type phonons may be complex numbers as
well. These tensors only possess one single element, see equation . Thus,
no phase difference is introduced when calculating the square of the absolute
value.

The spectra of a-plane ZnO further exhibit a strong mode at about 332 cm™!
besides the three Raman-active one-phonon signals. This additional mode is as-
signed to the difference process Eglgh—EIQOW. Such a combination mode contains
irreducible representations of Aj, As (not Raman active), and Eo symmetry
character according to group theory, see table |3.2] The experimentally deter-
mined peak areas of the difference mode are given in the center of figure
They reveal a dependence on rotation similar to that of the lattice vibration
of A; symmetry type. However, the data points do not perfectly match each
other, e.g., the periodicity of the A;(TO) phonon signal is 7/2 (90°) and that
of the difference mode is about 7 (180°). One can account for these discrep-
ancies by adjusting the ratio of the Raman tensor elements a and b. Hence,
one can describe the difference mode Eglgh—EIQOW by the same model function
as that of the A;(TO). This finding is in good agreement with the results by
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Figure 3.9: Normalized intensity of the prominent Raman signals of an a-plane
oriented ZnO specimen versus sample rotation about the y axis for @ paral-
lel and @ perpendicularly aligned incident and scattered polarization vectors.
Signals are normalized to the maximum intensity of the Egigh phonon. Solid
lines are fits to the data points.
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Figure 3.10: Normalized intensity of the prominent Raman signals of a c-plane
oriented ZnO specimen versus sample rotation about the z axis for @ paral-
lel and @ perpendicularly aligned incident and scattered polarization vectors.

Signals are normalized to the maximum intensity of the Egigh phonon.

Cuscé et al., whose observations indicate that the symmetry of the Egigh—Eg’W
feature is predominantly of A; character [77].

A closer look at the Raman spectra of the a-plane oriented ZnO sample reveals
a weak spectral feature at about 590cm™!. Its frequency suggests a lattice
vibration of E;(LO) character which is symmetry forbidden in backscattering
geometry. Symmetry forbidden lattice vibrations may be observed in the ex-
periment due to deviations from the ideal scattering geometry, e.g., caused by
a slightly tilted sample. Such a deviation may cause a constant component p
of the polarization along the normal axis of the sample’s surface as illustrated
in figure [3.11{(a)l Taking such effects into account, the polarization vectors for
the incident and scattered radiation with respect to an a-plane oriented sample
have the modified form#]

1 cos(o) H .
Go=——o- | p | =2, 3.8
VI+P \sin(g)
1 - Sln(¢)
= —— p (3.9)

VIEP? N\ cos(g)

Inserting these polarization vectors and the Raman tensors of wurtzite ZnO in
equation ([1.12)) yields a nonzero intensity of the Eq(y) mode that represents the

3Note: Because of the deviations from the ideal scattering geometry in experiment, the scalar
product of the modified polarization vectors €j . and é’sfa is nonzero, therefore they are not
perpendicularly oriented to each other anymore.

47



3 Lattice dynamics of ZnO

(a) (b)
ideal
N .
y half-wave plate polarizer
py px pX
laser Pm—‘—v py<—‘—v ‘
= .
= non-ideal
[&]
3 plane of p, Ly P P, P, Py
n . . l
] polarization | >< II
3 1
o — sample
v a

parallel x

planes of polarization

Figure 3.11: Schematic illustration of deviations from an ideal experimental
geometry that lead to typical difficulties in measuring a zero signal. [(a)] Titled
sample with respect to the incident laser. This results in a nonzero component
of the polarization along the normal axis of the sample’s surface. [(b)] Misalign-
ment of the half-wave plate and the polarizer by an angle a. Both polarization
components p, and p, pass the polarizer to a certain extent.

phonon of E;(LO) symmetry character:

. 2

1 (Ea(y)) o W! (3.10)
. 2

I (B (y) o | L 2on() (3.11)

As long as the polarization component p along the normal axis of the sam-
ple’s surface is small, its influence on the remaining lattice vibrations of sym-
metry type A, E1(TO), and Eo upon sample rotation seems to be negligi-
ble.

For simplicity, the intensity of the E1(LO) signal was determined by the naked
eye and plotted versus the rotation angle for both polarization configurations in
the lower graphs of figure It is located in the frequency region of second-
order scattering-processes and exhibits only a weak signal intensity. Therefore,
the behavior of the background has to be considered. Signals close in Raman
shift to the E1(LO) phonon at 574 and 570 cm ™! are included in the lower graphs
of figure (purple, open triangles). These demonstrate that the background is
angle dependent. The Eq(LO) signal is well described by equations and
(3.1T) (solid lines) after subtracting an [sin?(2¢) + y] angle-dependent back-
ground.

In figure 3.9(b)| the estimated intensities of the prominent features of the a-
plane oriented ZnO specimen for perpendicularly aligned incident and scattered
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3.3 Probing the symmetry characteristics of Raman-active lattice vibrations

polarization vectors are shown versus the rotation angle (y(zz)y < y(zx)y).
Fach lattice vibration reveals a specific intensity dependence on sample rota-
tion in the experiment. However, those are not reflected correctly by the model
functions listed in table For example, the peak area of the phonon of Egigh
symmetry character, depicted in the top graph of figure [3.9(b)| exhibits a pe-
riodicity of m (180°) in experiment, but it is expected to follow a product of
sine and cosine functions according to the model calculations. Hence a /2
(90°) periodicity is expected. This is caused by the imperfect alignment of the
polarizer and the half-wave plate (\/2) in the setup, leading to the detection
of parallel and perpendicularly polarized light simultaneously, as illustrated in
figure To account for such a deviation from the ideal scattering geom-
etry of an a-plane oriented sample, the scattered polarization vector has to be
modified to

cos(¢) sin a — sin(¢) cos a
€ = 0 : (3.12)

sin(¢) sin a + cos(¢) cos v

where « is the tilt angle between the polarizer and the half-wave plate (A/2).
The solid lines in the top and center graphs of figure are based upon the
model functions in table [3.3] whereas the ones in the top and center graphs of
figure are based on model calculations using the modified polarization
vector in equation . The fits are in excellent agreement with the data
points. As expected, the estimated intensity dependence of the second-order
process Eglgh—Elg"W follows that of the lattice vibration of A; symmetry charac-
ter, see the center graph of figure . The behavior of the symmetry forbid-
den E;(LO) lattice vibration upon sample rotation, which is shown in the lower

graph of ﬁgure was already discussed above.

The misalignment of the polarizer and the half-wave plate (A/2) was estimated
by curve fitting the trigonometric model functions to the data points. This yields
a tilt angle of less than 7°. Further, the ratios of the curve fitting parameters
a, b, ¢, and d give the relative values of the Raman tensor elements for wurtzite
ZnO, summarized in table 3.4 The phase difference x between the Raman
tensor elements a and b of the A;(TO) symmetry type lattice vibration were
obtained to about 93° and 104° for parallel and perpendicularly aligned incident
and scattered polarization vectors, respectively. It was shown by Strach et al.
that the choice of the parameters a, b, and the phase y is not unique for perpen-
dicularly oriented polarization vectors of the incident and scattered radiation
[81]. Thus, the ratios for crossed polarization vectors given in table are not
well defined. Nevertheless, they are in good agreement with the values estimated
by fitting the scattered intensities upon rotation for parallel aligned polarization
vectors. Further it should be noted that the relative values of the Raman tensor
elements for the two different polarization configurations in table are close
to each other but not within their standard errors. This might be caused by the
simplified assumption of a linear background.

As depicted in figure [3.10], the peak area of the prominent features of the c-plane
oriented ZnO specimen is independent on sample rotation about the z axis. This
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3 Lattice dynamics of ZnO

orientation tensor element parallel polarization crossed polarization

a-plane AL(TO) |a/d| 0.611 =+ 0.006 0.585 =+ 0.022
AL(TO)  |b/d| 0.599 + 0.005 0.413 + 0.039
E(TO) |c/d| 0.424 + 0.004 0.404 + 0.001
e \d/d| 1.000 =+ 0.002 1.000 =+ 0.004
c-plane A(LO)  Ja/d| 0.121 + 0.001 -
Eysh \d/d| 1.000 = 0.002 -

Table 3.4: Ratio of the Raman tensor elements estimated from the parame-
ters of fits to the scattered intensity of Raman-active ZnO phonons upon sample
rotation for two specific polarization configurations, i.e., for parallel and perpen-
dicularly aligned incident and scattered polarization vectors (see reference [36]).

All tensor elements are normalized to that of the Egigh mode.

is in excellent agreement with the model functions listed in the table[3.3] A small
contribution of the symmetry forbidden phonon of A;(LO) character is observed
in the Raman spectra for perpendicularly oriented incident and scattered po-
larization vectors caused by the misalignment of the polarizer and half-wave
plate (A/2). The corresponding signal intensities upon rotation are included in
figure The intensity dependence of the difference process Egigh—Eg‘)W
follows that of the lattice vibration of Ay symmetry character like in the case of
the a-plane oriented ZnO sample. The relative values of the Raman tensor ele-
ments of the c-plane oriented ZnO sample can be estimated by simply taking the
square root of the mean values of the fitted peak areas and dividing the appro-
priate parameters obtained. These results are also listed in table It should
be mentioned that the ratios of |a/d| for the longitudinal and transverse optical
lattice vibrations of Ay symmetry type differ by a factor of about 0.6, which may
be caused by their difference in bond polarity.

Concluding remarks

Raman spectra of ZnO crystallizing in a wurtzite structure exhibit at most
six different signals corresponding to one-phonon Raman scattering-processes.
Higher-order scattering-processes reveal a rich structure but are less intense. By
analyzing the dependence of the scattered Raman intensities on sample rota-
tion, the symmetry characters of the phonons have been verified and the ratios
of the Raman tensor elements in ZnO were determined. All ZnO Raman spectra
investigated in this chapter did not reveal any impact with regard to pertur-
bations of the perfect crystal lattice. The experimental findings are consistent
with the laws of conservation as well as the Raman activity and the symmetry
selection-rules established for an ideal hexagonal crystal structure. This holds
true, even though the samples possess defects in reality such as intrinsic point
defects or extrinsic impurities. Therefore, Raman spectroscopy is not sensitive
to such kinds of defects at the concentration level present in the ZnO samples
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3.3 Probing the symmetry characteristics of Raman-active lattice vibrations

studied and in the frequency range considered here in experiment. Nonetheless,
it must be noted in this context that defect related modes have been observed in
undoped ZnO above the optic bands of ZnO [82].
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4 Lattice dynamics of nitrogen
doped ZnO — probing the origin of
additional Raman modes

Nitrogen was naturally believed to be the best candidate for a shallow accep-
tor dopant in the II-VI semiconductor ZnO since it possesses a similar ionic
radius as oxygen and since it was successfully used to p-type dope ZnS and
ZnSe [30H32]. Starting with the work of Minegishi et al., several reports demon-
strated p-type conductivity in nitrogen doped ZnO [83]. Nevertheless, none of
the approaches using nitrogen (or any other possible dopant) achieved stable,
reproducible, and homogenous p-type conductivity yet to overcome the doping
asymmetry in ZnO. Convincing evidence is given by theory and experimental
investigations using electron paramagnetic resonance spectroscopy (EPR) and
photo-EPR that isolated No is a deep acceptor approximately 1.4eV above
the valence band edge and thus not accounting for the hole densities observed
[84].

Not only the transport properties of nitrogen doped ZnO but also its lattice dy-
namics have been extensively investigated in the past, since these reveal unusual
characteristics: Raman spectra of nitrogen doped ZnO specimens exhibit five
additional nitrogen-related modes that are directly observable at N concentra-
tions as low as 10'® atoms/cm?® and increase in intensity with rising N content
in ZnO samples L], [14] 16| 85]. Various origins for the N-related signals have
been controversially discussed in the literature: localized modes, disorder acti-
vated scattering, vibrating N-related complexes, or the Raman activity of silent
ZnO phonons [ITHI9]. In this chapter, the characteristics of these additional
nitrogen-related signals are analyzed and reviewed with respect to the consid-
erations in chapter about perturbations of the ideal crystal structure and
their impacts on Raman spectra. The first section compares Raman spectra
of nitrogen doped ZnO samples grown by various techniques and with different
crystal orientations. It is followed by a discussion of the interpretations proposed
in literature for the appearance of the additional modes upon nitrogen doping
of ZnO. In the third part, the Raman-active ZnO phonons and the nitrogen-
related modes are analyzed with respect to the amount of nitrogen incorporated
in ZnO as well as their behavior upon hydrostatic pressure applied and sample
rotation about different crystal axes. The latter yields the symmetry proper-
ties of the additional modes. The findings indicate that the nitrogen-related
modes might originate from Raman-forbidden ZnO phonons or from clusters
containing N atoms/ions embedded in ZnO. The chapter is brought to an end
by discussing the possible formation of ZnsNs-like clusters or nanoinclusions,
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4 Lattice dynamics of nitrogen doped ZnQO

which may cause the nitrogen-related modes, and their relevance for doping,
since the formation of such inclusions would limit the solubility of nitrogen in
Zn0.

Sample characteristics

The ZnO and nitrogen doped ZnO thin films analyzed in this chapter have
been grown by three different methods, i.e., sputtering, chemical vapor depo-
sition (CVD), and molecular beam epitaxy (MBE), on various ZnO substrates
with different crystal orientation. Details about the growth processes can be
found in references 86|, 87, and B8, respectively. For comparison, commer-
cially available pure ZnO crystals from CrysTec GmbH and Tokyo Denpa Co.,
Ltd. (TEW) grown by a hydrothermal method have been investigated as well
[68, 69]. The nitrogen concentration in the doped samples ranges from 10 up
to 102! atoms/cm?, determined by secondary ion mass spectroscopy (SIMS).
Zinc nitride (ZngNg, CAS: 1313-49-1) specimens were provided by Alfa Aesar
GmbH & Co KG in powder form with purity of 99% [89].

4.1 Nitrogen-related modes in doped ZnO

Raman spectra of nitrogen doped ZnO reveal modes at about 277, 511, 583,
645, and 860 cm ™! (grey shaded areas) in addition to the allowed Raman-active
ZnO phonons (black, dashed lines) as depicted in figure The additional
modes are independent of the growth technique and crystal orientation. A
closer examination of the Raman spectra of the various specimens reveals slight
variations in the phonon frequency of the additional modes as well as of the
Raman-active ZnO lattice vibrations. This is particularly observed for samples
differing in the applied growth technique. The thin films or crystals may not
possess fully relaxed crystal lattice structures depending on the growth process,
substrates, and amount of nitrogen incorporated in ZnO, which may affect the
lattice vibrations [90} OI]. For example, changes in interatomic distances may
lead to shifts in the observed phonon frequencies of a few wave numbers, similar
to those shifts present in the various Raman spectra depicted in figure [3.5] and
.1l Despite of such small discrepancies, the Raman spectra of all N doped
ZnQ specimens appear similar and exhibit five additional modes. Comparing
the Raman spectra of an undoped and nitrogen doped ZnO specimen shown in
figure in detail, it is evident that the five additional features can neither
be assigned to any first- (black, dashed lines) nor higher-order (black, solid
lines) Raman scattering-processes of an ideal wurtzite ZnO crystal, see also
tables and Hence, the additional features are nitrogen-related modes
(NMs).
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Figure 4.1: Comparison of normalized Raman spectra of ZnO and nitrogen
doped ZnO samples grown by different techniques. The spectra were recorded at
room temperature using a linearly polarized 532 nm laser for excitation. Black,
dashed lines indicate allowed Raman-active ZnO phonons and grey, shaded areas
nitrogen-related signals. For clarity, the spectra have been shifted on the axis
of ordinates.
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Figure 4.2: Comparison of normalized Raman spectra of ZnO and nitrogen
doped ZnO grown by CVD. The Raman spectra were recorded at room temper-
ature using a linearly polarized 532 nm laser for excitation. Grey, shaded areas
indicate nitrogen-related signals that can neither be assigned to any first- (black,
dashed lines) nor higher-order (black, solid lines) Raman scattering-process of
an ideal wurtzite ZnO crystal. The assignment of the spectral features follows
the work by Cusco et al. [T7].
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4.2 Interpretations of the origin of the nitrogen-related modes

4.2 Interpretations of the origin of the
nitrogen-related modes

Before analyzing the characteristics of the N-related modes in detail, selected in-
terpretations proposed in literature for the appearance of these additional modes
upon nitrogen doping of ZnO are briefly reviewed (see also reference 92), such as
local vibrations of a single N atom on anion site (Ng), vibrating complexes or in-
trinsic host lattice defects, or the activation of silent ZnO phonons.

The first report of five additional signals at about 274, 508, 581, 642, and
857cm~! in Raman spectra of nitrogen doped ZnO dates back to an analysis
of the properties of metal-organic chemical vapor deposition (MOCVD) grown
ZnO and N doped ZnO films by Wang et al. from 2001 [I2]. Due to its fre-
quency, Wang and coworkers attributed the additional mode at about 581 cm ™1
to the A1(LO) symmetry type phonon of wurtzite ZnO, usually found at about
575cm~!. They suggested that it is increased in intensity due to a decrease of
the carrier concentration in the N doped sample in comparison to the pure ZnO
one. For the remaining additional modes no explanation was given but pro-
posed that these are related to the nitrogen doping since they were not present
in the undoped ZnO film. The assignment of the signal at about 581cm™! to
the A;(LO) mode of wurtzite ZnO is shared by several authors. However, it is
assumed to be caused by host lattice defects [93] or to originate from resonantly
enhanced longitudinal optical phonons [94].

In 2002, Kaschner et al. published a comprehensive Raman study of additional
modes in CVD grown ZnO containing different nitrogen concentrations [11].
They observed similar additional signals in the Raman spectra like Wang et al.
with frequencies of about 275, 510, 582, 643, and 856 cm™!. All five modes ap-
peared already for N concentrations as low as 10'® atoms/cm?® and scaled linearly
with the nitrogen content incorporated in ZnO. Kaschner et al. suggested to use
the additional modes as a quantitative measure of nitrogen in ZnO and inter-
preted these in terms of nitrogen-related local vibrational modes.

The local vibration of a single N atom on anion site (Ng), however, does not
explain all experimentally observed signals. In a crystal with a hexagonal lattice
structure at most two different vibrational frequencies, one vibration parallel to
the ¢ axis and one in the plane perpendicular to it, are expected for the local
vibration of a single N atom substituting an oxygen lattice site (Ng). Conse-
quently, such a vibration cannot account for five additional signals found in the
experiment. Furthermore, no shifts in frequency have been observed for the sig-
nals at 277, 512, and 582 cm ™! in ZnO upon N or N implantation, suggesting
that nitrogen motion is not involved in these three vibrations [I7]. The linear-
chain model illustrated in chapter [1.3|as well as density functional theory (DFT)
calculations for N doped ZnO further support these findings. Due to the smaller
mass of the nitrogen atom compared to the oxygen one, the localized nitrogen
vibration should give rise to a mode at about 608 cm~! according to the linear-
chain model. Advanced DFT calculations yield two nitrogen like vibrations at
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about 600 and 610 cm ™! [95]. Both computations result in phonon frequencies
of the localized nitrogen mode above the optic bands of the ZnO host. It has to
be mentioned that DFT calculations for phonon frequencies may be misjudged
by 10 to 20cm ™" and can be tampered by supercell artifacts. Nonetheless, the
results indicate that only the high-frequency N-related modes at about 645 or
860 cm ™! may originate from localized N vibrations on an oxygen lattice site.
Unfortunately, these modes have not been addressed in the isotope study by
Artus et al. in reference [I7L

Various complexes have been considered to be the origin of the N-related modes
in ZnO: the low-frequency signal at about 275cm™! was attributed to the vi-
bration of Zn atoms surrounded to some extend by N atoms substituting O
lattice sites by Wang et al. [15]. This was adapted from local phonon density of
states calculations for various lattice defects. Yet, no experimental evidence has
been given for such a locally vibrating zinc atom. Alternatively, Friedrich et al.
suggested Zn;-Ng and Zn;-O; complexes to cause the modes at about 274 and
510cm~! on the basis of a zinc isotope study and ab initio calculations [I8].
However, those authors neither addressed the origin of the other N-related modes
nor the corresponding likelihood of formation for such complexes. It is worth
noting that numerous complexes exhibit vibrational frequencies above the optic
bands of the ZnO host and thus are not related to the additional modes observed
in N doped ZnO. For example, first principal calculations for substitutional di-
atomic molecules, like NO, NC, CO, Ny, and O3, on an oxygen lattice site in ZnO
yield stretch frequencies between 960 and 2100 cm ™! [96]. These frequencies are
close to those of the corresponding free molecules. Further examples are modes
at about 974, 1511, and 2240 cm ™! observed in the Raman spectra of MOCVD
grown 7ZnO doped with N, which may be attributed to NNO, NO, and CN
complexes [97], respectively, as well as several features near 2300 cm ! reported
in ZnO:N films grown by CVD, which may originate from complexes involv-
ing nitrogen and hydrogen [85]. Finally, an infrared absorption peak at about
3152cm ™! observed in ZnO grown by chemical vapor transport in an ammonia
ambient was attributed to the bond stretching mode of a No-H complex [98], 99].
The assignment was based on an analysis of the signal shifts in frequency due to
different nitrogen and hydrogen isotopes. These experimental and theoretical
findings suggest that neither the local vibration of a single N atom on anion
site nor the vibration of one (diatomic) complex alone can explain all additional
nitrogen-related modes observed in experiment.

Bundesmann et al. analyzed polarized Raman spectra of pulsed laser deposition
(PLD) grown ZnO films doped with various elements other than nitrogen such
as Al, Fe, Ga, Li, and Sb [I3]. In the Raman spectra of the Al, Fe, and Sb doped
films grown under an Oy atmosphere as well as in a Ga doped film intentionally
grown in an atmosphere containing nitrogen (N2O) four additional modes were
found at about 277, 511, 583, and 644cm™!. These modes are comparable in
frequency with the so far called nitrogen-related modes. Only one additional
mode at about 277cm ™! occurred in the Ga doped specimen that was grown
under pure O9 atmosphere and surprisingly none was found in the spectra of Li
doped ZnO specimens deposited from a target containing nitrogen (Li3N). Since
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4.2 Interpretations of the origin of the nitrogen-related modes

the frequency range was limited to 760 cm™! in experiment, the fifth nitrogen-

related mode at about 860 cm™! was not investigated. The N content in all
samples was tested using a Rutherford backscattering (RBS) experiment with
a detection limit of 2-3 at. %. No evidences for nitrogen were found in any
sample. From these findings, Bundesmann et al. questioned the relation pro-
posed by Kaschner and coworkers between the additional modes and nitrogen
incorporated in ZnO. Rather, they concluded that the modes at 277, 511, 583,
and 644cm™! are related to various specific dopants and, therefore, originate
from intrinsic host lattice defects. In contrast to the observations by Bundes-
mann et al., no additional modes, except an enhanced A;(LO) phonon, were
found by several groups in ZnO grown by different techniques and implanted
with various dopants like: Ga by Reuss et al. [14]; Ga, O, or Si by Yu et al. [16];
O, P, or Zn by Artus et al. [I7]; Ar, Co, Fe, Mn, Ni, or V by Schumm et al.
[92), 100]. On the other hand, these groups observed additional modes in the
Raman spectra of ZnO samples implanted with N. These discrepancies may be
clarified by considering that the detection limit of the RBS technique is above the
concentration of 10'® nitrogen atoms/cm? for which the additional modes have
already been observed in doped ZnO [11], [16]. Therefore, it may be possible that
the samples analyzed by Bundesmann et al. were unintentionally doped with ni-
trogen during the preparation or growth process, leading to the appearance of
the additional modes in the Raman spectra [L6].

It must be noted that various authors besides Bundesmann et al. reported on
additional features in Raman spectra of ZnO specimens, which were grown ex-
plicitly without nitrogen. For example, Liu ef al. observed additional modes at
about 276, 510, 582, and 643cm ™! in sputtered ZnO doped with phosphorus
[101]. Furthermore, some groups found one additional mode in Raman spec-
tra of undoped or doped ZnO similar to the nitrogen-related signal at about
275cm ! [102H104].

Another explanation of the origin of the additional signals was given by Manjon
and coworkers [I9]: by comparing various experimental results with ab initio
calculations of the lattice dynamics of ZnO, they attributed the two strongest
additional signals at 277 and 583 cm ™! to silent B and B}flgh ZnO phonons and
the remaining features to second-order scattering-processes, i.e., signals at about
511, 645, and 860 cm ™! were assigned to 2B, BY&" L TA and Blow4+BYs" pro-
cesses, respectively. Manjoén et al. argued that Raman scattering of silent modes
is induced by the breakdown of the translational symmetry of the lattice caused
by defects or impurities, thus, caused by disorder activated Raman scattering
(DARS). Group theoretical considerations agree with such an approach, as it
was shown in chapter[I.3] A No point defect in wurtzite ZnO breaks the perfect
translational symmetry of the crystal, i.e., the local site symmetry C', of zinc
or oxygen lattice sites is lower than that of the point group Cg, of the ideal
ZnQ crystal. If the perturbation is strong enough, the symmetry character of a
vibrational mode will be affected, which in turn may change its Raman activity.
Carrying out the expansion of the irreducible representations of the modes in
terms of representations of the point group characterizing the defect site shows
that the silent B; modes in the point group Cg, indeed are transformed into
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Raman-active modes of A; symmetry character in the Cs, point group, as de-
picted in table[I1.2] Thus, the explanation by Manjon et al. seems consistent, as
the calculated values given in reference [73of 261 and 552 cm ™! as well as the ex-
perimental values obtained by inelastic neutron scattering of 259 and 552 cm ™!
in reference [72 for the two silent B; modes are somewhat close to the experi-
mental values of the additional modes observed in Raman spectra of N doped
Zn0O.

4.3 Characteristics of the nitrogen-related modes

The preceding section briefly summarized the divergent attempts to explain the
appearance of the additional modes in Raman spectra of N doped ZnO. In order
to analyze the influence of nitrogen doping on the lattice dynamics of ZnO and
to more closely examine the characteristics of the additional modes, a series of
CVD grown samples containing different N concentrations and crystal orienta-
tions (a-/c-plane) are investigated in the following paragraphs. The Raman-
active ZnO lattice vibrations and the nitrogen-related modes are discussed with
respect to the amount of nitrogen incorporated in ZnO as well as their behav-
ior upon hydrostatic pressure applied in comparison to ab initio calculations
and upon sample rotation about a crystal axis. The latter yields the symmetry
properties of the additional modes. The findings shed new light on the origin
of the additional modes, in particular questioning whether the assignment to
silent B modes of wurtzite ZnQO is valid at all.

Dependence on the amount of nitrogen incorporated

Figure displays Raman spectra of a-plane oriented ZnO with nitrogen
concentrations in the range of 10! up to 102! atoms/cm? recorded at room
temperature using a linearly polarized 532nm laser for excitation. The sam-
ples have been aligned such that the intensity of the Eglgh phonon is maximal
and, thus, the one of E1(TO) symmetry type is minimal. To obtain compara-
ble spectra a individual piecewise linear background was subtracted from each
Raman spectrum, exemplary shown in figure for the sample containing
about 8.77 x 10%° nitrogen atoms/cm?®. As a measure of scattered intensity, the
signals were fitted with a Lorentzian line-shape to determine their peak areas,
which are given as a function of N content in figure . This procedure is not
optimal since the background reveals a much more complex form, however, the
method is sufficient to demonstrate the dependence of the intensity of the lattice
vibrations on the amount of nitrogen incorporated (see also chapter . Consis-
tent with previous reports, the additional modes increase in intensity with rising
nitrogen content in the ZnO specimens [I1], 14, 16, 85]. Kaschner et al. even
observed a linear dependence on the nitrogen concentration in doped ZnO in the
range of 10*® up 10'Y defect atoms/cm? [IT]. This finding agrees well with the
dependences found in figure 4.3(b)l, however, at a concentration of about 10%! ni-
trogen atoms/cm® the scattered intensity abruptly decreases. The collapse in
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Figure 4.3: Analysis of a-plane oriented N doped ZnO: Normalized Raman
spectra recorded at room temperature using a linearly polarized 532 nm laser for
excitation. Black, dashed lines indicate Raman-active ZnO phonons and grey,
shaded areas nitrogen-related signals. For clarity, the spectra have been shifted
on the axis of ordinates. Signals in the spectra were fitted with a Lorentzian line-
shape after subtracting a piecewise linear background (bg), exemplary shown
for the specimen containing about 8.77 x 102 N atoms/cm?. Signal peak
area normalized to that of the Egigh phonon as a function of N content. Solid
lines are guides to the eye.

rising intensity may indicate that the solubility limit of nitrogen is exceeded
leading to a different incorporation of the dopant in ZnO such that it does not
contribute to Raman scattering anymore. A damaged sample, e.g., having an
inhomogeneous nitrogen distribution, may also be the cause for the nonlinear
behavior. Further experiments are required to clarify the reason for the decrease
in scattered intensity. In addition to the five nitrogen-related modes, the Raman
spectra exhibit a high-frequency signal at about 3152 cm~! which is assigned to
the bond stretching mode of a No-H complex [98, [@9]. It also scales in intensity
with the nitrogen amount incorporated in ZnO (not shown here). In contrast,
the intensity of the Raman-active ZnO phonon of A;(TO) symmetry character
remains constant upon nitrogen doping.

The analysis of the distinct features in the Raman spectra is shown in detail in
figure . With the exception of the signal at about 511 cm™!, all additional
modes decrease in frequency with rising nitrogen content and the full width
at half maximum (FWHM) increases. For example, the N-related mode at
277 cm~! shifts about 1.5cm ™! across the entire investigated nitrogen range. On
the other hand, the Raman-active ZnO lattice vibrations are neither significantly
altered in frequency nor line shape.

The findings for the c-plane oriented ZnO specimens are given in figure 4.5
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Figure 4.4: Analysis of a-plane oriented N doped ZnO: Shift in signal
frequency with respect to the specimen containing the lowest amount of nitrogen
and |(b)|signal full width at half maximum (FWHM) as a function of N content.
Solid lines are guides to the eye.

It seems that the scattered intensity or rather the peak area increases upon
nitrogen doping, reflecting the trend observed for the a-plane oriented crys-
tals, whereas the decrease in phonon frequency is not confirmed. However,
a detailed analysis is not possible due to the small number of three samples.

The trends shown in figures 4.3(b)| and 4.5(a)| upon doping confirm that the
additional modes are somewhat related to nitrogen. On the other hand, the
Raman-active ZnO lattice vibrations are not affected by the doping process.
This can be interpreted as evidence that the nitrogen doped ZnO samples still
possess a high crystal quality, i.e., the translational symmetry is not strongly
perturbed by the dopant.

Dependence on hydrostatic pressure — determination of pressure
coefficients

Figure [4.6(a)| depicts four representative Raman spectra of an a-plane oriented
ZnO specimen containing about 5.5 x 100 nitrogen atoms/cm? at different
hydrostatic pressures of about 0.2, 2.2, 4.5, and 6.5 GPa. The spectra were
recorded in backscattering geometry at room temperature using a linearly po-
larized 532nm laser for excitation while the sample was placed inside a dia-
mond anvil cell (experimental details see chapter . No particular polarization
orientation was selected for the scattered radiation in experiment, thus all po-
larization orientations of the scattered radiation are analyzed simultaneously.
The Raman-active ZnO phonons of A;(TO), E;(TO), and Eglgh symmetry type
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Figure 4.5: Analysis of c-plane oriented N doped ZnO: Signal peak area
normalized to that of the Eglgh phonon and shift in signal frequency with
respect to the specimen containing the lowest amount of nitrogen as a function
of N content. Solid lines are guides to the eye.

as well as four out of five N-related modes are observed in the Raman spectra
across the entire pressure range, i.e., from ambient pressure up to 6.5 GPa. Due
to its weak intensity, the nitrogen-related mode at about 860 cm™! is only in-
vestigated up to an applied hydrostatic pressure of 0.9 GPa. The second-order
scattering-processes 2EX" and Eglgh—EIQOW at 204 and 331 cm ™! (at 0.2 GPa) are
present in all Raman spectra upon pressure as well as a signal at about 548 cm !
(at 0.2 GPa). The latter is close in frequency to the mode that Cusco et al. as-
signed to the combination mode 2BI°" and LA overtones [77]. In the following,
the signal is preliminary attributed to the 2BPY scattering process. The origin
of the broad feature in the Raman spectra at about 882cm™! (at 0.2 GPa) is
unknown. As previously discussed, the EIQOW mode is not accessible due to ex-
perimental limitations and the remaining first-order Raman-active scattering-
processes of Aj(LO) and E;(LO) symmetry character are not allowed in the
backscattering configuration parallel to the y axis, i.e., for an a-plane crystal
orientation.

The peak positions of the prominent features were determined by subtracting a
piecewise linear background from each of the spectra and subsequently fitting
every signal using a Lorentzian line-shape, exemplarily shown in the lower part
of figure [4.6((a)| for the spectra recorded at a pressure of about 0.2 GPa. For
simplicity, the Egigh mode was also described by a Lorentzian and not by a
Fano line-shape. To improve the procedure, several unidentified features in the
spectra were fitted as well if needed, e.g., signals at about 242, 319, 461, and
882 c¢cm™! in the Raman spectra at a pressure of 0.2 GPa. Figure 4.6(b)| depicts
the peak positions as a function of pressure. The determined standard errors
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Figure 4.6: Representative Raman spectra of an a-plane oriented N doped
ZnO sample containing about 5.5 x 10%° nitrogen atoms/cm? at different hydro-
static pressures. The assignment of the modes follows the work by Cuscé et al.
[77]. Question marks “?” denote signals of unknown origin. The corresponding
peak positions were determined by fitting each signal with a Lorentzian line-
shape after subtracting a piecewise linear background, exemplary shown for the
spectrum at a pressure of 0.2 GPa. [@] Determined peak positions as a function
of applied hydrostatic pressure. Solid lines are fits to the data points weighted
by the standard errors of the peak potions (y error).

of the peak positions are given as error bars in figure 4.6(b)| and yield a mean
value of 0.7 cm ™!, which is much smaller than the system’s spectral resolution of
5.1cm™1. Surprisingly, some modes reveal an unusual behavior for small applied
pressures, e.g., the Eglgh mode with a frequency of about 437.9 cm ™! at ambient
pressure should exhibit a positive shift upon increasing pressure; however, its
value is slightly downshifted to 436.9 cm ™! at a pressure of 0.2 GPa. All phonons
then show the expected behavior above 0.5 GPa.

To determine the zero-pressure frequency wg and the hydrostatic pressure coef-
ficient Ow/OP of a signal, the corresponding data points in figure 4.6(b)| were
fitted with a linear function (solid lines) weighted by the standard errors of the
peak positions. Table summarizes the results of such fits using different
constraints: (i) using all data points (A9 = 693.95nm), (ii) neglecting the data
points at 0.2, 0.3, and 0.5 GPa (Ao = 693.95nm), i.e., the data points for which
some modes exhibited an unusual shift upon pressure, and (iii) using the A\ value
of 694.24 nm from reference [67 for calculating the applied pressure and neglect-
ing negative pressure values. Depending on these constraints, the zero-pressure
frequencies and hydrostatic pressure coefficients differ slightly from each other
but are still in reasonable agreement. In the following, the values calculated
based on the A\g value of 693.95nm and using all data points (method (i)) are
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4.3 Characteristics of the nitrogen-related modes

wo/cm ™t (0w/OP)/(cm~!/GPa)
mode (i) (1) (i) (i) (ii) (iii)
A4(TO) 376 376 380 4.68 £0.09 4.63 £0.08 4.74+£0.11
E(TO) 408 409 413 5.19 £ 0.11 4.954+0.09 5.07£0.16

Eysh 436 437 441 5034006 4.88+0.06  4.94+0.08
2Flow 205 205 203 —2.18+0.06 —2.16+0.07 —2.17+0.07
Eys"_Elv 330 332 335 6184012 583+0.10 6.14+0.19
2Blow 542 541 543 2.72+030  3.17+0.16  3.1840.16

NM 277 274 274 275 1.67 £ 0.04 1.58 £0.03 1.70 £0.04
NM 511 510 510 513 4.56 £ 0.08 4.50 £0.08 4.71£0.22
NM 583 580 580 583 4.71+£0.22 4.524+0.24 4.73+0.32
NM 645 640 640 642 4.85 £ 0.09 4.75£0.11 5.30 £0.13
NM 860 852 - - 5.97 £1.62 - -

Table 4.1: Zero-pressure frequencies and hydrostatic pressure coefficients of
Raman-active ZnO lattice vibrations and nitrogen-related modes in N doped
7Zn0O. The values were determined from linear fits to the data points in fig-
ure[4.6(b)| using different constraints: (i) using all data points (Ag = 693.95nm),
(ii) neglecting the data points at 0.2, 0.3, and 0.5 GPa (A9 = 693.95nm), and
(iii) using the A\g value of 694.24 nm from reference 67 and neglecting negative

pressure values. The standard error in wp is less than 1 cm™!.

discussed.

The zero-pressure frequencies wy and hydrostatic pressure coefficients dw/90P
of the prominent features observed in N doped ZnO are compared to the ex-
perimentally derived findings by Reparaz et al. [105] and to the results of ab
intio calculations by Serrano et al. for wurtzite ZnO [73] in table 1.2 With the
exception of the longitudinal optical phonons, the calculated phonon frequen-
cies of all first-order Raman scattering-processes in ZnO agree fairly well with
the experimental values reported by Reparaz and coworkers. The frequencies of
the LO phonons are estimated too small by theory, deviating by about 18 and
31cm™!, and are predicted in reverse order. In addition, all pressure coefficients
obtained by the ab intio calculations are slightly overestimated, excluding the
phonon of E;(LO) symmetry character, whose calculated coefficient is smaller
than observed in experiment.

The parameters determined from the nitrogen doped ZnO specimen are given in
columns six and nine of table the pressure coefficients for the Raman-active
lattice vibrations of A;(TO), E;(TO), and E};gh symmetry type match the ones
obtained for pure wurtzite ZnQO, implying that the lattice dynamics of ZnO are
not perturbed by doping the semiconductor with nitrogen. The findings for the
second-order scattering-processes support this interpretation. Assuming that
these processes only arise from scattered phonons from the center of the Bril-
louin zone (I-point), their corresponding pressure coefficients are simply given
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4 Lattice dynamics of nitrogen doped ZnQO

assignment wo/cm ™1 (Ow/OP)/(cm~!/GPa)
according to Zn0O ZnO:N Zn0O ZnO:N
mode Manjon et al. [19] theory [73] exp. [105] exp.  theory [73] exp. [105] exp.
o ExV 91 98 —1.05 —0.78
£ Blw 261 1.50
£ A(TO) 391 377 376 5.29 491 4.68+0.09
g E(TO) 409 411 408 5.22 503  5.19+0.11
5 E® 440 438 436 5.58 504  5.03+0.06
5 phieh 552 4.96
%, A (LO) 560 578 477 4.56
E1(LO) 556 587 4.39 4.55
_ 2ERY 182 196 205 —2.10 —1.56 —2.18 +0.06
4 Ebieh_glw 349 340 330 6.63 582  6.18+£0.12
2BYw 522 542 3.00 2.72 £ 0.30
NM 277  Blv 261 274 1.50 1.67 & 0.04
¢ NM 511 9Blow 522 510 3.00 4.56 + 0.08
= NMss3 B 552 580 4.96 4.7140.22
= NM 645 BYEh L TA 640 4.85 + 0.09
NM 860  Blw4Bye! 813 852 6.46 5.97 4+ 1.62

Table 4.2: Zero-pressure frequencies and hydrostatic pressure coefficients of Raman-active ZnO lattice vibrations and nitrogen-related
modes in N doped ZnO. The outcomes of ab initio calculations at the I'-point (theory) and experimental findings (exp.) for wurtzite
7m0 from references 73] and [105] respectively, are listed for comparison. Parameters given for the second-order scattering-processes
in ZnO are based on the assumption that these only arise from scattered phonons from I'-point and therefore are simply obtained by
summing or subtracting the values of the individual first-order processes.
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4.3 Characteristics of the nitrogen-related modes

by summing or subtracting the values of the individual first-order processes.
For example, using the coefficients determined by Reparaz et al. for the ZnO
phonons of E12°W and Eglgh symmetry character of —0.78 and 5.04 cm ™! /GPa, re-
spectively, yield a shift upon pressure of 5.82 cm ™! /GPa for the difference mode.
This is in reasonable agreement with the value of 6.18 cm~!/GPa derived from
the N doped ZnO specimen. As listed in table the experimentally deter-
mined pressure coefficients of the second-order processes 2B°Y and 2EXY also
match the values obtained by such a simple analysis based on the findings for
7Zn0O. It must be noted that the results for the signal possibly corresponding to
the combination mode 2B11°W are very sensitive to the procedure how the back-
ground is treated, whether an additional pressure-independent mode observed
at about 570 cm~! in the Raman spectra is included in the determination of the
peak positions or not (which was done here), and to the data range used for
determining the zero-pressure frequency and pressure coefficient (see table .
Therefore, the values derived for the signal preliminary assigned to the 2B11°W
mode have to be viewed with caution.

In the following, the nitrogen-related modes are analyzed: at first sight, their
characteristics upon pressure seem to confirm the assignment to silent ZnO lat-
tice vibrations of B; symmetry character proposed by Manjén et al., given in
column three of table . The modes at about 277 and 583 cm ™! exhibit hy-
drostatic pressure coefficients of 1.67 and 4.71cm™!/GPa, respectively, which
match the values of 1.50 and 4.96 cm~! /GPa computed for the silent modes of
Bl°Y and B}figh symmetry character. Unfortunately, it is not possible to investi-
gate the findings for the signal at about 645 cm~! with respect to a combination
process of B}flgh symmetry character and transversal acoustic (TA) phonons be-
cause no data upon pressure is available for the TA modes. In comparison to
the obtained results for the nitrogen-related mode at about 583 cm™!, one can
only draw the conclusion that the pressure coefficient for the TA modes must be
very small if the assignment is correct. The shifts upon pressure determined for
the nitrogen-related mode at 860 cm ™! agrees with the values calculated for the
second-order process B11°W+B}1“gh by theory. However, a significant analysis is
not possible due to the small number of four data points obtained in experiment.
The nitrogen-related mode at 511 cm ™! reveals a large shift upon pressure of
4.56 cm™1 /GPa that does not coincide with the value of about 3.00 cm™!/GPa
estimated for the combination mode 2BY" to which it was attributed by Man-
jon and coworkers. This may be owed to the fact that the calculation for the
pressure coefficients of the second-order processes is based on the simplified as-
sumption of arising only from scattered phonons from the center of the Brillouin
zone. Table[4.3|lists phonon frequencies and their pressure coefficients at various
high symmetry points of the Brillouin zone along the dispersion relations of the
silent modes of B symmetry type taken from reference [73l Using the average of
these coefficients to determine an improved shift upon pressure yields a value
of 3.24cm™!/GPa for the combination mode 2BI°" that also does not coincide
with the one obtained for the nitrogen-related mode at about 511 cm™!. As dis-
cussed above, the signal at about 548cm™! (at 0.2 GPa) exhibits a shift upon
pressure which agrees much better with the one calculated for the combination
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4 Lattice dynamics of nitrogen doped ZnQO

symmetry w/cm™! (0w/OP)/(cm~!/GPa)
point Blow B! Blow By

T 261 552 1.50 4.96

A 189 257 1.30 4.56

H 258 539 (514) 1.89 477 (5.45)
L 267 554 1.78 4.81
average 244 551 (554) 1.62 4.78 (4.95)

Table 4.3: Calculated phonon frequencies and pressure coefficients at high
symmetry points of the Brillouin zone along the dispersion relation of the modes
with B symmetry character at the I'-point. Data according to reference [73l

1
process 2BV,

Critical reviewing the outcome of the ab initio calculations for the silent lattice
vibrations of B symmetry character in ZnO further reveals fairly large discrepan-
cies between the calculated phonon frequencies and that of the nitrogen-related
modes, see table This is surprising, since the Raman-active ZnO lattice
vibrations are represented quite accurately by the theory with the exception of
the LO phonons.

Dependence on sample rotation — symmetry characteristics

To study the symmetry characteristics of the nitrogen-related modes, CVD
and MBE grown nitrogen doped ZnO specimens were rotated in distinct steps
about the axis defined by the linearly polarized 532 nm excitation laser. After
each rotation step, a polarized Raman spectrum was recorded in backscattering
geometry at room temperature. For simplicity, the intensities or amplitudes
of the prominent features in the Raman spectra have been estimated by se-
lecting the maximal data point of the corresponding signal and correcting it
for a linear background chosen individually below each one with the naked
eye.

Figures and depict the intensities of the Raman-active ZnO lattice vi-
brations and the nitrogen-related modes of representative CVD grown ZnO:N
specimens as a function of the rotation angle about the y (normal to the a-plane)
and z axis (normal to the c-plane), respectively. In addition, the scattered in-
tensities of Raman-active lattice vibrations of pure ZnO samples are shown.
The axes refer to the right-angled coordinate system of the hexagonal structure
shown in figure For all four polarization configurations, the behavior of
the ZnO lattice vibrations of A;(TO) and E;(TO) symmetry character as well
as of the difference mode Egigh—EIQOW upon rotation is consistent with their sym-
metry characters in an ideal ZnO crystal structure. An exception is the phonon
of Eglgh symmetry type when the sample is rotated about the y-axis, shown
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4.3 Characteristics of the nitrogen-related modes

in figure [4.7] The corresponding signal does not entirely vanish upon rotation
for rotation angles of —7/2 and 7 /2 for parallel polarization geometry or for
multiplies of /2 for perpendicular polarization geometry which is not reflected
by the model functions given in table|3.3|and therefore is somewhat inconsistent
with its symmetry character. The scattered intensities of the nitrogen-related
modes are independent of the rotation angle, i.e., they are constant or cannot
be detected. Tt is notable that the additional mode at about 645cm™! exhibits
a depolarization ratio p = I, /I about one for the a- and c-plane oriented
samples, where I and I are the intensities of scattered light whose polariza-
tions are parallel or perpendicular to the polarization of the incident radiation.
On the other hand, the depolarization ratios of the remaining nitrogen-related
modes are less than one.

The findings upon the rotation of the sample about the x axis (normal to the
m-plane) of a MBE grown nitrogen doped ZnO specimen are displayed in fig-
ure The intensity dependence of the Raman-active ZnO lattice vibrations
is the same as on the rotation of the sample about the y axis. This is con-
sistent with their symmetry characters. The only exception to this rule is the
intensity dependence of the phonon of Eglgh symmetry type since its signal does
not entirely vanish upon rotation. In contrast to the findings upon the rota-
tion about the y and z axis, the nitrogen-related modes are not independent
of the rotation angle at all times. In particular, four out of five additional
modes reveal a specific dependence on rotation for perpendicular oriented in-

cident and scattered polarization vectors (z(yz)z <> z(zy)Z), see figure

Assuming that due to the presence of Ng the local site symmetry of point group
Cs, determines the Raman activity and also the symmetry character of extended
lattice modes, the scattered intensity dependence on sample or plane of polariza-
tion rotation of formerly silent B; modes may be deduced. The Raman tensors
for the point group Cs, (3m) have the matrix form [40]:

a 0 O d 0 —e 0 d 0

0 a O 0 —-d 0 d 0 e

0 0 b —e 0 0 0 e O (4.1)
Aq(2) E(-2') E(y")

These tensors are defined with respect to three orthogonal axes z/, 3/, and 2.
The axes are specified along symmetry operations of the trigonal crystal class
C3,. According to Koster et al., the 2’ axis is parallel to the threefold rotation
axis and the y' axis is normal to one of the three reflection planes [61]EI These
symmetry directions correspond to the z and y axis of the hexagonal crystal

class Cgy, respectively, as depicted in figures and The intensity
dependence of the A; mode on rotation is the same for both crystal structures

*An alternative orientation of the coordinate axes is given in the book by Nye [I06]. The
corresponding Raman tensors are listed in the article by Loudon [56]. In both orientations
the Raman tensor of the A; mode has only diagonal elements.
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Figure 4.7: Normalized intensity of the prominent Raman signals of an a-plane
oriented ZnO and N doped ZnO specimen ([N] ~ 2.93 x 10?" atoms/cm?3, CVD
grown) versus sample rotation about the y axis for |(a)| parallel and @ per-

pendicularly aligned incident and scattered polarization vectors.
normalized to the maximum intensity of the Eglg

Signals are
h phonon. Solid lines are fits to
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oriented N doped ZnO specimen (MBE grown) versus sample rotation about
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4.3 Characteristics of the nitrogen-related modes

since the axes of the two coordinate systems (xyz) and (2'y’z’) are in principle

in line and since the mode of A; symmetry character preserves its shape when
reducing the symmetry from Cg, to Cs,. Thus, if the nitrogen-related modes at
277 and 583 cm ™! are assigned to silent By modes, which transform into Raman-
active A1 modes due to the symmetry reduction (assuming Cs,(0,) symmetry,
see table , the intensity of the corresponding Raman signals should be given
by the model functions describing the ZnO lattice vibration of A; symmetry type
in the hexagonal crystal structure belonging to the point group C,. The same
applies to the combination processes 2BPY and Bllow—l—B}lngh attributed to the
additional modes at about 511 and 860 cm ™!, since the direct product A; ® A,
is simply of A character in C3, symmetry.

The nitrogen-related modes do not exhibit the same intensity dependence on
sample rotation in the experiment than the ZnO lattice vibration of A; sym-
metry character. This leads to the question whether a set of parameters a,
b, and x of the model functions describing the ZnO phonon of A; symmetry
type exists that represents the experimental findings for the nitrogen-related
modes. At first, the sample rotation about the z axis of the hexagonal structure
is considered. As depicted in table the model function describing the A;
mode is independent of the rotation angle which matches the corresponding ex-
perimental findings for the scattered intensities of the nitrogen-related modes,
shown in figure [£.8] An imperfect alignment of the polarizer and the half-wave
plate (A\/2) in the setup may explain the appearance of the additional modes in
the experiment when the scattered radiation is analyzed perpendicularly to that
of the incident one. The same assumption is needed to describe the experimen-
tal findings for the Raman-active lattice vibrations in pure ZnO correctly, see
chapter In figure[£.7] the scattered intensities of the nitrogen-related modes
are depicted as a function of the rotation angle about the y axis. No angular
dependence is found. This may be surprising as the corresponding model func-
tion in general depends on the rotation angle according to table (3.3 However,
it is independent of the rotation angle and represents the experimental findings
for parallel oriented incident and scattered polarization vectors when setting its
parameters to a = band xy = nw or a = —b and x = mm with n € {0,+2,£4,...}
and m € {£1,£3,45,...}. The same parameters also fit the estimated intensi-
ties when the scattered polarization vector is analyzed perpendicularly to that
of the incident one if again an imperfect alignment between the polarizer and
the half-wave plate (A/2) is assumed. In contrast, the model function for the ro-
tation about the y axis, which is equivalent to the one about the x axis, does not
represent the experimental findings for the nitrogen-related modes upon rotation
about the x axis of the hexagonal structure. No angular dependence is found
on rotation when the scattered radiation is analyzed parallel to that of the inci-
dent one except for the nitrogen-related mode at about 645cm ™! as depicted in
figure 4.9(a)l On the other hand, four out of five additional modes reveal a spe-
cific dependence on rotation for perpendicularly oriented polarization vectors,
see figure [4.9(b)l For both polarization configurations, the parameters listed
above only account for scattered intensities that are independent of the rotation
angle. Therefore, the assignment proposed by Manjon et al. is in question if
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4 Lattice dynamics of nitrogen doped ZnQO

the assumption is valid that the perturbation introduced by the defect Ng is
large enough to manipulate the Raman activity and the symmetry character of
extended lattice modes.

It should be noted, however, that the experimental findings upon rotation for
the Raman-active ZnQ lattice vibrations in the ZnO:N samples can be described
using the picture above. The original E; and E5 modes in the hexagonal crystal
class Cg, are given by a combination of the two E modes in Cs, symmetry. As
already discussed, the shape of the Ay mode is preserved when the symmetry
is reduced. Keeping this and the tensors listed in in mind, the theoretical
intensity dependence on rotation can be calculated for the original A1, Eq, and
Es modes. The outcomes seem to match the experimental findings for the
Raman-active ZnO lattice vibrations.

If clusters or complexes are aligned in a particular manner with respect to the
crystal axes of the ZnO host matrix, the scattered intensities of the correspond-
ing modes will exhibit to some extent a dependence on rotation about the crystal
axes. Jokela and McCluskey reported on absent or sine-like intensity depen-
dence in infrared-spectroscopic experiments on polarization rotation of modes
associated with No-H and O-H complexes in ZnO [99, [107]. Their findings in-
dicate that these complexes are tilted under a well defined angle with respect
to the ¢ axis. Similar results are expected to occur in Raman experiments. The
No-H mode is visible at about 3152cm™! in the Raman spectra of the CVD
grown specimens, however, it does not show an angular-dependent intensity
modulation on sample rotation (not shown). These results do not confirm the
observations by Jokela and McCluskey and may indicate that No-H complexes
are oriented at random in CVD grown nitrogen doped ZnO. This demonstrates
that the formation of an aligned complex might depend on the synthesis condi-
tion. With this picture in mind, one may speculate if the nitrogen-related modes
originate from complexes or clusters oriented at random in ZnO:N excluding the
MBE grown samples.

Concluding remarks

The lattice dynamics of ZnO crystallizing in a wurtzite structure were stud-
ied under the influence of nitrogen doping. Up to an amount of 102! nitro-
gen atoms/cm? incorporated in ZnO, the signals corresponding to Raman-active
ZnQ lattice vibrations neither shift in frequency nor vary in line shape, their
pressure coefficients match those of pure ZnO, and their behavior upon rota-
tion is consistent with the corresponding symmetry characters of an ideal ZnO
hexagonal crystal structure belonging to the point group Cg,. Only the out-
comes for the lattice vibration of Eglgh symmetry character upon rotation could
not adequately be explained by its symmetry type. The reason is not clear
yet. Nevertheless, the experimental findings provide evidence that the Raman-
active ZnO lattice vibrations are not influenced by doping the II-VI compound
semiconductor with nitrogen and corroborate the assumption that the doped
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4.3 Characteristics of the nitrogen-related modes

samples still possess a high crystal quality, i.e., that the translational symmetry
is not strongly perturbed.

Nitrogen doped ZnO reveals five additional modes in the frequency range be-
tween 277 and 860 cm ™! next to the Raman-active ZnO lattice vibrations inde-
pendent of the growth technique applied. The additional modes scale in intensity
with nitrogen content and shift between about 1.6 and 6.0 cm~!/GPa upon hy-
drostatic pressure, which matches the range of pressure coefficients reported for
Raman-active ZnO phonons. In contrast to ZnO lattice vibrations, the nitrogen-
related modes are independent in signal intensity on sample rotation about the
y or z axis of the hexagonal structure in CVD grown samples. Only in MBE
grown nitrogen doped ZnQO, the additional modes revealed an intensity depen-
dence on rotation about the x axis normal to the m-plane. Further experimental
work must be done to clarify if there exists a correlation between the symmetry
characteristics of the nitrogen-related modes and the synthesis method of the
samples or their crystal orientation.

Various attempts to explain the appearance of the additional modes in nitrogen
doped ZnO were introduced: a local vibration of a single N atom on anion site or
of a simple diatomic molecule may clarify the origin of any one nitrogen-related
mode but this kind of defect cannot account for five different signals observed in
an experiment. One solution proposed by Manjon and coworkers assigned the
additional modes to silent B modes of wurtzite ZnO and their corresponding
second-order processes, induced by the breakdown of the translational symme-
try of the lattice caused by defects or impurities [I9]. This approach may also
explain the observation of the additional modes by Bundesmann et al. in ZnO
doped with various other elements than nitrogen [13]. Although the Raman-
active ZnO modes have been described quite accurately in theory, there are large
discrepancies for the silent B modes between the outcome of ab initio calcula-
tions and the nitrogen-related modes observed in experiments. For example,
the calculated vibrational frequencies do not match the ones of the additional
signals in N doped ZnO well, nor is the estimated pressure coefficient for the
combination mode 2B close to the one derived from experiment for the N-
related signal at about 511 cm™!. Based on the experimental findings, it is not
possible to identify the symmetry type of the nitrogen-related modes; however,
their symmetry characteristics cannot be represented in a conclusive picture by
silent B modes of wurtzite ZnO if the assumption is valid that the perturbation
introduced by the defect No is large enough to manipulate the Raman activity
and the symmetry character of extended lattice modes. None of the findings
alone may give conclusive evidence for the origin of the additional modes, but
taken together, the assignment of these ones to silent B modes of wurtzite ZnO
becomes disputable.

Furthmiiller et al. showed with ab initio density functional theory and quasipar-
ticle calculations that clustering of N atoms in ZnO is energetically favored over
the formation of an isolated N atom on an anion site [10§]. Clusters containing
N atoms/ions may exhibit several Raman-active vibrations that may explain
all additional modes observed in N doped ZnO. Conclusively, an increase in
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4 Lattice dynamics of nitrogen doped ZnQO

N content in the ZnO specimens leads to higher density of clusters within the
sample volume excited by the laser in the Raman experiment and therefore to
an increase in scattered intensity. An absent angle dependence of the Raman
intensity is known to occur for gases or liquids, where molecules serving as scat-
terers are oriented at random. A similar situation may arise if an ensemble of
clusters containing N atoms/ions of different orientations within a ZnO matrix
are probed. Depending on the crystal orientation of the substrate and/or the
growth method employed, the clusters may reveal a preferred orientation with
respect to the hexagonal structure and then exhibit a dependence on sample
rotation, as observed in case of the m-plane oriented MBE grown specimens.
Based on these considerations, the formation of ZngNs-like clusters in N doped
ZnOQ is the subject of the following chapter.

4.4 Evidence and influence of Zn3sNs-like clusters in
nitrogen doped ZnO

The schematic phase triangle in figure illustrates the phase coexistence
in the Zn-N-O system. The figure is provided by Prof. Dr. J. Janek along
with the following description [109]: The thermodynamically stable compounds
Zn0O, ZngNy, and Zn(NQOs)s are included in the phase triangle. In addition,
the existence of a narrow homogeneous phase field (green shaded area) for the
non-stoichiometric solid solution ZnO1_3,15N2, is assumed which basically cor-
responds to non-stoichiometric wurtzite ZnO with some N on O sites. The
latter solid solution should exhibit the same Raman spectra as ZnO with at
maximum two local modes due to Ng. Under oxidizing condition the formation
of zinc nitrate may occur, but probably only at low temperatures (three-phase
fields II, III, and V). The addition of nitrogen to ZnO under reducing condi-
tions will lead to the formation of a ZnzNs secondary phase once the solubility
limit for nitrogen is exceeded (three-phase regions I and IV). Accordingly, the
attempt to incorporate high amounts of nitrogen into ZnO may lead to pre-
cipitation of ZnsgNs-like clusters in an otherwise hexagonal crystal structure
of non-stoichiometric ZnO;_3,4+5N2;. The following discussion will therefore
focus on the characteristics of ZnzNy, its lattice dynamics from a theoretical
point of view as well as on experimental Raman spectra of ZnsNy powder.
In the end, possible consequences for the properties of wurtzite ZnO or rather
ZnO1_3,1 5N, due to the formation of ZnzNs-like clusters are briefly addressed.

Lattice dynamics of zinc nitride — predictions by group theory and
experimental Raman spectra

Zinc nitride (ZnszNy) crystallizes in a cubic anti-bixbyite structure belonging to
the space group T} (Ia3, No. 206) [II0HII3]. Its primitive unit cell contains
40 atoms, yielding 117 optical and three acoustic phonon branches [I14]. The
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4.4 Evidence and influence of ZngNs-like clusters in nitrogen doped ZnO

2 N,
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Figure 4.10: Schematic Gibbs phase triangle for the Zn-N-O ternary system
(isothermal cross-section) including the thermodynamically stable compounds
Zn0, ZnsNy, and Zn(NO3)s as well as narrow homogeneous phase field (green
shaded area) for the non-stoichiometric solid solution ZnO4_3,5N2, [109]. Grey
circles indicate further compounds or phases.

symmetries of the vibrational modes at the center of the Brillouin zone are
[115]:
I' =4A; ® 5A, ® 4E; ®5E, © 14T, © 17T, (4.2)

Lattice vibrations of E and T symmetry type are twofold- and threefold-degen-
erate, respectively. Vibrational modes of A,, E;, and T, symmetry character
are Raman active. The three acoustic phonons have T, symmetry character
while the remaining 16 modes of T character are infrared-active phonons. A,
and E, modes are silent. According to the group theoretical analysis there are
in total 22 Raman-active modes in ZngNs.

Experimental Raman spectra of extended crystalline ZnsNg specimens have not
been reported in the literature to date. In sputtered ZngNy thin films three
broad features in the region of 260, 570, and 700 cm ™' have been observed,
whereas Raman spectra of CVD grown microtips, which are likely contaminated
with oxygen, exhibit a rich structure of several features at about 267, 325, 372,
433, 504, 571, and 610 cm~! [IT6HI20]. The 22 Raman-active modes predicted
by group theory have not been identified in experiment yet, which might be due
to the lack of highly crystalline specimens.

Here, Zn3No powder was studied as crystals have not been available. The spec-
trum of ZngNy powder (Alfa Aesar) in figure exhibits five well separated
signals at about 198, 266, 322, 426, and 563 cm~!. It must be noted that Raman
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Figure 4.11: Normalized Raman spectra of ZnszNs powder, ZnsNo pow-
der annealed at 600°C in air, and a CVD grown N doped ZnO layer
([N] ~ 2.93 x 10?2 atoms/cm?). The spectra were recorded in backscattering
geometry at room temperature using a linearly polarized 532 nm lager for ex-
citation. The ZngNsy samples were measured unpolarized. For comparison a
combination of a ZnO sample and ZngNs powder annealed at 600°C spectra is
shown (black solid line). Black, dashed lines indicate Raman-active ZnO lat-
tice vibrations and grey, shaded areas nitrogen-related signals. For clarity, the
spectra have been shifted on the axis of ordinates.

spectra of randomly oriented scatterers in a liquid as well as in a powder sam-
ple or clusters embedded in a host matrix might differ from spectra of an ideal
crystal structure [40, 64, 65]. Apart from a shift to lower wave numbers, the
appearance of the peaks in the spectra of the Zn3Ny powder is somewhat similar
to that of the (additional) signals in nitrogen doped ZnO samples. The discrep-
ancy almost vanishes after annealing the powder successively at 400, 500, 550,
and 600°C in air. Each time the powder was annealed for two hours and subse-
quently cooled down to room temperature before taking a Raman spectrum. In
the end, the blackish appearance of the powder changed to a greyish/greenish
color. In the Raman spectra of the annealed sample, the ZnszNo-like signals
shift to higher wave numbers and three signals at about 502, 636, and 844 cm ™!
become more pronounced. This may be related to the incorporation of oxy-
gen, leading to the formation of a ZnO phase in ZnsNs confirmed by X-ray
diffraction (XRD). The linear combination of the Raman spectra of annealed
Zn3Ny powder and of pure wurtzite ZnO shows a striking agreement with the
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4.4 Evidence and influence of ZngNs-like clusters in nitrogen doped ZnO

Raman spectrum of ZnO:N, demonstrating that the additional signals in nitro-
gen doped ZnO may indeed originate from cubic ZngNo-like clusters. Since it is
possible that in specific modes only zinc lattice planes vibrate, the observation
of ZngNs phonons does not contradict the results by Artis et al., who demon-
strated that N motion is not involved in three of the nitrogen-related modes
[17].

It should be noted that an XRD analysis of representative CVD grown, MBE
grown, and sputtered N doped ZnO layers did not reveal any evidence of a
secondary phase, in particular no ZnsNs reflections are observed. This implies
that the ZngNy-like clusters are very small. This conclusion is in agreement
with the Raman experiments. The ZnsNs-like clusters need to be very small so
that their number within the sample volume excited by the laser in the Raman
experiment is sufficient to yield the behavior of an ensemble of randomly oriented
scatterers (at least in case of the c-plane oriented ZnO:N sample, see discussion
below). On the other hand, the clusters must be large enough to exhibit similar
Raman signatures than annealed ZnsNy powder. Extensions of a few nanometers
only corresponding to maybe tens of atoms are likely, therefore, the clusters may
also be regarded as ZnsNs-like nanoinclusions.

Depolarization ratios of the nitrogen-related modes

The hypothesis of randomly oriented ZnsNs-like clusters in nitrogen doped ZnO
is to some extend corroborated by the findings for the depolarization ratio p of
the additional modes introduced in the preceding chapter. The depolarization
ratio depends on the experimental scattering geometry and is determined by
the nonzero Raman tensor elements [39, 40]. Therefore, it yields information
about the symmetry characteristics of Raman-active modes even when probing
an ensemble of randomly oriented scatterers. Depolarization ratios are tabulated
for various scattering geometries of the direction of the incident and scattered
radiation in the book by Long [39]. For lattice vibrations of Ag, Eg, and Ty
symmetry character in the cubic crystal class T}, analyzed in a backscattering
configuration one obtains ratios of 0, 3/4, and 3/4, respectively. In resonant
Raman scattering, where the excitation frequency is close to singularities in the
electronic susceptibility or polarizability of the material under study (here to an
interband transition across the band gap of the nanoinclusions), antisymmetric
tensors contribute to the scattered Raman intensity and modes of Ty symme-
try character may exhibit p > 1 (anomalous depolarization ratio). However,
depolarization ratios of vibrations with Ay and E; symmetry in a cubic crystal
system are not altered by the resonance, i.e., p remains 0 and 3/4, respectively.
A vanishing p value occurs only for A type vibrations in cubic symmetry groups
since no Raman tensor of any other crystal class possesses only equal, diagonal
tensor elements.

The corresponding experimental values can be determined from the data points
in figures[d.7] and [4.9] In case of the c-plane oriented ZnO:N specimen, four
of the five nitrogen-related modes, except the 645cm™! signal, exhibit p ~ 0
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4 Lattice dynamics of nitrogen doped ZnQO

in accordance with originating from A symmetry character modes of randomly
oriented cubic nanoinclusions within the ZnO matrix. A ratio p &~ 1, as ob-
served for the 645cm™! signal, may indicate that the visible excitation is in
resonance with an interband transition of the nanoinclusions. Incorporation
of N into ZnO typically leads to a brownish appearance of the specimens. The
assumption that the corresponding absorption in the visible spectral range is re-
lated to the formation of cubic ZnsNs-like nanoinclusions, is consistent with the
resonance behavior indicated by p &~ 1 of the additional signal at 645cm~! and
in accordance with a vanishing depolarization ratio for the remaining nitrogen-
related modes associated with A type vibrations. The findings for the additional
modes of the a- and m-plane oriented specimens do not yield vanishing depo-
larization ratios. This is in contrast to A type vibrations in cubic symmetry
groups of randomly oriented scatterers, thus, being a major shortcoming of the
model proposed. On the other hand, it may simply demonstrate a preferred
orientation of the ZnsNs-like clusters in the ZnO host matrix controlled by the
synthesis conditions and/or substrate orientation.

Consequences due to the formation of ZnsNs-like clusters

The formation of ZnzNy-like clusters or nanoinclusions in nitrogen doped ZnO
may limit the achievable concentration of the deep acceptor Ng in ZnO which
may explain why no local vibrations of N atoms on anion sites have been re-
ported yet. Furthermore, nitrogen doped ZnO films show a donator acceptor
pair (DAP) emission at about 3.24 eV as the signature of the shallow acceptor
[14), 88, 121H124], allowing one to speculate that the occurrence of this accep-
tor may be correlated with the formation of ZnsNa-like nanoinclusions at high
N content as proposed by Limpijumnong et al. [I25]. The interfaces between
the ZnzNg-like nanoinclusions and the surrounding ZnOq_3,4 N9, matrix may
be the location of the corresponding acceptor [125]. If the hypothesis above is
valid, controlling the formation of ZngNo-like clusters and making active use of
their correlation with the shallow acceptor may prove to be a novel approach
for achieving p-type ZnO-based material.

However, it must be noted that not all ZnO:N samples analyzed did exhibit
the DAP emission at all or some time after their growth, whereas the nitrogen-
related modes seem to be always present in the corresponding Raman spectra.
In earlier investigations of CVD grown samples, Lautenschliger et al. already
demonstrated that the DAP emission depends on the amount of nitrogen in-
corporated as well as on the substrate orientation and polarity [124]. Further
experimental work is required to explore the correlation between the additional
modes in the Raman spectra and the DAP emission in low temperature pho-
toluminescence experiments, its degeneration, and the speculative formation of
ZnsNo-like clusters.
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Table 4.4: Comparison of the various explanations for the appearance of the
nitrogen-related modes in N doped ZnO to the experimental observations. The
symbols 4+ and — indicate whether the experimental findings are in agreement
with the explanation of the origin or not. If an ansatz does not yield a (distinct)
prediction, the corresponding cell is marked with an open circle o.

Concluding remarks

Table compares the various attempts to explain the appearance of the ad-
ditional signals in N doped ZnO to the experimental observations. The Raman
modes due to ZngNy-like clusters or nanoinclusions may explain all additional
modes and their characteristics in ZnO after N incorporation. However, struc-
turally different clusters containing N atoms/ions, like ZnNy, cannot entirely be
ruled out based on the findings so far. Transmission electron microscopy (TEM)
experiments may clarify the existence of clusters and identify their shape in N
doped ZnO. In addition, theoretical modeling may give insight into whether
Zm3No-like clusters are energetically favored and how their orientation depends
on the growth conditions.
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5 Lattice dynamics of Cu,O —
correlation of intrinsic defects and
Raman modes

The copper-oxygen compound system can crystallize in different structures
characterized by different oxidation states of copper depending on the growth
method and synthesis conditions [33] 126]: CuO (tenorite or cupric oxide, 7),
CuyO3 (paramelaconite, ), or CugO (cuprite or cuprous oxide, ). Cupric
and cuprous oxide are thermodynamically stable, whereas the paramelaconite
phase is metastable [127-H129]. In addition, non- and metastable Cu,O, defect
phases have been reported in the literature [I30, I31]. Each oxidation state of
the copper-oxygen system exhibits distinct Raman spectra due to their differ-
ences in crystal structure, making them easily distinguishable from each other
in experiments.

The Raman spectrum of crystalline cuprous oxide stands out. For the most
part, it is independent of the growth method and the conditions employed. Cu-
riously, however, Raman spectra of CusO are dominated by Raman-forbidden
infrared-active and silent lattice vibrations rather than by the single Raman-
active phonon predicted by group theory for the ideal crystal structure. This
unusual finding is in contrast to the Raman spectra of most other crystalline
materials and is the subject of the following chapter. The first two sections focus
on selected properties of CusO, its lattice dynamics from a theoretical point of
view, and the unusual Raman spectra observed in the experiments. Two possi-
ble explanations are considered: resonant Raman scattering, where the exciting
laser or scattered photon frequency is close to singularities in the electronic
susceptibility or polarizability of the material under study, and scattering by
phonons with an arbitrary wave vector, which is known to occur in amorphous
materials. Under certain conditions, resonant Raman scattering mechanisms or
the relaxation of the wave-vector selection-rule can explain the observation of
normally Raman-forbidden lattice vibrations in experiment. In the third part,
intrinsic defects typically occurring in cuprous oxide are addressed. It is shown
that these may be a another cause for the unusual Raman spectra. A group
theoretical analysis of the symmetry reduction due to the presence of defects
demonstrates that either interstitial defects in a tetrahedral configuration or
copper vacancies in the so-called split configuration, a point defect particular to
Cus0, introduce Raman activity for all phonons that are Raman forbidden in
case of a perfect crystal lattice. Density functional theory (DFT) calculations
for supercell defect structures provide evidence that the copper split vacancy
induces a strong perturbation of the crystal structure of CusO, allowing the
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conclusion that the unusual Raman spectra may be caused by the presence of
copper split vacancies. This assumption is corroborated by the symmetry char-
acteristics of the lattice vibrations observed in Raman spectra of a crystalline
MBE grown Cu2O sample with (100) orientation analyzed in the last section of
this chapter.

Sample characteristics

The cuprous oxide (Cu20) thin films analyzed in this chapter have been grown
by five different methods, i.e., copper oxidation by heating, ion-beam sputter
deposition (IBSD), radio-frequency sputter deposition (RFSD), reactive sputter
deposition (RSD), chemical vapor deposition (CVD), and molecular beam epi-
taxy (MBE). For comparison, a natural bulk crystal has been investigated.

5.1 Selected properties and lattice dynamics of Cu,O

The crystal structures of the two stable phases and the single metastable phase of
the copper-oxygen compound system are schematically illustrated in figure 5.1
Cupric oxide (CuO) crystallizes in a monoclinic structure belonging to the
space group CS, (C2/c, No. 15) [132]. The crystal structure of paramelaconite
(CusO3) is tetragonal, described by the space group D}) (I41/amd, No. 141)
[133] 134]. Cuprous oxide (Cug0O) crystallizes in a cubic structure whose sym-
metry characteristics are given by the space group Ofb (Pn3m, No. 224) and
its corresponding point group O, (m3m) [135H139]. The band structure of
the compound semiconductor CusO shows a direct energy gap at the center of
the Brillouin zone of about 2.17eV at low temperatures (4.2 K) [I40HI42]. An
electric-dipole transition across the direct gap, between the maximum of the va-
lence band and the minimum of the conduction band at the I'-point, is forbidden
by the parity selection-rule [I35] [143]. Natural CusO crystals are translucent
with a dark red or black color [I44]. It is well established that cuprous oxide
is intrinsically p-type conducting, most likely caused by intrinsic point defects
(non-stoichiometry), in particular by copper vacancies and copper split vacan-
cies [34, T45HT50]. As depicted in figure [5.1(c)| each oxygen ion (0?7) has four
copper (Cu™) neighbors in a tetrahedral configuration and each copper ion is
linearly coordinated with two oxygen ions as nearest neighbors at equal dis-
tances. These copper-oxygen bonds in Cuz0O are of combined ionic and covalent
character [I51].

The cubic crystal structure of CuyO has six atoms (n = 6) per primitive unit
cell, i.e., two CugaO molecular units, leading to 3n = 18 phonon branches [152].
In contrast, CuyOg has 14 atoms in its primitive unit cell and thus exhibits a
total of 42 vibrational eigenmodes [33] [153], whereas cupric oxide contains four
atoms per primitive unit cell, resulting in a total of twelve phonon branches
[154, 155]. The vibrational modes of cuprous oxide are classified by the following
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(b) (c)

Figure 5.1: Schematic illustration of the three different phases of the copper-
oxide compound system: @ Cupric oxide (CuQ) crystallizes in a monoclinic,
[(b)paramelaconite (CusO3) in a tetragonal, and cuprous oxide (Cuz0) in a
cubic crystal structure. The orientation of the orthogonal coordinate axes x, y,
and z is indicated for the cubic structure in

irreducible representations of the crystallographic point group Oy, at the I'-point

[1:35,, [L36]-
I'= A2u S Eu S T2g @ 3T1u @ T2u (51)

Lattice vibrations of A, E, and T symmetry are one-, two-, and threefold-
degenerated, respectively. The three acoustic phonons have Ty, symmetry char-
acter. Accordingly, the 15 optical phonon branches belong to the irreducible
representations:

Copt = Agy @ Ey @ Tag @ 2T1y © Tay (5.2)

The two modes of T, symmetry character are infrared-active lattice vibra-
tions, which split into longitudinal and transverse optical phonons similar to
the A; and Eq modes in ZnO. Phonons of Asy, Ey, and Ts, symmetry are
silent modes. The only Raman-active lattice vibration in CusO belongs to the
threefold-degenerated Toe symmetry type. Due to the mode degeneracy, in total
eight optical phonon branches are expected in cubic CusO at the I'-point: Ag,,
Eu, ng, two Tlu(LO), two Tlu(TO), and Tgu.

The displacement of the copper and oxygen atoms of the six (or rather eight)
optical lattice vibrations are schematically shown in figure [135] [152]. The
Ey4, T2y, and one of the T, mode patterns are rotations of the Cu tetrahedron
about its center. The second mode of Ty, symmetry character consists of the
relative motion of the Cu- and O-sublattices. Phonons of Ag, symmetry type are
oscillations of the copper atoms along the diagonal axes of the cubic structure,
being the breathing mode of the Cu tetrahedron, and Ta, lattice vibrations
consist of the relative motion of the oxygen sublattices with respect to each
other.
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Figure 5.2: Atom displacement (eigenvectors) of the six optical lattice vibra-
tions in cubic CusO according to references [135] and 152l
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Figure 5.3: Phonon density of states (DOS) and dispersion relation along
the main symmetry directions in the Brillouin zone of cuprous oxide deter-
mined by the real space small displacement method according to the group of
Prof. Dr. C. Heiliger [156]. For clarity, the cumulative phonon DOS (black line)
is shifted horizontally with respect to the ones involving only copper (red line)
or oxygen atoms (blue line).
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5.2 Forbidden phonons in Raman spectra of CusO

Figure depicts the phonon dispersion relation of cuprous oxide for the main
symmetry directions in the Brillouin zone and the corresponding phonon den-
sity of states determined by the real space small displacement method accord-
ing to the group of Prof. Dr. C. Heiliger [I56]. In accordance with the con-
siderations above, eight optical phonon branches are found at the center of
the Brillouin zone. The dispersion relation can be divided into four regions:
(1) acoustic phonons, which pass through the origin, (2) optical phonons be-
tween about 70 and 340 cm ™!, involving predominantly oscillating copper atoms,
(3) a forbidden gap between 340 and 500 cm ™!, and (4) optical phonons in the
range of about 500 to 630 cm™!, involving predominantly oscillating oxygen
atoms.

5.2 Forbidden phonons in Raman spectra of Cu,O

According to the group theoretical analysis, only lattice vibrations of Tg, sym-
metry character are Raman active in a perfect cubic CuoO crystal lattice. The
Raman tensor of the threefold-degenerated T2z mode can be divided into three
individual matrices of the form [40]:

00 0 00 d 0 d 0
00 d 00 0 d 0 0
0 d 0 d 0 0 00 0 (5.3)

Tglg) T2 TG)
These matrices are defined with respect to the basis axes of a right-angled coor-
dinate system x, y, and z, depicted in figure , and determine whether the
mode is detectable for a particular scattering configuration. Table lists the
symmetry selection-rules of the phonon of Ty symmetry type in backscattering
geometry. From this, it follows that a Raman spectrum of crystalline cuprous
oxide aligned along a crystal axes should exhibit only one signal if the polar-
ization vector of the scattered radiation is analyzed perpendicularly to that of
the incident excitation laser or if all polarization orientations of the scattered
radiation are analyzed simultaneously.

Figure depicts Raman spectra of different crystalline CuoO samples, i.e., a
natural bulk crystal, a thermally oxidized copper sheet as well as thin film sam-
ples grown by molecular beam epitaxy (MBE), chemical vapor epitaxy (CVD),
ion-beam sputter deposition (IBSD), radio-frequency sputter deposition (RFSD),
and reactive sputter deposition (RSD)E] The Raman spectra were recorded in
backscattering geometry using a linearly polarized 532, 633, or 785 nm laser
for excitation. All polarization orientations of the scattered radiation were an-
alyzed simultaneously (unpolarized Raman spectrum). With the exception of
the MBE grown sample, which is described in section [5.4] the specimens do

SNote: The sample grown by radio-frequency sputter deposition (RFSD) may contain hy-
drogen.
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Figure 5.4: Normalized Raman spectra of cuprous oxide specimens grown by
various techniques in comparison to a natural bulk crystal and to the calcu-
lated phonon DOS (see also figure . The spectra were measured unpo-
larized in backscattering geometry: at room temperature using a linearly
polarized 532 (top) or 633nm (bottom) laser for excitation and [(b)] at room
temperature (top) and at about 80K (bottom) using a linearly polarized 532,
633, or 785 nm laser for excitation. Black, dashed lines indicate the Raman-
active phonon of T, symmetry type and selected Raman-active second-order
scattering-processes. Grey, shaded areas display bands of Raman-forbidden sig-
nals. For clarity, the spectra have been shifted on the axis of ordinates.
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parallel polarization crossed polarization
mode/ frequency/ x(yy)z y(zx)y z(zx)z x(yz)x ylxz)y z(zy)z
tensor cm ! x(z2)z  y(z2)y =z2(yy)z x(zy)z y(zz)y =z2(yz)z
Tog 512-515 - - - X X X
T4 - - - X - -
T§2g) ) B} N B} % N
TS - - - - - X

Table 5.1: Symmetry selection-rules of the single Raman-active T, phonon
in Cug0 for various scattering configurations denoted in the Porto notation.
The contribution of the three matrices in equation are given separately.
Listed phonon frequencies are determined from experimental Raman spectra
recorded at different temperatures (2 to 300 K) and using various excitation
sources [4] 137, 152 157HI62].

not possess a distinct crystal orientation and thus an alignment along one of
the crystal axes with respect to the polarization vector of the excitation laser
is not possible. In contradiction to the theoretically expected Raman activities,
the spectra in figure reveal a multitude of signals almost independent of
the method and conditions of the synthesis of the crystalline CusO material.
The dominant features are assigned to Raman-forbidden phonons of Ty, sym-
metry character and to the Raman-active second-order scattering-process 2E,,
while the Raman-active Ty phonon can only be conjectured as a weak feature.
Similar spectra of bulk CusO crystals are reported in the literature, slightly
varying in mode intensities and number of modes observed [4, 137, 152], 157
162]. Table summarizes the experimentally determined phonon frequencies
in comparison to DFT calculations and lists their infrared or Raman activity
based on the ideal crystal structure. These findings raise the question why the
Raman activity and symmetry selection-rules for an ideal cubic CusO crystal
structure break down.

Resonant Raman scattering

The spectral differential cross-section for first-order scattering by phonons as
well as the Raman activity and symmetry selection-rules, introduced in chap-
ter within the macroscopic framework, do not strictly hold any longer if the
exciting laser or scattered photon frequency gets close to singularities in the
electronic susceptibility or polarizability of the material under study. In other
words if the incident or scattered photon frequency is close in energy to an
electronic transition. New effects may occur under conditions of resonance that
can be understood by a quantum mechanical treatment of Raman scattering
(microscopic theory) [62]. The matrix elements contributing to the scattering
cross-section may exhibit singularities in their energy denominator yielding an
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symbol /notation Raman shift/cm

Mulliken Koster BSW degeneracy experiment DFT  activity

o0 Tou s Ty 3 85100 71  silent

g B, Ty - 2 107-110 84  silent
£ Ty r; I, (TO) 2 147-152 147 infrared
g Ty, r; s (LO) 1 148-154 148 infrared

£ Agy Ty A 1 300-350 338 silent
T Ty I b 3 512-515 499 Raman
2 T r, r; (TO) 2 609-635 608 infrared
T1u r; r, (LO) 1 645-665 630 infrared
z 2o Pl ) 181 Raman
N 92E, 2T 21, 218-221 Raman

Table 5.2: Symmetry characters and Raman shifts of lattice vibrations ob-
served in Raman spectra of CuoO in comparison to Raman shifts obtained by
DFT calculations. The experimental Raman spectra were recorded at different
temperatures (2 to 300 K) and using various excitation sources [4} 137, [152] 157+
162], whereas the DFT results were calculated for 7' = 0 K [156]. The irreducible
representations of the point group Oj are given in the Mulliken, Koster, and
Bouckaert-Smoluchowski-Wigner (BSW) notation.

enhancement of the Raman scattering probability close to or at resonance. By
this means higher order terms in the expansion of the matter-radiation (e.g.,
exciton-photon) and matter-lattice (e.g., exciton-phonon) interaction Hamilto-
nians may become significant, resulting in altered Raman activity and symmetry
selection-rules with respect to off-resonance Raman scattering. Compaan and
Cummins observed strong first-order Raman scattering in cuprous oxide of all
Raman-forbidden modes, somewhat similar to the spectra shown in figure [5.4
when the exciting laser frequency is in resonance with the 1.5 exciton state of
the lowest absorption transition (yellow exciton series), which is an electric-
dipole forbidden but quadrupole allowed transition [I63]. The sharp resonance
of only a few wave numbers at 16396 cm ™! (2.03eV) as well as the observation
and enhancement of Raman-forbidden phonons is a consequence of the electric-
quadrupole term in the exciton-photon interaction Hamiltonian near resonance.
Birman further demonstrated that the quadrupole-dipole Raman mechanism
gives rise to new polarization and symmetry selection-rules that require novel
third rank scattering tensors and that the scattered intensity explicitly depends
on the wave vector of the incident field [164, [I65]. Polarization-dependent Ra-
man experiments at resonance of cuprous oxide have confirmed the theoretical
predictions by Birman [166]. Further resonant Raman studies of CupO may
be found in references [160], (161l and [167] to [174] including the discussion of the
possible alteration of the Raman activity and symmetry selection-rules through
the intraband Froéhlich mechanism.

Figure 5.5 schematically illustrates the energy band diagram of cuprous oxide in
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5.2 Forbidden phonons in Raman spectra of CusO

the vicinity of the I'-point as well as the energies of the four fundamental absorp-
tion transitions, which are named according to the color of the corresponding
electromagnetic radiation. Also shown are the energy positions of selected exci-
ton states with respect to the energies of the excitation lasers used in the Raman
experiments, depicted in figure[5.4] The energies of two excitation lasers, namely
of wavelength 633 and 785 nm, are less than the lowest fundamental absorption
transition of about 2.17eV (4K) in cuprous oxide and its excitonic transitions.
Consequently, these lasers should not be in resonance with any electronic transi-
tion in CugO at low temperatures. On the other hand, the energy of the 532 nm
excitation laser is larger than the fundamental energy gap, located somewhere
between the green and blue interband transitions, and therefore the correspond-
ing scattered photons might be resonant with an electronic state of the green
exciton series (outgoing resonance). With increasing temperature, the energy
gap of CuyO decreases. It shifts about 100 meV from liquid helium (4 K) up to
room temperature (300 K) to an estimated value of 2.096 eV [175]. Assuming for
simplicity that all electronic states shift in the same manner and taking thermal
broadening into account, the 532 and 633 nm excitation lasers may be in reso-
nance with various electronic states of different natures at room temperature,
e.g., electric-dipole allowed or forbidden transitions, as shown in figure
Defects may give further rise to new electronic states, which may be located
energetically such that they coincide with the energies of the excitation lasers
as well. Nevertheless, the conditions of resonance are not necessarily met for
the experiments shown, in particular when using the 785 nm laser independent
of the temperature or the 633 nm laser at 80 K. Therefore, the change of the Ra-
man activity and symmetry selection-rules occurring in case of resonant Raman
scattering may not or not only be responsible for the observation of normally
Raman-forbidden phonons in CusO.

It must be noted that not all specimens exhibit Raman-forbidden modes in-
dependent of the wavelength of the excitation laser used in experiment. For
example, only the second-order scattering-processes 2K, and 2Ty, have been
observed in Raman spectra of ion-beam sputtered samples excited by the 785 nm
laser, whereas Raman-forbidden modes are visible if the 532 or 633 nm lasers are
used for excitation. No signals at all are found in Raman spectra of the MBE
grown specimen excited by the 785 nm laser, in contrast to the broad features
observed in natural bulk crystals. Apparently, there is a dependence on the
excitation energy used and further experimental work is required to clarify the
correlation between observed modes in Raman experiments and the wavelength
of the excitation laser.

Relaxation of the wave-vector selection-rule

Comparing the calculated phonon DOS of cuprous oxide with the experimen-
tal Raman spectra, both depicted in figure striking similarities appear
with respect to their overall shape, e.g., both exhibit broad features and sharp
peaks in the regions of the Ty, and T, lattice vibrations. These findings may
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Figure 5.5: Schematic illustration of the energy band diagram of cuprous
oxide and of the four fundamental absorption transitions at the I'-point (4 K)
including the symmetry character of the bands [33]. |(b)| Exciton transition
energies in cuprous oxide at 4 and 300 K with respect to the energies of three
excitation lasers used in Raman experiments. The values at 4 K, obtained from
reference [176, are shifted for simplicity by 100meV to represent the transition
energies at room temperature (300 K).

suggest that all modes in CuaO become Raman active due to the relaxation
of the wave-vector selection-rule, as it was demonstrated at the end of chap-
ter However, scattering of phonons with arbitrary wave vectors (¢ # 0)
occurs only if the long-range order (translational symmetry) of the perfect lat-
tice is lost, typical for amorphous and not for crystalline materials of good
quality.

In conclusion, resonant Raman scattering mechanisms or scattering by phonons
with arbitrary wave vectors may in principle explain the observation of all
Raman-forbidden phonons in the spectra of CusO, but neither are the con-
ditions of resonance necessarily met at all times here, nor is it likely that the
long-range order is strongly perturbed in all specimens studied. In particular,
one may assume that the MBE grown thin film possesses a well defined crys-
tal orientation according to an X-ray diffraction analysis, see chapter It
will be demonstrated in the next section that the symmetry reduction due to
the presence of intrinsic defects may introduce Raman activity for all phonons,
which may be a further cause for the unusual Raman spectra of CusO observed
in experiment.
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5.3 Intrinsic defects in CusO — breaking of Raman selection-rules

5.3 Intrinsic defects in Cu,O — breaking of Raman
selection-rules

As mentioned in chapter [5.I} cuprous oxide is a natural p-type semiconductor
whose conductivity is controlled by the cation deficiency (non-stoichiometry)
[34]. Intrinsic point defects which may occur comprise copper and oxygen va-
cancies (Vou, Vo), antisite defects (Cup, Ocy), interstitial defects in a tetra-
hedral configuration with four neighbors of the other species (Cu!®, O!*) and
in an octahedral one with six neighbors of the other species (Cu?®*, O9), as
well as a copper vacancy in the so-called split configuration (Vcsffht), where a Cu
atom adjacent to the vacancy moves into a position between the corresponding
two Cu lattice sites. The cation deficiency depends on the amount of metal
vacancies, oxygen interstitials, and oxygen antisites [34]. Theoretical studies ar-
gue that the two types of copper vacancies Vg, and VCSEM are the likely causes
for the natural p-type conductivity of CuyO as their formation energy is lower
than that of other possible intrinsic acceptors such as the oxygen interstitials
09" and Of* [34] [145HI50]. Thus, Vi, and/or Vcsfl)ht are always present in this
intrinsically p-type oxide.

The defects are located at specific sites of the unit cell of the CuyO crystal pos-
sessing a characteristic site symmetry, which is isomorphic to a subgroup of the
point group to which the space group of the crystal belongs. A set of equivalent
points within the unit cell possessing the same site symmetry is associated with
a Wyckoff position. The multiplicity of a Wyckoff position denotes the number
of equivalent points within the unit cell. The site symmetry of the defect is usu-
ally lower than that of the original point group belonging to the unperturbed
crystal. As it was demonstrated in chapter [I.3] restricting the symmetry from
that of the ideal crystal structure to the site symmetry of the defect may make
the original irreducible representations of the lattice vibrations reducible, i.e.,
Raman-forbidden lattice vibrations may become Raman active and degeneracies
may be lifted. A group theoretical analysis of the impact of substitutional de-
fects on copper or oxygen sites has been performed by Reydellet et al. already in
1972 [4]. For Vo or Cug defects all experimentally observed lattice vibrations,
except the former Ty, mode of the ideal crystal, become Raman active in scat-
tering at the I'-point. The lattice vibration of T9, symmetry character is only
Raman active if scattering at M- or X-points is allowed. The rather flat disper-
sion relation of the Ty, phonon branch and its nonzero phonon DOS at the M- or
X-points, shown in figure [5.3} at first sight support the interpretation of defect
activated scattering by zone edge phonons. However, the question remains why
the corresponding breakdown of the wave-vector selection-rule should occur for
this particular mode only or, even more severely, why should it be present in a
crystalline material of good quality at all and this to an extent typical for an
amorphous material. By extending and refining the analysis of Reydellet et al.
it will be shown in the following that the additional assumption of a rigorous
lifting of the wave-vector selection-rule is not necessary to describe the Raman
spectra observed.
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Table summarizes the results of the analysis of the effect of intrinsic point
defects in CugO on the defect-induced Raman activity of the extended phonon
modes at the I-point (¢ ~ 0) of the ideal crystal. Bold printed representa-
tions indicate Raman-active modes. The irreducible representations given in
the header of the table are those valid in Op symmetry of the perfect crystal
lattice. The columns below the original representation in Op symmetry show its
expansions in terms of the irreducible representations of the point groups repre-
senting the site symmetry of the various defects.

Point defects on copper sites (Wyckoff position b), i.e., Vou and Ocy, as well
as the octahedral interstitial defects Cu®* and O9* (Wyckoff position ¢) pos-
sess Dsq site symmetry and have the smallest impact on the Raman activity.
The vibrational modes which are Raman forbidden in the ideal crystal remain
Raman forbidden, whereas the representation Ty of the Raman-active mode
is expanded into two Raman active irreducible representations A1, and Eg of
D34. The point defects Vo and Cug related to the oxygen sites of the unit cell
(Wyckoff position a) lift the Raman forbiddance for all phonon modes at the
I'-point with the exception of the former Ty, mode. Point defects on oxygen
sites do not introduce mode splitting because of the still rather high Ty site
symmetry. The presence of the interstitial defects Cuf®® and O!" in the tetrahe-
dral configuration (Wyckoff position d) introduce Raman activity for all CusO
extended phonon modes at the I'-point. In addition, all originally degenerate
modes split, i.e., the original E,;, mode into A; and B; mode, and each original
T mode into a sum of a twofold-degenerated E mode and a Ay or Bs mode.
Except for the A mode, all phonons are Raman active in Dyg symmetry. Sim-
ilarly the presence of the Vcsght point defect introduces Raman activity for all
Cu0 extended phonon modes at the ['-point and lifts their degeneracy, i.e., the
original F, mode splits into two A modes and each original T mode into a sum
of B1, B2, and B3 modes.

The group theoretical analysis implies that interstitial defects in the tetrahedral
configuration and copper split vacancies are possible candidates to introduce
Raman activity of all one-phonon modes of CusO; however, it does not predict
the magnitude of these effects. To estimate the magnitude of the crystal per-
turbation DFT calculations for supercell defect structures were conducted in
the group of Prof. Dr. C. Heiliger 38| 156]. Figure gives an estimate of the
spatial extension and of the magnitude of the perturbation caused by an oxy-
gen interstitial in the tetrahedral configuration (O'), a copper vacancy (Veu),
and a copper split vacancy (Vcssht) by looking at the shift A of the positions of
the atoms surrounding the defects upon relaxation with respect to the unper-
turbed structure. The shift A is obtained as the norm of the difference vector of
each atom position between the relaxed perturbed and unperturbed structure.
It is evident that the shifts of the positions of the atoms surrounding an O
or a Vcsllfht are considerably larger than the corresponding shifts of the atoms
surrounding a Vg, instead. Assuming that the envelope of the A-values is a
straight line (dashed lines in the figure and that its point of interception

with the dgefect/adcubic-axis is a rough measure of the spatial extension of the
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Figure 5.6: Shift A of atoms surrounding an oxygen interstitial defect in a
tetrahedral configuration (O'"), a copper vacancy (Vey), and a copper split va-
cancy (VCSS lit) upon relaxation versus distance from the respective defect in units
of the cubic lattice constant acybic (top to bottom graphs) [38], [156]. Dashed
lines are envelope functions of the A values.

defect, i.e., it corresponds to the radius of the volume fraction affected by the
defect site, one obtains for the Vcslljht an extension between 2.3 and 3.1 acybic.
On the contrary, the spatial extension of the oxygen interstitial or the copper
vacancy seems to be of shorter range. The outcomes of the DF'T calculations
suggest that the Vcsfl)ht, which comprises several sites, induces a strong pertur-
bation of the crystal structure of Cus0O. In addition, the perturbation seems to
be of longer range than that caused by simple point defects involving only one

atom site.

The DFT calculations for supercell defect structures were carried out for a
4 x 4 x 4 supercell (384 atoms) and an equilibrium lattice parameter acypic of
4.3033 A, which yields a density of atoms in CupO of about 7.5x 1022 atoms/cm?.
If we assume that the volume fraction of the crystal perturbed by a VCSEM is
a spherical volume with a radius of 3.1 acupic, it will contain about 749 atoms.
Thus, the volume fractions perturbed by copper split vacancies in their cen-
ters make up the entire crystal volume at a critical defect density of about
1.0 x 10?% defects/cm3. This number is about 10 times the typical density
of nglit defects expected implying that 10 % of the crystal are strongly per-
turbed, which appears to be sufficient to reduce the ideal crystal symmetry
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and thus yield additional signals in Raman spectra of cuprous oxide speci-
mens.

5.4 Probing the symmetry characteristics of phonons
in Cu,0

The results of the previous sections showed that the infrared or Raman activ-
ity of phonons can be modified by an alteration of their symmetry character
caused by a reduction of the ideal crystal symmetry or by a change of the Ra-
man activity and symmetry selection-rules occurring in case of resonant Raman
scattering. The new symmetry characteristics depend on the underlying process
and therefore an analysis of the dependence of the scattered Raman intensity
on the rotation of the sample or plane of polarization, as it was performed
in chapter for the lattice vibrations in wurtzite ZnO, might offer valuable
information.

The subsequent discussion is restricted to a thin film specimen grown by molec-
ular beam epitaxy (MBE) on a (100) oriented MgO substrate. The thickness
of the epitaxial layer was estimated to be about 160 nm by optical spectroscopy
[I78]. An X-ray diffraction analysis of the CugO specimen revealed a strong
signal that can be assigned to the reflection of the (200) lattice plane of cubic
Cu20 and a second signal of negligible intensity that is attributed to the (220)
lattice plane [I78]. Both peaks are shifted to smaller 20 values than expected for
bulk crystals indicating that the epitaxial layer is strained. From these findings
one may assume that the thin film specimen possesses a well defined orientation
with its surface being normal to the [100| direction (z axis) and, therefore, being
suitable for polarization-dependent Raman experiments. To study the symme-
try characteristics of the lattice vibrations, the CusO specimen was rotated in
distinct steps about the [100] direction (x axis) and at each position a polarized
Raman spectrum was recorded in backscattering geometry at room temperature
using a linearly polarized 532 nm laser for excitation. For simplicity, the inten-
sities or amplitudes of the prominent features in the Raman spectra have been
estimated by selecting the maximal data point of the corresponding signal and
correcting it for a linear background chosen individually below each one with
the naked eye.

Figure[5.7depicts the intensities of the prominent features in the Raman spectra
of the Cus0O specimen as a function of the rotation angle ¢ about the z axis.
The signal intensities never vanish completely; they vary between about 50 and
100 % in their maximal amplitude. With respect to the arbitrary chosen start-
ing point, the intensity of the Raman-active phonon of Ty; symmetry character
(at about 518 cm™!) follows a |sin(2¢)|? and | cos(2¢)|? dependence on rotation
for parallel and perpendicularly aligned incident and scattered polarization vec-
tors, respectively. In comparison to the T, mode, the intensity dependence of
the Raman-active second-order scattering-process 2E, (at about 220cm™!) is
phase shifted by 7/2 (90°) being maximal when the Ty, mode is minimal and
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vice versa in both scattering configurations. The same dependence on rotation
is found for the Raman-forbidden lattice vibrations of Aoy and Tp, symmetry
type (at about 311 and 633 cm™!), i.e., one observes a | cos(2¢)|? and | sin(2¢)|?
dependence for parallel and perpendicularly aligned incident and scattered po-
larization vectors, respectively. Since the observed signal intensities and their
variations are small, it may be possible that the dependences on rotation are
not caused by the phonon symmetry characteristics but are induced by an angle
dependent background from the sample itself or the substrate and/or caused
by the inaccuracy in rotating a sample about the same spot in experiment.
Nonetheless, the findings shown in figure will be discussed in the following
with respect to the modifications of the phonon symmetry type as well as the
Raman activity and symmetry selection-rules induced by (i) a relaxation of the
wave-vector selection-rule, (ii) resonant Raman scattering, or (iii) the reduction
of the ideal crystal symmetry caused by the presence of intrinsic point defects.

(i) Relaxation of the wave-vector selection-rule

All phonons may become Raman active if the wave-vector selection-rule of first-
order Raman scattering (¢ ~ 0) is lifted and scattering of phonons with arbi-
trary wave vectors is allowed. Lattice vibrations with different wave vectors
(momenta) may now contribute to the same signal in the experimental Ra-
man spectra, e.g., the dispersion relation of the Ty, phonon branch in CusO
is rather flat and thus the scattered photon frequency is more or less inde-
pendent of the phonon wave vector, see figure At each point throughout
the Brillouin zone the phonons possess specific symmetry characters that may
differ from those at the I'-point. Therefore, it is not practicable anymore to
predict the symmetry characteristics of a Raman signal in experiment if the
wave-vector selection-rule is relaxed. One may speculate that on average all
symmetries occur such that the scattered intensity is independent of the polar-
ization configuration in contradiction to the experimental findings depicted in

figure

(ii) Resonant Raman scattering — the quadrupole-dipole Raman
mechanism

When the exciting laser frequency is in resonance with the 1S exciton state
of the lowest absorption transition (yellow exciton series) in CuzQ, all nor-
mally Raman-forbidden phonons become Raman active as a consequence of the
electric-quadrupole (I'y) electric-dipole (I';;) Raman mechanism [163]. The lat-
ter mechanism yields new Raman activity and symmetry selection-rules. First-
order scattering by this mechanism depends explicitly on the wave vector of the
incident photon Ei, in contrast to the Raman scattering-processes discussed so
far. One obtains for the scattered intensity by a phonon of type k characterized
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Figure 5.7: Normalized intensity of the prominent Raman signals of a MBE
grown CusO specimen versus sample rotation about the z axis for @ parallel
andperpendicularly aligned incident and scattered polarization vectors. Sig-
nals are normalized to the maximum intensity of the Raman-active second-order
scattering-process 2L,. Solid lines are fits to the data points. The scattering
configurations denoted in the Porto notation are given with respect to the cal-
culations for the dependence of the scattered intensity on rotation of the Tag
mode for an ideal crystal structure.
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5 Lattice dynamics of CuoO

by o different tensors [165]:

I* o Z ) Z €s,a* Papy(ko) - ei5 - kiy 2, (5.4)

o aBy

where €; and ég are unit vectors representing the polarization of the incident
and scattered radiation, respectively, and P(ko) is the scattering tensor for
multipole-dipole scattering. The indices «, [, and v run over all space coordi-
nates x, y, and z.

Table lists the intensity dependence on rotation of all normally Raman-
forbidden phonons in CuyO in case of electric-quadrupole (I'j;) electric-dipole
(I'}5) resonant Raman scattering regarding the backscattering configuration of
the experiments discussed, i.e., the incident photon wave vector being directed
along the z axis and the polarization vectors of the incident and scattered ra-
diation lying in the yz-plane in reference to the coordinate system depicted in
figure [5.1((c)} To obtain the intensity dependence on rotation, the polarization
vectors were represented in polar coordinates, similar to those in equations
to , with ¢ being the rotation angle between € and the y axis. The required
multipole-dipole scattering tensors were taken from the article by Birman [165].
The intensity dependence on the rotation about the x axis of the Raman-active
T2e mode is given in table as well. It was calculated using the approxima-
tion for the scattered intensity in equation , which is independent of the
photon wave vector, and the Raman tensors listed in . The calculated de-
pendences do not correctly represent the experimental findings for the normally
Raman-forbidden phonons. This outcome is consistent with the assumption
that the 532nm laser is not directly in resonance with an electronic state at
room temperature, at least not with an electric-dipole forbidden transition re-
sulting in quadrupole-dipole Raman scattering, as it is illustrated in figure [5.5
Consequences of other resonance mechanisms in sense of modifications of the
Raman activity and symmetry selection-rules remain an open question for fur-
ther theoretical analyses.

(iii) Symmetry reduction induced by the presence of intrinsic point defects

The group theoretical analysis in the previous chapter demonstrated that
restricting the symmetry from that of the ideal crystal structure to the site sym-
metry of an intringsic point defect in CusO may alter the symmetry character
and Raman activities of lattice vibrations. Assuming that each defect affects
a certain volume possessing the properties of the local site symmetry and that
these volume fractions add up to a considerable part of the entire crystal, the
defect-induced changes in symmetry character and Raman activity should be
reflected in the experimental Raman spectra. In particular, this should ap-
ply to the copper split vacancies in CusO regarding the outcomes of the DFT
calculations for supercell defect structures.

To calculate the intensity dependence on rotation of the defect activated modes,
one has to consider the representation of the Raman tensors in the point group
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5 Lattice dynamics of CuoO

Figure 5.8: Schematic illustration of six primitive unit cells of CusO with two
copper split vacancies (light red atoms). The Vcssht defects occupy different
lattice sites that belong to the same Wyckoff position f. The local coordinate
systems (2)yjz]) and (xhys2h) are given with respect to the coordinate frame
describing the ideal cubic CusO structure (zyz). Red transparent atoms denote
the original lattice sites of the copper atoms in the unperturbed ideal crystal

structure.

of the site symmetry to which the defect belongs. Since Raman tensors are
defined with respect to three orthogonal coordinate axes oriented in relation
to characteristic symmetry elements of each crystal class, it is necessary to
transform the rotation axes 7, which is directed along the x axis, as well as the
polarization vectors € and €, which lie in the yz-plane of the coordinate system
(zyz) describing the ideal cubic CuzO structure, into the basic axes 2/, ¢/, and
2" of the local coordinate system specific for each point group or rather crystal
class. Conventions for the choice of axes are given in the book by Nye [106].
As an example, figure [5.§ schematically illustrates two local coordinate systems
()y}2z]) and (ahyhz}) corresponding to the two copper split vacancies depicted
with respect to the coordinate frame describing the ideal cubic CuyO structure
(zyz). One obtains for the scattered intensities of an individual defect-activated
mode k:

I* o || Ros(@)Cal” - R* - (Ros(o)Cal| (55)

2

x |[Re(@)a]" R [Re(0)]] (5.6)

where RF is the Raman tensor of mode k in the point group of the site symmetry,
C' the corresponding coordinate system transformation matrix, and Rz (¢) a
matrix describing the rotation about a vector 7/ by an angle ¢. Primed variables
indicate vectors given with respect to the basic axes of the local coordinate
system (z'y'2’).

Table [5.4] summarizes the results of such calculations for each defect, assuming,
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5.4 Probing the symmetry characteristics of phonons in CuyO

for simplicity, that the defects are evenly distributed on the equivalent sites
of the corresponding Wyckoff positions. If the definition for the basis axes
differs for multiple sites belonging to the same Wyckoft position, averaging of the
intensities over the different orientations is required. The intensity dependence
of the modes observed in experiment cannot be described correctly by defect-
induced Raman activity caused by substitutional or interstitial defects. Only
the copper split vacancy yields the correct angle dependence for all one-phonon
modes analyzed if appropriate tensor elements are chosen and all outcomes are
phase shifted by 7/2 (90°). The original Raman-forbidden modes of Ty, and
Toy symmetry character can be represented by a sum of the averaged intensities
of all three B modes, whereas at the same time the Tg, phonon is given correctly
with respect to the experimental findings by a sum of B; and Bs modes implying
that the Bs tensor elements are zero. In this fashion, the angle dependence of
the Raman signal corresponding to the Tos mode of the ideal crystal can be

preserved in the presence of the VCSE lit point defect.

The angle dependence of the 2E,, two-phonon signal can be estimated consider-
ing the expansion of the direct product E, ® E, = A1z @ Ag; @ E, for the ideal
Cug0 crystal (O symmetry). The expansion corresponds to the representa-
tion 4A in Dy symmetry, i.e., in the site symmetry of the copper split vacancy.
Hence, the 2E, signal should exhibit the same angle dependence as the Ag,
one-phonon signal in the experiment. This is the case as shown in figure
The behavior of the 2E, signal thus is in agreement with the interpretation
that the Raman activity of CusO phonon modes is determined by the Vcsfht
defects.

Shortcomings of the proposed model for the theoretical dependence on rotation
are: (a) Not all determined trigonometric functions yield a nonzero minimum
amplitude, which is however observed in experiment. This may be achieved by
using antisymmetric Raman tensors. (b) It was not possible to define a local
coordinate system for defects in D3g symmetry. Thus, the dependence of the
scattered intensity on rotation induced by defects on copper sites or intersti-
tial defects in an octahedral configuration could not be determined. (c) The
problem may be overdetermined since it was not necessary to account for an
imperfect alignment of the polarizer and the half-wave plate (A/2) in the setup
for the case of perpendicularly oriented incident and scattered polarization vec-
tors. However, the experimental results in chapters |3| and 4| demonstrate that
such a correction is required. To improve the model these questions need to be
addressed. In addition, the dependence of the scattered intensity on rotation of
longitudinal and transversal optical phonons should be determined individually
in a similar manner as it was done for resonant Raman scattering, see table
It is also necessary to review the dependences for the phonons of E symmetry
type in Ty symmetry, since the Raman tensors given in reference [56l may not be
correct.
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5 Lattice dynamics of CuoO

Concluding remarks

Assuming that the intensity dependences on rotation are caused by the phonon
symmetry characteristics and not by an angle dependent background or by inac-
curacies in performing the experiments, the findings upon sample rotation sup-
port the idea that the Raman activity for all phonons that are Raman forbidden
in the case of an ideal crystal structure is induced by the symmetry reduction
due to the presence of intrinsic defects. It was further demonstrated in the
preceding discussions that copper split vacancies induce a strong perturbation
of the crystal structure of CusO and that typical concentrations expected for
copper vacancies appear to be sufficient to modify the extended phonon modes
in Cup0. These findings allow one to conclude that the unusual Raman spectra
of crystalline CusO observed in experiment may be caused by the presence of
copper split vacancies. No evidence was found for the relaxation of the wave-
vector selection-rule; however, resonant Raman scattering mechanisms cannot
entirely be ruled out to alter the Raman activity and symmetry selection-rules
since the analyzed Raman spectra are dependent on the excitation frequency.
Further insight could be achieved by performing Raman experiments of high
quality CugO crystals upon sample or plane of polarization rotation at low tem-
peratures, in particular, polarization-dependent off-resonance Raman scattering
experiments.[ﬂ

®Note: Ivanda et al. observed anomalies in Raman spectra and X-ray diffractograms of a
natural CusO crystal at low temperatures and related these to instabilities in the CuzO
structure [I79]. Their findings should be taken into consideration when performing exper-
iments at low temperatures.
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Deviations from the ideal crystal structure, i.e., intrinsic or extrinsic defects,
modify the dynamics of a crystalline lattice among many other material proper-
ties. As a consequence, additional modes may occur in Raman spectra, Raman-
forbidden modes may become Raman active, and the shape as well as the po-
sition in the frequency of the Raman signals may change. The impacts of per-
turbations of the ideal crystal structure on Raman spectra are addressed within
the framework of this thesis.

Crystalline ZnO samples were investigated using Raman spectroscopy. It is
found that all experimental results are consistent with the laws of conservation
as well as the Raman activity and the symmetry selection-rules established for
an ideal crystal structure. With this in mind, the samples studied should be
free of defects and have an ideal hexagonal crystal lattice. In reality, there
are no perfect crystals as entropy always leads to the formation of defects [6].
Furthermore, it is well known that nominally undoped ZnO is often intrinsically
n-type conducting due to intrinsic and/or, more likely, due to extrinsic defects
[THIO]. Therefore, Raman spectroscopy is not sensitive to such kinds of defects at
the concentration level present in the ZnO samples studied and in the frequency
range considered here in experiment.

The situation is different when ZnO is intentionally doped with nitrogen. Ra-
man spectra of nitrogen doped ZnO exhibit five additional modes independent
of the growth technique applied. Various attempts to explain the appearance of
the nitrogen-related modes have been reviewed [ITHI9]. A promising approach
is the assignment of the N-related modes to silent ZnO phonons induced by
the breakdown of the translational symmetry of the lattice [I9]. The Raman
active ZnO phonons and the N-related modes were analyzed with respect to the
amount of nitrogen incorporated in ZnO as well as their behavior upon hydro-
static pressure applied and sample rotation. The findings reveal discrepancies
for the silent B modes between the outcome of ab initio calculations and the
nitrogen-related modes observed in experiments. In addition, their symmetry
characteristics cannot be represented in a conclusive picture by silent B modes
of wurtzite ZnO if the assumption is valid that the perturbation introduced
by the defect N is large enough to manipulate the Raman activity and the
symmetry character of the extended lattice modes. Thus, the assignment of
the additional signals to silent B modes of wurtzite ZnO becomes disputable.
Consistent with all experimental findings, the formation of clusters containing
N atoms/ions, in particular, of ZngNo-like clusters that are formed when the
solubility limit of N on O sites is exceeded, are proposed as the origin of the
additional signals. Further experiments are required to clarify the existence of
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such clusters, identify their shape, and, if the hypothesis is valid, their influence
on other ZnO properties. In addition, theoretical modeling may give insight into
whether ZnsNs-like clusters are energetically favored and how their orientation
depends on the growth conditions.

The outcomes for the lattice vibration of Egigh symmetry character in N doped
ZnO upon rotation could not adequately be explained by its symmetry type. To
ascertain the reason further, experiments are required in which both Es sym-
metry type modes are analyzed simultaneously.

Raman spectra of crystalline CuyO are often dominated by Raman-forbidden
lattice vibrations rather than by the single Raman-active phonon predicted by
group theory for the ideal crystal structure [4]. A group theoretical analysis of
the symmetry reduction due to the presence of defects demonstrated that the
copper split vacancy, a point defect particular to CusO, introduces Raman ac-
tivity for all phonons that are Raman forbidden. The symmetry characteristics
of the lattice vibrations observed in Raman spectra corroborate this assump-
tion. These findings are surprising: Raman spectra of most crystalline materials
are congistent with the laws of conservation as well as the Raman activity and
the symmetry selection-rules established for an ideal crystal structure, despite
the considerable amount of defects present in crystalline materials as shown
for pure ZnO. The special role of the split vacancy may be due to the strong
perturbation introduced by it compared to simple point defects, which is indi-
cated by DFT calculations for supercell defect structures. However, resonant
Raman scattering mechanisms cannot entirely be ruled out to alter the Raman
activity and symmetry selection-rules such that all phonons become Raman
active, since the analyzed Raman spectra are dependent on the excitation fre-
quency. Further insight could be achieved by performing Raman experiments of
high quality CusO crystals upon sample or plane of polarization rotation at low
temperatures, especially polarization-dependent off-resonance Raman scattering
experiments.

The theoretical discussions and experimental investigations within the present
thesis demonstrate that Raman scattering is influenced in many different ways
by defects in the material under study. A thoughtful analysis of the correspond-
ing Raman spectra may give insight into occurring defects and their properties.
In particular, Raman experiments upon sample or plane of polarization rotation
of extended lattice vibrations and defect-related modes may reveal their sym-
metry character and accordingly information about their origin. A number of
general questions remain that have to be addressed by experiment and theory,
such as: When are the deviations of the ideal crystal structure induced by de-
fects large enough to be detectable in experimental Raman spectra? Will there
be a discrete or continuous transition between the two regimes? Which effect
will occur under which conditions, e.g., will local vibrations due to impurities
or Raman-forbidden phonons due to symmetry reduction induced by defects
be present in experimental Raman spectra? How are the host phonons of the
unperturbed system influenced by defects? All these questions are topics for
further research.
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