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ABSTRACT

With the introduction of ferroic oxides into the research field of photovoltaic
and photocatalytic applications, an increasing interest in understanding the
coupling mechanisms of light with the electronic bands in this class of mate-
rials has been developed over the last years. In many of these examples, re-
liable band structure calculations are not yet available mostly because of the
complexity in the crystal structure which demands for many experimental
evidences to verify even basic characteristics of the structure. Also classical
experimental techniques based on the optical absorption seem to reach their
limits here resulting often in controversial publications on the nature of the
band gap.

The goal of this work is to exploit resonant Raman scattering to reveal
information on the electronic band structure and thereby create a better
understanding of the light-matter coupling mechanisms in ferroic oxides.
As a model material, we choose to work on ferroelastic bismuth vanadate
BiVOy, which is known for its second-order phase transition from the high-
symmetry tetragonal to the low-symmetry monoclinic phase.

On the way to understand resonant Raman scattering in BiVOy, i.e. the
coupling of lattice vibrations and electronic transitions, we extensively stud-
ied the phonons and optical properties and discovered new coupling phe-
nomena of various kinds. We found a phonon-phonon coupling in the lattice
vibrations of the VO, tetrahedron that are strongly temperature and polar-
ization dependent. The coupling strength is of opposite sign depending on
the polarization conditions and diminishes at the structural phase transition
at which one of the phonon modes changes its symmetry.

Additionally, the transmission data evidence the coupling between the
spontaneous shear strain and the electronic structure that primarily defines
the strong temperature dependence of the optical absorption in monoclinic
BiVO,.

Further, we report on resonant Raman scattering effects that allow us to
study the coupling between phonons and electrons. We succeeded to mea-
sure multiple resonant Raman bands corresponding to not only the band gap
at 2.4 eV but also to a polaronic defect level at 2.0eV. The coupling strength
to the electronic states in the conduction band and in the defect level varies
between the Raman modes corresponding to different lattice vibrations. By
varying the light polarization in the experiment, we could access another
band-to-band transition that lies 120 meV above the band gap energy. This
energy difference matches the optical anisotropy quantified by transmission
measurements. With this work we demonstrate that resonant Raman spec-
troscopy is a very powerful tool to study not only structural but also elec-
tronic properties in ferroic oxides. It has the potential to go deeper in the



analysis on the electronic band structure than classical techniques such as
UV /Vis spectroscopy or ellipsometry.
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INTRODUCTION

Raman scattering is typically used to study lattice vibrations and lattice dy-
namics in crystalline semiconducting materials. The characteristic phonon
energy and lifetime is independent of the laser energy used for the excita-
tion. However, Raman scattering also contains information on the electronic
band structure and the density of states [115]. This information becomes
accessible if the laser energy matches the energy of an optically allowed
electronic transition in the material. In this case, the scattering efficiency is
enhanced and we refer to resonant Raman scattering. The resonant Raman
intensity is further enhanced if there is a large density of electronic states
available for the optical transition [115].

THE RESONANT RAMAN EFFECTS have been intensively studied for clas-
sical diamond and zinc-blende type semiconductors mostly in the 7o0s. The
research group around M. Cardona published several investigations on res-
onances in the first- and second-order Raman scattering for Germanium [18,
771, Silicon [76], GaP [111], ZnO [15] and GaAs [102]. The crystallographic
structure of this class of materials is rather simple so that band structure
calculations have been available in many cases. In most of these examples
the resonant Raman studies have been published together with a band struc-
ture diagram and therefore a direct assignment of the resonant Raman peaks
to the electronic transitions was possible. The observed enhancement of the
Raman intensity can be several orders of magnitude if a direct electronic
transition is involved in the process.

Later, resonant Raman spectroscopy became very popular in the research
field of low-dimensional materials. In carbon nanotubes resonant Raman
scattering was exploited to reveal characteristic properties such as tube diam-
eter and transition energy [74] or to distinguish metallic from semiconduct-
ing nanotubes [14, 72]. Another example is the work of Klar and co-authors
on graphene in which they showed that the resonant Raman behaviour de-
pends on the number of layers [56]. The two publications from Ketterer [55]
and Kusch [57] on zinc-blende and wurtzite GaAs nanowires nicely demon-
strated that resonant Raman scattering contains detailed information on the
band structure and on the symmetry of the valence and conduction bands.

However, the transfer to semiconducting oxides has not been done yet. In
the literature, there are only a limited number of publications on resonant
Raman scattering in oxides. One example is the work of Andreasson et al.
from 2007 [5, 6], in which the authors observed resonances in the higher-
order Raman scattering of the disordered perovskite oxides LaFe;_,CryO3.
In this report, a charge transfer from iron to the chromium ion changes
locally the crystal structure and consequently activates an oxygen breathing
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mode of A, symmetry. The strong intensity enhancement at 2.4eV in the
higher-order Raman scattering of this mode is then explained by the Franck
Condon mechanism. In 2009, Andreasson and co-workers extended their
resonant Raman study to the UV wavelengths and discovered additional
resonances caused by charge transfer from the oxygen to the iron ion [6]. In
this publication, they match the two resonant peaks with two broad optical
absorption bands in the visible and in the UV light range.

Another example is the work of de la Flor et al. [38] on Pb-based perovskite-
type relaxor compounds. They observed simultaneous enhancement of the
first- and second-order Raman scattering slightly above the band gap en-
ergy that is strongly temperature dependent. Another more recent example
is the work of Weber et al. [110], in which resonant Raman spectroscopy
was explored to study electronic transitions in bismuth ferrite in the first-
and second-order Raman scattering. From temperature dependent measure-
ments, the authors could assign the resonance effects to a direct, an indirect
and an in-gap electronic transition. However, this work is lacking a com-
plete interpretation of the resonances. The assignment to particular elec-
tronic bands is not shown, most likely because of the complex electronic
band structure in the case of bismuth ferrite.

BISMUTH VANADATE BIVO4 has been chosen for this research work as a
representative of the semiconducting oxide family.

BiVOy has three common crystal forms; the zircon structure with tetrago-
nal symmetry and two scheelite structures with monoclinic and tetragonal
structure [26, 100]. Their stability depends on the synthesis method.[100]
Only the monoclinic scheelite BiVO, possesses optical properties that are
suitable for the application in photocatalytic devices [116]. The scheelite
structure of BiVO, exhibits a reversible second-order ferroelastic phase tran-
sition at Tc= 523 £ 5K from a high-temperature tetragonal symmetry (space
group I4;/a) to a low-temperature monoclinic symmetry (space group 12/a
- C2/¢(15) in the standard setting) [10, 29, 71, 92]. In the high-temperature
tetragonal phase, the unit cell exhibits a four-fold rotational axis along the
[001]-axis that is referred to as principal axis. At the phase transition, a spon-
taneous shear strain develops in the plane perpendicular to the principal
axis that results in a small distortion of the unit cell and reduces the crystal
symmetry from tetragonal to monoclinic [9, 27, 28, 32, 45, 113].

The phase transition is driven by a soft acoustic phonon that has been
very well characterized by Brillouin spectroscopy [7, 9]. It is also known for
a long time that the transition comes with significant softening of the optical
mode. The “soft” Raman mode was measured very early in the 1970s [73].
The Raman active modes are known from standard symmetry analysis and
they have been successfully assigned [7, 71]. Their frequency shifts with tem-
perature and pressure across the phase transition are known [71].

The ferroelastic domains form at the transition with the emergence of
spontaneous strain. The domain boundaries thereby maintain the strain com-
patibility between neighboring domains. As a result of the structural phase
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transition, there are two possible domain types in BiVO, which are rotated
by 9o° about the principal axis [31, 114]. The domain wall is parallel to the
principal axis. The formation of domains in BiVO, is temperature depen-
dent and completely reversible. At increasing temperatures, the ferroelastic
domains get finer and finer until the domain structure disappears at the
phase transition [31].

THE ELECTRONIC AND OPTICAL PROPERTIES of scheelite BiVO, have
recently attracted attention with its introduction in the research field of pho-
tocatalysis. While the ferroelastic properties are well understood, the elec-
tronic and optical properties are still under discussion. There is agreement
on the value of the band gap, around 2.5eV, but the publications on the
nature of the band gap are controversial. On the one hand, the band gap
has been classified to be direct by several experimental works [63, 96, 118].
On the other hand, most density functional theory (DFT) studies conclude
that the nature of the band gap must be indirect and predict a direct tran-
sition just a few hundreds of meV above the indirect band gap [26, 117].
This scenario is difficult to verify by traditional optical methods, such as
UV /Vis spectroscopy or ellipsometry. Only recently, Cooper et al. [24] suc-
ceeded to show experimentally by resonant inelastic X-ray scattering that the
fundamental band gap is indeed indirect and that there is a direct band-to-
band transition only 200 meV above it. In addition, strong changes in color
with varying temperature have been reported in early single crystal stud-
ies, which implies a strong temperature dependence of the optical absorp-
tion edge [30]. The exact temperature trends of the direct and indirect band
edges are unknown and a comparison of experimental room-temperature
data with 0K-DFT calculations must therefore be treated carefully. Further,
strong dichroism is expected because of the monoclinic crystal structure and
has been indeed predicted by several groups through DFT calculations [26,
34, 117]. Finally, because of the relatively large band edge energy, intrin-
sic defects are expected and have been experimentally observed by Cooper
et al. [25] through photoluminescence measurements. The nature and the
formation mechanism of the intrinsic and impurity defects in BiVO, are
still debated in the literature. Because defects play an important role in the
conductivity [81, 83], a better understanding is key to further improve the
charge transport and therefore the device performance for photocatalytic
applications.

1.1 RESEARCH OBJECTIVES

The goal of this research work is to develop an understanding of resonant
Raman effects in ferroic oxides. Raman scattering not only contains infor-
mation on the lattice vibrations but also information on the electronic band
structure and on the density of states in the material. The ultimate goal of
this work is to extract this information and use resonant Raman scattering as
a technique to probe electronic transitions. We chose to work on BiVO, for
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several reasons. First of all, the band gap energy of BiVO, lies in the visi-
ble and is therefore energetically accessible in Raman spectroscopy in which
laser energies in the infrared, in the visible, and up to the high UV are used.
Second, the Raman spectrum is very well studied; the Raman modes and
their frequencies and symmetries are known. The temperature and pressure
dependence across the phase transition is characterized. The existing knowl-
edge on the lattice vibrations in BiVO, provided us with a good basis to
start our investigations. In addition, there is an increasing scientific interests
in BiVO, because the material is proposed as a light absorber for photocat-
alytic applications [1, 13, 21, 43]. With our findings, we would like to con-
tribute to a better understanding of the fundamental electronic properties of
BiVOy,, which could be of great importance for the research activities with
the goal to optimize BiVO, for photocatalytic applications.

Research question 1: Is the current understanding of the Raman spectrum suffi-
cient to describe intensity variations by resonant Raman effects in BiVOy?

When we started our investigation, we discovered anomalies in the Raman
spectrum of bismuth vanadate that have not been reported in the literature.
From these observations, we wondered whether the Raman signal is really
that well understood and whether the standard techniques are sufficient to
extract information such as phonon frequencies or Raman cross section from
the Raman signal.

Research question 2: What are the critical parameters in a resonant Raman exper-
iment?

The second research question that we tackled, was whether we observe res-
onant Raman effects at all in BiVOj,. For this we had to first identify a sys-
tematic approach to quantify these effects. In the literature, we found many
examples on classical semiconductors and more recently on 2D materials. In
all these examples the principle idea is the following, starting with an laser
energy below the band gap, the laser energy is stepwise increased while mea-
suring the Raman signal until resonance is achieved and the Raman signal
is significantly enhanced. We questioned whether this approach is directly
transferable to semiconductor oxides that exhibit much more complexity in
the crystal structure. In classical semiconductors an enhancement of the Ra-
man intensity several order of magnitude at resonance conditions has been
observed. What is the potential enhancement factor in the case of bismuth
vanadate and which material properties define the enhancement?

Research question 3: Can we access different electronic transitions by varying the
experimental conditions?

Because of the monoclinic crystal structure, optical anisotropy is expected
and has been predicted by DFT calculations. Further research questions that
emerge from the optical anisotropy are, first of all, does resonant Raman
scattering reflect the optical anisotropy and secondly, can we make use of

5
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the optical anisotropy to probe different electronic transitions? With these
questions in mind, we planned an experiment using UV /Vis spectroscopy
with the purpose to quantify the optical anisotropy experimentally. With
this experiment we discovered the sensitivity of the optical absorption to the
spontaneous strain in bismuth vanadate.

Research question 4: Do Raman modes of different symmetry couple to different
electronic transitions?

In monoclinic BiVO,, we have Raman modes of different symmetries that
can be distinguished experimentally by choosing different light polarization
conditions. From this, we formulated the research question whether Raman
modes of different symmetry respond differently in a resonant Raman ex-
periment. If yes, can we make use of the different response and retrieve
additional information on the electronic transitions involved in the experi-
ment?

Research question 5: Do defect states contribute to resonant Raman scattering?

Because of the relatively high band gap energy, defects states are expected
and have been reported in the literature. The last research questions are re-
lated to the defects states. Do defect states contribute in a resonant Raman
scattering experiment and what are their characteristic features? Could reso-
nant Raman scattering be used as a potential technique to probe for defects
states in oxide materials and how sensitive is the technique?

1.2 STRUCTURE OF THE WORK

The purpose of the first part of this manuscript is to provide the reader with
all fundamental concepts required to follow the interpretation of our find-
ings. Chapter 2 on the fundamentals is separated in two parts. The first part
summarizes physical concepts to explain the electronic and the vibrational
properties of a crystalline material. The second part deals with the theories
to describe the interaction of light with solids. Here, a strong focus lies on
Raman scattering, which is the main technique used in this work.

Then all the instrumental details on the different techniques used in this
work are given in Chapter 3. Starting with the experimental techniques to
study the optical absorption, to photoluminescence spectroscopy, then the
different Raman set-ups are presented and finally, the spectrometer to study
lattice vibrations by inelastic neutron scattering is shown.

In Chapter 4, we make a proper assignment of all the Raman modes in the
low-temperature monoclinic and in the high-temperature tetragonal phase.
Then, we report for the first time on a phonon-to-phonon coupling in BiVOy,
which is strongly temperature- and polarization-dependent. The chapter is
closed with the presentation of a preliminary study done by inelastic neutron
scattering that suggests an additional mode-coupling phenomena.
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In Chapter 5, we show the temperature dependence of the optical absorp-
tion across the phase transition and quantify the optical anisotropy. In the
second part of this chapter, we discuss the origin of the broad PL emission
in BiVOy.

In Chapter 6, we present our results from three resonant Raman studies
on different samples and on slightly modified set-ups. We discuss the limita-
tions of each study and present the resonant Raman profiles of the different
Raman modes in BiVO,4. We work out the characteristic features in the reso-
nant Raman profiles and demonstrate that the enhancement of the resonance
depends on the particular lattice vibration involved in the scattering process.
For the first time in BiVOy4, we found experimental proof that defect states
contribute to the resonant Raman scattering.
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Because of the optical absorption in the visible light range, bismuth vana-
date can be classified as a semiconductor. To study the fundamental material
properties, we choose to work on single crystals. The understanding of reso-
nant Raman effects requires a good knowledge of the electronic band struc-
ture, the optical properties and lattice dynamics of the material of interest.
The purpose of this chapter is to introduce the basic concepts to understand
the fundamental material properties of a semiconducting crystal and its in-
teraction with light. The first part of this section concentrates on the concepts
describing fundamental material properties; the electronic band structure of
a semiconductor and lattice vibrations in a crystal. The second part of this
chapter introduces the different optical processes of importance to this work,
namely optical absorption, photoluminescence and Raman scattering.

2.1 MATERIAL PROPERTIES OF A SEMICONDUCTING CRYSTAL
2.1.1  Electronic band structure of a semiconductor

The arrangement of atoms in a solid results in an overlap of the outer orbitals.
As a consequence, the electronic levels broaden into bands in contrast to the
discrete levels of free atoms.[69] The lower energy band is called the valence
band. At 0K, the valence band is completely filled with electrons. The higher
energy band is called the conduction band and contains no electrons at 0K.
At finite temperature, the electrons distribute according to the Fermi-Dirac
distribution leading to some electrons missing in the valence band and some
extra electrons in the conduction band [48]. Electrons in the conduction band
can contribute to the conductivity. In a semiconductor the energy bands of
allowed states are separated by an energy gap, the so called band gap. In
an ideal crystal, there are no allowed states in the band gap. However, a
variety of allowed states can be introduced by defects and impurities. The
concept of the density of states results from the band formation in solids and
described the continuum of the energies of the electronic levels in a solid.
This continuity gives rise to continuous absorption and emission bands in
solids.

The interatomic distance in a crystal varies with the crystallographic direc-
tions. That is why we must consider the distribution of electronic states not
only in energy but also in momentum space. This is typically done in a band
structure diagram that visualizes the distribution of allowed electronic states
in energy and momentum. From quantum mechanics the crystal momen-
tum p is expressed by p = ki where k is the wavevector and 7 is the reduced
Planck constant = /27 with I being the Planck’s constant. Figure 2.1(a)
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Figure 2.1: Band structure diagram of a (a) direct and an (b) indirect semiconductor.
Valence and conduction band are approximated as parabolic bands. The
sketches are adapted from Pankove [69].

sketches the band structure diagram of a direct semiconductor. In a direct
semiconductor, the valence band maximum and the conduction band min-
imum are located at the same k vector. Near the valence band minimum
and conduction band maximum, the bands are very often approximated as
parabolic bands [69]. The valence band E, (k) and conduction band E. (k) are
then given by

k2h?
E (k) = —
(k) ZmZ
and (2.1)
K2h?
EC (k) = Eg ‘|‘ %

where m; and m; are the effective electron and the effective hole masses,
respectively. E, is the band gap energy separating the valence band and the
conduction band. The minimum in the conduction band may not occur at
the same k value as the valence band maximum. In this case, we refer to an
indirect band gap semiconductor. Figure 2.1(b) shows the electronic band
structure diagram of an indirect semiconductor.

The density of states gives the number of states within a given energy
range E — E + dE = g(E)dE of an electronic band.[39] The density of states
g(E) is worked out by first calculating the density of states in momentum
space g(k) [84]. With the relationship g(E) = g(k) % and the assumption of
parabolic bands (Equation 2.1) the density of states is calculated to

1 /2mF\3/2
S(Ev):ﬁ(?h> |Ev‘1/2-

for the valence band and to

1 /2mi\3/2
$(E) = 52(5") (B~ Eg)'”

for the conduction band.

(2.2)

The knowledge of the density of states is important for the calculation of the
interband absorption in Section 2.2.1.2.
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2.1.2  Phonons and lattice vibrations in a crystal

Lattice vibrations are the oscillations of atoms in solids around their equilib-
rium position. In a crystal, the equilibrium position is defined by the crystal
lattice and recurs periodically. The atoms are bounded to each other so that
the movements are not independent of each other and can be considered
as waves propagating through the crystal lattice. Lattice vibrations can be
approximated as harmonic oscillators that are coupled to each other.

2.1.2.1 The infinite linear diatomic chain and its phonon dispersion

In this section, we we will have a look at the lattice vibrations of an infinite di-
atomic linear chain. The model is far too simple to describe lattice vibrations
in a real crystal but it allows us to have a look at some basic concepts of lat-
tice vibrations in a real crystal. We are following the mathematical derivation
described in the classical solid-state physics book of Ibach and Liith [50].

Figure 2.2 shows the mechanical model of the linear atomic chain with
two atoms per unit cell and a lattice constant 4. The atom with mass M; is
placed at the origin and the atom of mass M, is placed at a/2. The atoms
are connected to their neighbours via a spring with the spring constant f.
The motion of atoms are parallel to the chain and thus only longitudinal
motions of atoms are considered. Only coupling of the nearest neighbours
are considered.

—_—
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Figure 2.2: Mechanical model of the linear diatomic chain, taken from Ibach and
Liith [50].

The force on each of the two atoms in the unit cell is given by the equation
of motion:

dzunl

M + f(tnr — up—12) = f(tn2 — un1) =0,

2 (23)

dt?

where u,; is the displacement of the atom with M; and u,; is the dis-
placement of the atom with M in the n unit cell. This can be solved by
wave-type functions of the following form

+f(“n2 —Up1) — f(upg11 —um) = 0.

U (t) = uy exp (i(kan — wt)),

1
v My

1 (2.4)
VM,

up(t) = up exp (i(kan — wt)),

10
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where u; and u; is the amplitude of the oscillation, w the angular frequency
and k = 27t/ A the wave vector of the propagating wave with A being the
wavelength. We insert Equation 2.4 into Equation 2.3 and obtain a homoge-
neous linear system of equations

2f 2 f %
7 _ _ 1 Ka _
(M1 w)uq Mle( +e ™uy; =0, o
f (1+e"k”)u1+(z —wuy = 0. '
MM, M

2 - k
f; :,2 fl 2(1 et a)
f ik Zf

The solutions are given by

W? = f(A}Il n A}b)if[(]\}h + A}by—Mszsinzkzbl 2 L)

and visualized in Figure 2.3. The solution has two branches. The solution
is periodic in k with a period k = 2Z. Thus, it is sufficient to plot the phonon
dispersion for one period. The period from k = —7 to k = 7 is called the
first Brillouin zone. The solution with w = 0 at k = 0 is called the acoustic

branch. The solution with finite w at k = 0 is called the optical branch.

] 1 -y
16 1 1
1
1
14 A

optical branch
124

acoustic branch

frequency w (arb. u.)
[e0]

[E T P ————— R —

2

First Brillouin zone kn/a

Figure 2.3: Phonon dispersion of a linear diatomic chain calculated from Equa-
tion 2.6.

2.1.2.2  The three-dimensional crystal

For the linear diatomic chain we considered only longitudinal atomic mo-
tions. In three dimensions, motion of atoms is possible in all three directions.
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2.2 INTERACTION OF LIGHT WITH A SEMICONDUCTING CRYSTAL

There are two additional transverse waves in which the atoms are displaced
perpendicularly to the wave propagation. For a three-dimensional crystal
with N atoms with n atoms per unit cell, there will be 3N normal modes on
3n branches, 3 acoustic branches and 3n — 3 optical branches. In most cases,
the lattice vibrations are neither transverse nor longitudinal. Only in spe-
cial crystal symmetries and special crystal directions, the lattice vibrations
are strictly transverse or longitudinal. One example are the high-symmetry
directions [100], [110] and [111] in the face-centered cubic (fcc) crystal. Gal-
lium phosphide (GaP) is a classical semiconductor with a fcc symmetry. Fig-
ure 2.4(a) shows the calculated phonon dispersion of bulk GaP in the high
symmetry directions. Figure 2.4(b) shows the reciprocal lattice of a fcc lattice
with is high-symmetry directions defined; X corresponds to the [001] direc-
tion, K to [110] and L to the [111]. GaP has 2 atoms in its unit cell, thus 6
phonon branches are expected; 3 acoustic branches and 3 optical branches.
All 6 branches are observed in the L direction. At the Brillouin zone center
I', the optical branch is degenerate. A classical technique to measure optical
phonons at the BZ center is Raman spectroscopy. Figure 2.4(c) shows the
Raman spectrum of GaP with the TO and the LO mode that matches the
frequencies of the optical phonons at I' from the calculation of the phonon
dispersion shown in Figure 2.4(a).

2.1.2.3 Phonons - Quantization of lattice vibrations

The energy of a lattice vibration is quantized by a multiple of hiw [42]. The
quanta is known as phonon, in analogy to the quantum of electromagnetic
radiation, a photon. The concept of phonons is used here to explain the
excitation of optical vibrations by light, namely Raman scattering.

The number of phonons Nj at energy E; and a given temperature T is
given by the Bose-Einstein statistics[50] and given by

1

N, = —F
exp -ty —

(2.7)
where kg is the Boltzman constant.

2.2 INTERACTION OF LIGHT WITH A SEMICONDUCTING CRYSTAL

The interaction of light with a semiconducting crystal results in many dif-
ferent optical phenomena. In this section, we will first define the optical
processes that can occur when light interacts with a semiconductor.

Figure 2.6 shows schematically the optical processes that can occur when a
semiconducting material is illuminated by light. At the material surface, part
of the light is reflected and the rest is transmitted. Inside the material, parts of
the transmitted light may be absorbed or scattered while the remaining light
propagates through the material. Absorption occurs if the energy of the in-
cident light matches the energy difference of a vibrational or an electronic
transition in the material. Some of the absorbed light might be re-emitted at
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Figure 2.4: (a) Calculated phonon dispersion of bulk GaP in the high symmetry di-
rections, taken from Lindsay et al. [60]. The experimental data are shown
with black circle and were measured by inelastic neutron scattering by
Borcherds et al. [12]. (b) Reciprocal lattice of face-centered cubic crystal
with its high-symmetry directions highlighted in red, taken from Ven-
tura [105] (c) Raman spectrum of single crystal GaP showing two Raman
bands corresponding to one longitudinal optical (LO) phonon mode and
the two degenerate transverse optical (TO) phonon modes.
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Figure 2.5: Schematic diagram of the optical processes that occur when a sample is
illuminated by light, adapted from Yu and Cardona[115].

13



2.2 INTERACTION OF LIGHT WITH A SEMICONDUCTING CRYSTAL

a different frequency. This process is known as photoluminescence. Scattering
changes the direction and possibly the energy of the light that propagates
through the material. The scattering is said to be elastic if the energy of the
scattered light is unchanged and inelastic if the energy changes during the
scattering process. The strongest optical processes are reflection and absorp-
tion. The amount of the transmitted light strongly depends on the reflection
and the absorption.

2.2.1  Optical absorption

In this section, we will have a deeper look at the optical absorption. In an
absorption process, a photon excites an electron from a lower energy state
to a higher energy state. As a consequence, the absorption spectrum of a
semiconductor contains information on the electronic band structure and on
the density of states, as we will see later in this section.

2.2.1.1  Absorption coefficient

The reflection at the material surface is described by the coefficient of reflection
or the reflectance R and is given by the ratio of the reflected power to the inci-
dent power at the surface. The coefficient of transmission or transmittance T is
given by the ratio of transmitted power to incident power I/1Iy. The absorp-
tion of a material is quantified by its absorption coefficient «. The light propa-
gating through an absorbing material loses its intensity according to Beer’s
law. Assuming the light is propagating in the z direction, Beer’s law[39] is
written as

I(z) = lpe™** (2.8)

where I(z) is the light intensity at position z and Iy is the light intensity
at z = 0. The absorption coefficient strongly depends on the wavelength of
light so that the material might absorb one colour but not the other.

z=0 z=t
lo (1-R)lo (1-R)e | (1-R)2,e
Ry R(LR)V
sample

Figure 2.6: Schematic representation of a sample of thickness t with reflection at
front and back surface, adopted from Pankove [69].

In a next step, we will calculate the transmittance of a sample of thickness
t assuming reflection at the front and the back surface as shown in Figure 2.6.
The light passing the first surface is (1 — R)Iy, the light reaching the second
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2.2 INTERACTION OF LIGHT WITH A SEMICONDUCTING CRYSTAL

surface is (1 — R)Ipe ™ and only the fraction (1 — R)(1 — R)Ipe " leaves the
sample at the second surface. The transmittance is then given by

I
T=—=(1-R)%™". (2.9)
Ip
For strong absorbing materials, the reflection at the back surface can be ne-
glected and Equation 2.9 simplifies to

1—R (2.10)

« T )

In(

T~ (1-R)e™
_1
ot

2.2.1.2  Theory of interband optical absorption

The fundamental absorption refers to a band-to-band transition and results
in a rapid increase in the absorption as a function of the wavelength of the
incident light. The absorption coefficient is proportional to the probability
to excite an electron from the initial to the final state, the electron density in
the initial state and the density of empty final states.[69] We distinguish a
direct from an indirect band-to-band transition. The distinction of direct and
indirect transition has strong impacts on the characteristics of the optical
absorption and will be discussed in the following. We hereby follow the
derivation presented in Pankove [69] and Fox [39].

DIRECT INTERBAND OPTICAL ABSORPTION is observed in materials with
a direct band gap and is typically characterized by a very steep increase in
the optical absorption coefficient with frequency. The absorption is often or-
ders of magnitude larger than the optical absorption due to an indirect band-
to-band transition. The absorption process due to a direct band-to-band tran-
sitions is schematically shown in Figure 2.7 (a). As defined in Section 2.1.1,
the valence band maximum and the conduction band minimum are located
at k = 0 in a direct band gap semiconductor. An electron is excited from
the valence band to the conduction band by the absorption of a photon. The
momentum of a visible photon /A (A is the wavelength of visible light, thou-
sands of angstrom) is very small compared to the crystal momentum hr/a
(a is the lattice constant, a few angstroms). That is why the photon absorp-
tion alone cannot introduce a change in momentum. In the band structure
diagram, the photon absorption is presented as vertical line.

In this case, the transition probability is independent of the photon energy
and every initial state at energy E; is associated to one final state at energy
Ef.[69] Energy conversation requires

Ef = hv — |Ej| (2.11)
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Figure 2.7: Interband transition in a semiconductor (a) with direct band gap and
(b) indirect band gap, adopted from Fox [39]. The vertical arrow cor-
responds to photon absorption. The wiggled arrow in (b) represents
phonon absorption or emission.

where hv is the energy of the photon. Inserting the Equations 2.1 for parabolic
bands in Equation 2.11 gives

nk> WK
=E _— . .
hv ¢+ 2m3 + 2t (2.12)
We define the reduced electron-hole mass y as
1 1 1
—=—+— (2.13)
poom, my
With this, Equation 2.12 simplifies to
k>
hv = E; + W (2.14)

The electron-hole density of states or joint density of states g(hv) is then
given by

For hv < Eg, g(hv) =0

and
(2.15)

1 /2u\*?
For hv > Eg, g(hv) = 52 <hz> (hv — Eg)l/2

The absorption coefficient is proportional to the joint density of states and
therefore given by

For hv < Eg, a(hv) =0
and (2.16)
For hv > Eg, a(hv) =~ (hv — Eg)l/2
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Below the band gap if hv < E; there is no absorption and the energy
increases with (hv — E,)!/? for photon energies larger than the band gap
energy. With a change in temperature, the absorption edge shifts in first
approximation with the variation of the band gap as a function of tempera-

ture.[39]

INDIRECT INTERBAND OPTICAL ABSORPTION is observed in semicon-
ductors with an indirect band gap and schematically shown in Figure 2.7(b).
The minimum of the conduction band is found away from the BZ center,
very often at the Brillouin zone edge. In this case, the transition requires not
only a change in energy but also a large change in momentum and therefore
the transition rate for indirect absorption is much smaller than for direct
absorption. The absorption of a visible photon cannot provide the required
change in momentum so that the transition must involve a phonon to con-
serve momentum. Only phonons with the required change in momentum
can be used for the transition. These are typically the longitudinal- and the
transverse acoustic phonons [69]. The characteristic energy of the phonon is
E,; and energy conservation implies

Efr=hv+E +E (2.17)

where Ef is the energy of the final state and E; is the energy of the initial
state. In contrast to a direct transition, all occupied states in the valence band
can connect to all empty states in the conduction band in the indirect tran-
sition [69]. This implies that the absorption coefficient is proportional to the
product of the densities of initial states and the final states integrated over
all combinations of possible states. In analogy to Equation 2.2, the density of
states in the initial sate at energy E; are given by

1 /2m*\3/2
S(Ei) = ﬁ<h72h) |Ei|'/2. (2.18)

The density of states in the final state at energy Ey are given by

1 /2miN3/2
S(Ep) = 55 (75) (B —E)'”?

"
(2.19)
1 2m* 3/2
= ﬁ( hZE) (hV—Eng:Eq“—El)l/z.

For an indirect transition, the absorption coefficient not only depends on the
densities but also on the probability of the interaction with a phonon which
is a function f(N,) of the number of phonons N,. The number of phonons is
given by the Bose-Einstein statistic given in Equation 2.7. Hence, the absorp-
tion coefficient can be calculated by the integration of the following Equation

Bj—hvkEy o 1
a(hv) = Af(Nq)/O |Ei|"?(hv — Eg + E, + E;)/?dE; (2.20)
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where A is a constant. For phonon absorption, the absorption coefficient is

calculated to
A(hv — Eg + Ej)?

Eq
eXp m -1

az(hv) = (2.21)

for hv > E¢ — E;. For phonon emission, the probability is proportional to
N, + 1 and the absorption coefficient is calculated to

A(hv — Eg — E;)?

_Eq
1—exp 7

a(hv) = (2.22)

for hv > Eg + E,. If the hv > E¢ + E,;, phonon emission and absorption are
possible and the absorption coefficient is given by the sum of Equation 2.21
and Equation 2.23

a(hv) = ag(hv) + ae(hv). (2.23)

At low temperatures, the phonon density is small and phonon emission is
the dominating process. Figure 2.8 shows experimental data of the absorp-
tion in Germanium measured at different temperatures. Germanium has
an indirect band gap. At 20K, phonon emission dominates and the square
root of the absorption coefficient a!/2 has a linear dependence proportion
to (hv — Eq — E;). Extrapolation to @ = 0 gives E; + E;. At increasing tem-
peratures, both phonon emission and phonon absorption are possible. The
contribution of phonon emission of Equation 2.23 and phonon absorption of
Equation 2.21 are clearly visible for the measurements done at temperatures
larger than 77 K. In this case, the extrapolation to « = 0 gives at values of
E; + E;.

=}

3
8
=
w8 :
o .
w7 / . 'y
wl -
8 6 ‘\‘_) / / :l.
= 2 e
E P S
[N Vv f3+ ﬁ: ¢
S .l /8 Yy A4
a / P
<I %
B 3 / / { U”K (®)
:c;, 2 1 y 4-2°K (x)
'S y . /
£l ' ;/(//
3 ol e |
060 065 [oX(e] 075 [03:10] 085 090
hy (ev)

Figure 2.8: Experimental data of the absorption in Germanium measured at dif-
ferent temperatures, taken from Macfarlane and Roberts [64]. The plot
shows the square root of the absorption coefficient a1/2 as function of
photon energy hv.
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THE TAUC METHOD is commonly used in the literature to derive the band
gap energy from absorption spectra. The method was developed by Tauc in
1966 to estimate the band gap energy in amorphous germanium using an
optical absorption spectrum [99]. Davis and Mott [33, 67] have developed
the method further in a more general work on amorphous semiconductors.
They showed that the energy dependence of the absorption coefficient can
be expressed by the following equation:

(a-hv) = A(hv — Eg)l/” (2.24)

where E, is the band gap energy, n is an exponent that characterizes the
nature of the interband transition. We saw that the absorption coefficient
depends on the density of state in the initial and in the final state. For
parabolic bands, the density of states has a square root dependence on en-
ergy ¢(E) ~ (E)/2. That is the reason why we have n = 2 for direct band-to-
band transition. In case of an indirect band-to-band transition, all occupied
states in the valence band can connect to all empty states in the conduction
band. Hence, the absorption coefficient is proportional the product of states
in the initial and final states integrated over all possible combinations (Equa-
tion 2.20) leading to n = 1/2 for indirect band-to-band transition. The basic
procedure is to plot a - hv" as a function of hv in a so-called Tauc plot. In
a second step, the data are fitted by linear fit near the absorption edge. If
data are described by a straight line for n = 2, the dominating process is
the direct band-to-band transition. If data are described by a straight line for
n = 1/2, the dominating process is the indirect band-to-band transition.

2.2.2  Photoluminescence

In the previous section, we discussed the optical absorption in a semicon-
ductor. All transitions that might be involved in the absorption mechanism
can occur in the opposite direction and create a characteristic emission spec-
trum [69]. To observe such an emission spectrum, electrons with a higher
energy are required. If the electrons are excited via optical absorption prior
to the emission, we refer to photoluminescence. In this section, we will dis-
cuss the underlying principles of photoluminescence.

In a photoluminescence (PL) experiment, an electron-hole pair is gener-
ated by the absorption of an optical photon from the incident light source
with an energy above the band gap of the material. On a very short timescale,
the generated electrons and holes relax to the band edges (thermalization).
After the generation of electron-hole pairs and their thermalization, the free
electrons and holes recombine via different radiative transitions. Figure 2.9
visualises different radiative transitions that are typically observed in a pho-
toluminescence experiment. Free electrons in the conduction band and free
holes in the valence band may recombine via a band-to-band transitions, pro-
cess a) in Figure 2.9. In a direct semiconductor, the band-to-band transitions
occur with a very high probability. In an indirect semiconductor, however,
electron-hole recombination can only occur via a phonon-assisted transition
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for which the transition probability is much lower. When there are defects in
the material a so-called free-to-bound transition is likely to happen. Depending
on their charge in the ionized state, we distinguish acceptors from donors.
After ionization an acceptor is negatively charged while a donor is positively
charged [4]. In a free-to-bound transition, a free electron from the conduc-
tion band recombines with a hole bound to an acceptor state or an electron
bound to a donor state recombines with a free hole in the valence band.
The free-to-bound transitions are more likely to be observed at low temper-
atures [4]. If both donor and acceptor states are present in the material, a
donor-acceptor pair transition will occur. A donor-acceptor pair transition
gets more likely than free-to-bound transition if the temperature is even fur-
ther decreased. At increasing temperatures, defects states are thermally ion-
ized and the emission from band-to-band transitions gains importance.[4]

sy thermalization
—>» photon absorption

—» recombination
©
CB
©

N B I IR Donor
a)l |b) c)
Excitation > Eg
N B & ---- Acceptor

Figure 2.9: Typical radiative transitions in a photoluminescence experiment a) band-
to-band transition b) free electron from the conduction band recombines
with bound hole in an acceptor state c) bound electron in a donor state
recombines with free hole in the valance band.

2.2.2.1 Distinguish Band-to-band transitions from defect related transitions

As shown in Figure 2.9, PL emission can originate from different transitions
in the material. The different transitions can be distinguished by their tran-
sition energy and by the change of the transition energy and luminescence
yield with varying excitation intensity and temperature [2]. In first approxi-
mation, the transition energy #wy,, of a PL line can be obtained by a Gaus-
sian fit to the data.

(hw — hwmax)2>

s (2.25)

Ipr, ~ exp <—

with fiw being the photon energy and ¢ being the linewidth (FWHM= v/8In 2¢
). The assignment of PL lines by the transition energy requires basic knowl-
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edge of the band structure of the investigated material. The luminescence
yield of a transition line follows a simple power law

Ypp(®) ~ DX, (2.26)

with ® being the excitation intensity and k is a characteristic parameter that
is typically between 0.5 and 2 [2, 69]. For band-to-band transitions k is typi-
cally 1 or larger than 1 [89]. A k smaller than 1 indicates an emission origi-
nated from a defect level [89].

2.2.2.2 Photoluminescence due to band-to-band transitions

At room temperature, defect levels are generally emptied by thermal ion-
ization and therefore photoluminescence mainly occurs due to the radiative
band-to-band transitions. In a direct semiconductor with a band gap energy
E,, the shape of the PL band is given by the joint density of states (Equa-
tion 2.15) and their occupation which is given by the Boltzmann distribu-
tion [115]:

For hw < Eg, Ip 0

and

hw — Eq
exp _7k3T

where fiw is the emitted photon energy and kgT is the product of the Boltz-
mann constant and the temperature. Calculating the first derivative of Equa-
tion 2.27, the peak maximum is at E¢ + kgT /2. At room temperature kgT is
only about 26 meV and therefore the band gap energy can be directly deter-
mined from the peak maximum. The full width half maximum (FWHM) is
equal to 1.8 kgT [94].

In an indirect semiconductor, the radiative recombination of electron-hole
pairs can only occur via phonon-assisted transitions. The probability of these
transitions is generally smaller compared to a direct transition. The phonon
population increases with increasing temperature so the photoluminescence
due to an indirect band-to-band transition is expected to be stronger at
higher temperatures.

For hw > Eq, Ipp o (hw — Eg)/?

] (2.27)

2.2.2.3 Deep defects level and electron-phonon coupling

If deep defects are involved in the photoluminescence process, electron-
phonon interaction might cause deviation from Gaussian-like PL bands (typ-
ically broad PL bands). In contrast to shallow defects, deep defects are un-
likely to be ionized at room temperature. An alternative classification of
defects is based on the degree of localization of the wave function of an elec-
tron. The wave function of a deep defect is typically localized on the length
scale of an atomic bond, meaning the electron density is very high at the
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defect [4]. For these highly localized defects, electron-phonon interaction is
typically observed.

Bound ;
Free Hole
Electron ’! Phonons
Recombination ' o

@ + usﬂ.:nﬁ&- e
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Fimton f % ’I,\Phonons

Figure 2.10: Schematic illustration of the recombination of a bound hole in an ac-
ceptor state and an electron, resulting in the emission of a photon and
several phonons. The figure is taken from Reshchikov [80].

The mechanism is illustrated in the following example assuming an acceptor-

like deep defect state. The hole wave function is localized at one of the
bonds and causes the atoms to shift from their ideal atomic positions, see
Figure 2.10. After recombination of a free electron with the bound hole at
the acceptor state, the atoms would move back to their original site. The
atomic relaxation causes lattice vibrations, in other words emission of mul-
tiple phonons. The radiative emission energy (energy of the photon) is re-
duced by the energy released by the emission of phonons. The number of
emitted phonons changes from one recombination process to the other re-
sulting in a broad PL band. The strength of the electron-phonon coupling is
described by the Huang-Rhys factor S and represents the average number of
phonons involved in an optical transition.[80] The larger S, the stronger the
electron-phonon coupling and the broader the PL band. The configuration
coordination (CC) diagram is often used to explain the phonon-emission
process that accompanies the radiative recombination involving a highly lo-
calized defect [69, 80]. Figure 2.11 shows a simple one-dimensional CC dia-
gram of an acceptor-like deep defect. In the excited state the defect is neutral,
in the ground state the defect is charged negatively. The adiabatic potentials
represent the total potential energy of the defect in its ground and excited
state. The frequencies of the dominant phonon mode in the ground and ex-
cited state might be different and are distinguished by fiw§ and fiw. This
is also true for the Huang-Rhys factor that can be different for the excited
and the ground state. The equilibrium position of the ground and excited
state are displaced according to the coupling strength. At low temperatures,
the optical transitions take place from the zero vibrational level in the ex-
cited state to the n'" vibrational level of the ground state (transition AB in
Figure 2.11). After the emission of a photon, the system relaxes to the zero
vibrational level in the ground state by the emission of several phonons with
energies hw§ (transition BC).

THE ZERO-PHONON-LINE  Ej is the energy difference between the ground
state and the excited state of the deep defect. It is the energy of the actual
electronic transition involved in the PL emission. In case of strong electron-
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Figure 2.11: Simple one-dimensional configuration coordination diagram describ-
ing the recombination process involving a localized carrier. The figure
is taken from Reshchikov [80].

phonon coupling the zero phonon line can strongly deviate from the position
of the PL maximum. In this case, the defects level cannot be extracted by just
measuring the PL maximum at low temperatures. Data have to be careful
analysed and accurate fitting of the peak shape is important.

THE RESHCHIKOV MODEL accounts for the slight asymmetry of the PL
peak due to electron-phonon coupling which is typical for deep defects. The
derivation of the following equation can be found in Ref. [78].

2
Eo +0.57Q0, — hw
Ipp ~ exp [ 2S, (\/Eo 050, — s 1) ] (2.28)

The Huang-Rhy factor S, of the excited state, is a measure of the electron-
phonon coupling strength. E is the zero-phonon-line, 7€), is the energy of
the effective phonon mode in the excited state, 71wy is the position of the
PL intensity maximum and 7w is the PL photon energy.

Defining E; = Ep + 0.5 () and the relaxation energy of the ground state
AE = Ej — hwpax, Equation 2.28 can be rewritten in the following form

2
E} — hw
__ pmax _ 0 _
Ipr, = Ip;" exp [ ZSe< AF 1) ] (2.29)

with I7[* being the intensity at the PL band maximum. The shape of the
PL band is uniquely described by the parameters S, and AE [79].
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2.2.3 Raman scattering

This section aims to introduce the basic concepts of Raman scattering in crys-
tals. After a short introduction, the basic features of light scattering are ex-
plained by the classical approach. Then a more general expression is derived
by the quantum mechanical approach followed by a discussion on resonant
Raman scattering.

2.2.3.1 Introduction

As discussed in Section 2.2, if light interacts with matter it might be scat-
tered inelastically. In this case, the incident and the scattered light have a
frequency difference and this frequency difference is related to the proper-
ties of the investigated material. Inelastic scattering of light is also referred
to as Raman scattering in honor to its discoverer C.V. Raman, an Indian sci-
entist. C.V. Raman was awarded the Nobel Price in 1930 for his discovery. In
a Raman experiment, an incident photon with energy E; and momentum k;
reaches the sample and is scattered, resulting in a photon with a different
energy E; and momentum k,. Energy and momentum must be conserved in
the overall scattering process

Es =E Lt E;
and (2.30)

where E; and g are the energy and momentum of the involved excitation.
In most cases the excitations are lattice vibrations, i.e. phonons. In this case
E; and g are the energy and momentum of the phonon that is created or
annihilated in the Raman scattering event. Other sources for excitations are
magnons or plasmons. The energy difference between incident and scattered
light is very small. The spectral distribution of the scattered light is typically
analyzed relative to the spectrum of the incident light. The energy differ-
ence between incident and scattered light is referred to as Raman shift and
typically given in units of wavenumbers.

In a scattering experiment, the incident photon distorts the electron cloud
around the atomic nuclei. The ability to distort the electron cloud is mea-
sured by the change in the polarizability for molecules or by the change
in the susceptibility for crystals. In this work, we focus on the Raman scat-
tering in crystals. Therefore, we use the susceptibility in Section 2.2.3.2 to
derive the basic features of Raman scattering. If only electron cloud distor-
tion is involved, the scattered photon has the same energy as the incident
photon. We refer to elastic or Rayleigh scattering. If nuclear motion is involved
in the scattering process, energy will be transferred from the incident pho-
ton to the crystal lattice or from the lattice to the scattered photon. In this
case, we refer to inelastic or Raman scattering. The characteristic lattice vibra-
tions of a crystal are called normal modes and are related to the structural
properties of the material. Every material has a unique set of normal modes,
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so Raman spectroscopy can be used to probe materials properties in detail.
However, Raman scattering not only contains information on the character-
istic normal modes but also on the electronic states as it will be discussed in
Section 2.2.3.2 and Section 2.2.3.9.

2.2.3.2  Classical description of Raman Scattering

We follow the classical approach described, for example, in Kuzmany [58]
or Yu and Cardona [115]. In a crystal, Raman scattering originates from
the change in susceptibility induced by an electromagnetic field of the in-
cident radiation. For an applied electric field E = Egcos(w;t) oscillating at
frequency wy, a dielectric polarization density is induced

P; = eox;iEi (2.31)

where € is the vacuum permittivity, x; is the susceptibility and the in-
dices j and / run from 1 to 3. In the linear approximation the susceptibility
is given by

a .
xXjit = (Xji)o + ;(ag)oQk

(2.32)
or

xit = (Xjn)o + (X k) oQx

The displacement of the atoms is represented by the normal coordinates Qy
of the oscillations. The indices j and [ run from 1 to 3 and k runs over 3n — 3
normal coordinates for the vibrations, where n is the number of atoms in
the unit cell. In other words, k runs over all optical phonon modes at the BZ
center. dx;;/0Q is called the Raman tensor and often written as ( X}l) k Or X;‘l,k'
For one individual mode, the Raman tensor is a 3x3 matrix. The oscillation
of atoms for the normal mode k is given by

Qk = Qxo - cos(wit) (233)

where Qo is the amplitude and wy is the frequency of the oscillation. Insert-
ing Equation 2.32 and Equation 2.33 into Equation 2.31, the total polarization
density is given by

P; = eo(xj1)oEo cos(wit) + €0 - (Xji)o - Qxo - cos(wyt) - Egcos(wit)  (2.34)

Applying the trigonometric sum rule cos(a)cos(b) = 1/2[cos(a — b) +
cos(a + b)] gives

€0 (X],'l,k)OQkO

> [cos(wy — wy )t + cos(wy + wg )] Eg

(235)
From Equation 2.35 we see that the light is scattered elastically at fre-

quency w; (Rayleigh) but also inelastically at sidebands with frequencies

Pi(w) = eo(X;j1)oEo cos(wqt) +
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2.2 INTERACTION OF LIGHT WITH A SEMICONDUCTING CRYSTAL

w1 £ wy. The part of the inelastically scattered light with a frequency shift
w1 — wy is the Stokes Raman scattering while the part with frequency shift
w1 + wy is the anti-Stokes Raman scattering. Figure 2.12 shows a schematics
of a typical spectrum with Rayleigh at 0cm~! and Stokes and anti-Stokes
sidebands. The Rayleigh intensity is always much stronger compared to the
Raman intensity. Only one in 10°-10® photons which is scattered, is Raman
scattered. The Stokes intensity at positive frequencies is stronger than the
anti-Stokes intensity at negative intensities. Because the spectrum is symmet-
ric and the Stokes intensity is stronger, we only consider Stokes scattering in
the presented work.

Raman Intensity

-200 -100 0 100 200

Raman shift (cm™)

Figure 2.12: Schematic representation showing the Rayleigh (at 0cm™~') and Stokes
and anti-Stokes Raman sidebands, taken from Jorio [52].

The intensities of Stokes and anti-Stokes scattering depend on the number
of phonons in the ground and in the excited state which is given by the
Bose-Einstein distribution function given in Equation 2.7. The probabilities
for Stokes and Anti-Stokes are different. In the Stokes process, the system
goes from n — n + 1 while in anti-Stokes the system goes from n +1 — n.
The intensity ratio of the Stokes band to the anti-Stokes band is therefore
expressed by

+1
Is/Is o ”T = exp (hwi/ksT) (2.36)

where hwy is the energy of the phonon of the normal mode k and Is and
I;s is the intensity of the Stokes band and the anti-Stokes band, respectively.
The intensity of the Stokes band is always stronger than the intensity of a
anti-Stoke band but the anti-Stokes scattering gains importance at increasing
temperature.

2.2.3.3 Raman cross section

The Raman intensity is often expressed in terms of the Raman cross section
that relates the intensity of the scattered light to the intensity of the incident
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light. Since the intensity of the Stokes and anti-Stokes scattering are related
by the Equation 2.36, it is sufficient to derive the Raman cross section for the
Stokes component. Experimentally, we measure the intensity of the scattered
light into a solid angle dQ) with a frequency ws with respect to the light
intensity of the incident light, the so-called spectral differential cross section
%d"ws. According to Hayes and Loudon [44], the spectral differential cross
section for Stokes scattering is proportional to

d*c 3N 112
i0do. « Vww; » ‘eo ].Zle;X;l'kel ‘ {n(wy) + 1} gr(wy) (2.37)

=

1
in which V is the scattering volume, ws and n; are the frequency and the
refractive index of the scattered light and w; and n; are frequency and the
refractive index of the incident light. An important feature of the spectral
differential cross section is the wiw? dependence which is often referred to
as the w} dependence under the approximation w; ~ ws. Because of the wf
dependence, working in the UV can be beneficial in some cases to improve
the Raman sensitivity. n(wy) is the Bose-Einstein statistics and g (w) is the
lineshape of the Raman band, in which k labels the different Raman modes.
Because the spectral differential cross section depends on the Bose-Einstein
statistics, a correction of the Bose-Einstein function n(w) + 1 is necessary
when comparing Raman intensities measured at different temperatures. e;?

and e} are the unit vectors of the polarization of the scattered and incident
light in which j and / run from 1 to 3. )(;.l « is the derivative of the suscep-

tibility or the Raman tensor. The differential cross section g—g is obtained by

integrating the spectral differential cross section over the line-width of a Ra-
man band in the scattered spectrum and the cross section ¢ is obtained by the
integration of the differential cross section over all directions in space.[44]
The cross section defines the total scattering in all directions and therefore
requires measurements of the scattered intensity at a large number of scat-
tering angles. These kind of experiments are rarely made. One example is
the measurement of the absolute Raman cross section of benzene by Skinner
and Nilsen [91]. In many cases, the determination of the differential cross
section is sufficient because the frequency of the Raman modes and the life-
times of the corresponding excited states are independent of the scattering
angle. In this work, we use the differential cross section as a measure for the
scattered light intensity and simply refer to it as Raman cross section Rcs.

2.2.3.4 Raman selection rules

In Section 2.2.3.2 we defined the Raman tensor as the derivative of the sus-
ceptibility X;lk' A vibration is Raman active if its Raman tensor has non-
vanishing components:

oxit

#(0),Vj,l=1,2,3and k =3n—3 (2-38)
dQk
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Based on symmetry analysis, Group theory can predict which components
are zero and which are finite for the various point groups. The Raman ten-
sors of many point groups are listed in many books[51] or on the Bilbao
server[11]. An important quantity of the Raman cross section is the follow-
ing quadratic term

) ,ES‘X/'z,kezl|2- (2:39)
N
j’l

Hence, the Raman cross section depends on the polarization of the scat-
tered and the incident radiation. By measuring the dependence of the scat-
tered intensity on the incident and scattered polarization, one can retrieve
the symmetry of the Raman tensor and thus the symmetry of the correspond-
ing phonon mode.[115] For certain polarization directions of the incident
and scattered light, the scattered light vanishes depending on the symmetry
of the Raman tensor. This ability to suppress bands of certain symmetries is
called Raman selection rule.

2.2.3.5 Characteristic lineshape of a Raman band

The lineshape of a Raman band gx(w) in Equation 2.37 is typically modeled
by the imaginary part of the damped harmonic oscillator function [44]

wly
2 _ 02\ &+ W22
wp — w?)? + 2Ty

gk(w) = ( (2.40)

in which damping is given by I'y, wy is the eigen-frequency and w the ex-
ternal field. The damping is a measure of the phonon lifetime. For wy > T
the solution of the damped harmonic oscillator approaches a Lorentzian
curve. In a Raman experiment, the scattered intensity is typically measured
as a function of the Raman shift which is the energy of the incident photon
i, minus the energy of the scattered photon fiws given in units of cm™!.
A Raman spectrum shows a peak at a phonon energy +hiwy in which pos-
itive energies are Stokes process and negative energies are anti-Stokes. The

scattered intensity is then modeled by a Lorentzian curve

Ip Iy

(w) = P (w0 — )2+ 12" (2.41)

in which Iy is the integrated intensity and therefore correspond to the
Raman cross section of the Raman band. The full width at half maximum is
given by 2 I';. A Raman spectrum with n Raman bands is then modelled by
the sum 7 Lorentzian functions.

2.2.3.6 Phonon-phonon coupling and its deviations from a Lorentzian lineshape

In practice, there are many phenomena that lead to deviations from a Lorentzian-

like lineshape. One phenomena that is of relevance to this work is the cou-
pling between two phonons of the same symmetry. Phonon-phonon cou-
pling leads to an asymmetric lineshape that is typically modelled by the cou-
pled damped harmonic oscillators (coupled oscillators) model. This model has been
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tirst presented by Barker and Hopfield [8]. The basic theory is presented in
the following. Figure 2.13 shows the mechanical model for a system of two
coupled phonons. Each phonon is described as a damped harmonic oscil-
lator with an effective mass m, spring constant k and damping coefficient
I'. The two masses m, and mg are mechanically connected by an additional
spring k,p and dashpot I'ys which models the coupling of the two oscillators.

k k k

a ap B
AWV g\ -GV
s i
o rGB rﬁ

Figure 2.13: Mechanical model of two damped harmonic oscillators a2 and b de-
scribed by the spring constants ks, kg and the damping coefficients
[y, I'g. The coupling is complex and given by the coupling spring con-
stant kg and the damping coefficient I'yg.

The Green’s function formalism provides a more generalized form to
model a system of coupled oscillators. The Green’s function may be written
as G~! = ¢ = —w?1 +iwr + K in which 1 is the unit matrix and K and T are
the restoring force and the damping matrices [65]. Using the Green’s func-
tion formalism, a system of two coupled damped harmonic oscillators [53,
88] may be written

w2 —w?+iwly A%+ iwl

A? +iwl g wé —w? +iwlg

Gau szﬁ
Gup  Gpp

:Fol (2.42)
0 1

in which the parameters A, I'y, T'y and T'yg are assumed to be frequency
independent and the effective mass m is set to unity. The two oscillators
are characterized by their eigen-frequencies w, and wg and their damping
coefficients I', and I’ﬁ. The eigen-frequency squared is equal to the spring
constant divided by the effective mass, w% = k;/m; in which i can be «
or B. The frequencies w,, wp and the damping T’y and I'p correspond to
the eigen-frequencies and the damping of the uncoupled phonons a and B.
The coupling is described by A which is the force constant of the spring
connecting the two oscillators and I',g which is the dashpots connecting the
two modes. A and I'yg must be constraint by detK > 0 and detI' > 0 [98]. This
means that the coupling cannot be arbitrary large. Equation 2.42 is solved to
give the following Green’s functions coefficients:

Gua = (w% — w?+iwlg)/D (2.43)
Gap = — (D% +iwl,p)/D (2.44)
Ggp = (wi — w* + iwly) /D (2.45)

where D = (w; — w? +iwl,) (wf — w® +iwlp) — (A? + iwT,p).
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The Equation 2.42 is overdetermined allowing an arbitrary choice of diago-
nalization and therefore produces an infinite number of solutions [62]. Some
reasonable assumptions have to be made. Many authors [65, 98] proposed
to make the assumptions on the complex coupling of modes in which the
two limiting cases occur for only real coupling (I';, = 0) and only imaginary
coupling (A = 0). The parameters obtained in the two cases are entirely dif-
ferent as well as the physical interpretation. Because of the overparametriza-
tion, verification of the model parameters is necessary. One possibility is the
verification of the model parameter at multiple temperatures as it has been
done for example by Scarparo et al. [87] or Scalabrin et al. [86]. All model
parameters should show constant or simple temperature dependence.

The Raman (Stokes) scattering intensity is correlated with the imaginary
part of the susceptibility x”

S(w) = Ry"(w)[n(w) +1], (2.46)

where 7 is the phonon population factor given by the Bose-Einstein statis-
tics, R is an experimental constant and T is the absolute temperature of the
sample. Using matrix notation, the complex susceptibility x(w) for the cou-
pled oscillator model is given by x(w) = P - G - P in which P and P are one
column and one row vectors. The imaginary part of the complex susceptibil-
ity x”(w) is then given by

X' (w) = —Im[P?Gpo(w) + 2Py PgGup(w) + PEGﬁﬁ(w)], (2.47)
Py, Pg being the oscillator strengths of the vibration mode a and B.

2.2.3.7 First- and higher-order Raman processes

So far we discussed scattering events in which the photon energy exchange
creates only one phonon (first-order Raman processes). In this case, the mo-
mentum transfer can be neglected so that ks — k; = g = 0 is valid. Since we
use visible light in the Raman experiment, the momentum of the incident
light is much smaller compared to the crystal momentum, see discussion in
Section 2.2.1.2. That is why only excitations close to the Brillouin zone cen-
ter I' are accessible in the first-order Raman process. If two, three or more
scattering events occur in the Raman process we refer to a second-, third-
or higher-order Raman process. In this case the restriction g ~ 0 is relaxed.
For a scattering process involving two phonons, the energy and momentum
conservation is given by

w1 — Ws = Wg + Wy

2.48
k1+ks:q+q/%0 (4)

where ¢ and ¢’ are two excitations but not necessarily the same ones.
In comparison to the first-order Raman process, higher-order Raman pro-
cesses are not limited to the I'-point and can originate from different points
of the Brillouin zone. If the higher order Raman process originates from
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the same phonon we refer to an overtone. The Raman signal appears at
nEg(n = 1,2,3...). In case of a combination of phonon modes, the Raman
signal appears at sum of different phonon energies (Ex; + Exx + ..).

2.2.3.8  Quantum mechanical description of Raman Scattering

The classical description developed in Section 2.2.3.2 describes the main fea-
tures of Raman scattering. The observed Raman lines are shifted in energy
from the incident laser line depending on the phonons involved in the pro-
cess with the restriction on energy and momentum conservation. The quan-
tum mechanical description is required to explain Raman intensities and the
resonant Raman effects. Here, we are following the description of Yu and
Cardona [115]. In the quantum mechanical description, the Raman scatter-
ing process is described in three steps which are depicted in Figure 2.14.
Here, only electronic levels are shown. However, the excited energy levels
n and n’ do not have to be real electronic levels. At the beginning of the
process, the electron is in its initial state. Step1: The incident light excites the
electron to the intermediate state n by the absorption of a photon. Here, we
assume 7 to be a real electronic state. In this case the process is resonant and
we draw the electronic level with a solid line. Step 2. The electron is scat-
tered into a so called virtual state n’ by emitting a phonon by the electron
phonon interaction. Virtual states are represented by dashed lines. Step 3:
The electron radiatively recombines with the emission of the scattered pho-
ton. The electron remains unchanged after the scattering process, final and
initial state of the electron are identical.

i f

Figure 2.14: Schematic representation of the Raman process in a crystal, adopted
from Jorio [52]. Transition i — n and n’ — i correspond to photon
absorption and emission. The small downward arrow from n — n’
symbolized the electron losing energy to the lattice by electron phonon
interaction (emission by a phonon). The electron remains unchanged af-
ter the Raman scattering process, so initial and final state are identical.

The scattering probability of phonons can be calculated by the third-order
perturbation theory. This is often done by the use of Feynman diagrams to
keep track of the various processes that may occur in the scattering process.
The basic notation uses propagators for electrons, phonon and photons and
vertices to highlight a point at which interaction occurs. In total, there are six
scattering processes that contribute to the first-order Raman scattering. The
Feynman diagram of all six scattering processes are shown in Figure 2.15,

31



2.2 INTERACTION OF LIGHT WITH A SEMICONDUCTING CRYSTAL

taken from Yu and Cardona [115]. The interaction presented in a Feynman
diagram proceed from left to right as a function of time. The basic Raman
process described in the beginning of this section is shown in Figure 2.15(a).
The other Feynman diagrams are obtained by a different order of the ver-

tices.
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Figure 2.15: (a-f) Feynman diagrams for the six scattering processes that contribute
to the first-order Raman (Stokes) scattering, taken from Yu and Car-
dona [115]. (g) Legend of symbols used in the Feynman diagrams.

We will first discuss the Feynman diagram shown in Figure 2.15(a). The
first vertex in the diagram introduces the following term in the scattering
probability

(| Her|i)
2.
Z [hw1 — (En — Ei)] (2.49)

n
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in which [i) is the initial state with the energy E; and (n| is the intermedi-
ate state with the energy E,. The interaction between the electron and the
incident radiation is described by the Hamiltonian H.g. The energy of the
incident photon is fiw;. The sign of fiw; depends on whether the energy
quantum is absorbed (+ sign) or emitted (- sign). The term is summed over
all intermediate states (n]. The second vertex introduces a second term that
is multiplied

Z <n|HeR’i> <n,|lHefion|n>
[szl — (En — Ei)][hwl — (En — Ei) — han — (En’ — En)]
_ Z (n|Her i) (n'|He—ion|n)
[hwr — (En — E;)][hwr — hwy — (E — Ei)]

nn'

n,n’

(2.50)

in which |n’) is the virtual state and the interaction energy H,_;o, is between
the electron and the lattice. The sign of fiw, is negative because the phonon is
emitted. Each vertex introduces a term with a matrix element of the interac-
tion Hamiltonian in the numerator and an energy term in the denominator.
The last energy denominator is converted into a delta function because of
its representation of the overall energy conservation. The last energy term in
the denominator is written

[hw1 — (En — Ei) — hwq — (En’ — En) — hws — (Ef — En’)]

= [y — hew, — hew, — (Ei — Ef)] (2.51)

The electrons are unchanged after the scattering process so the final elec-
tronic state |f) is identical to the initial state (i|. The last denominator is
simplified to

[hwy — hwy — hews). (2.52)

With this the scattering probability of the scattering process in Figure 2.15(a)
is given by

. i|Her (ws) 1) (n'[He—ion|n) (n|Her (wi)i) ‘2

27 (
(ws) = 7| L Than — (B — E)llen — by — (Bw —E]| (253

x0[hw; — hwy — hws).
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Following the same procedure for all six Feynman diagrams in Figure 2.15
the scattering probability is then given by

Equation 2.54 shows that Raman scattering contains much more informa-
tion then the pure phonon energies. In principle, the Raman scattering prob-
ability contains information on the electron-phonon interaction, electron-

27'(‘ Z [ (i Her (ws)|n') (0| He—ion|n) (n|Her (w;)]

+

hwy — (Eqn — E;)][hwy — hwy — (Ey — E;)
<l’%e zon|n > <n/|HeR(ws)|”> <n|HeR(wz)|l
"o — (Ex — Ex)][heor — s — (Ey — E)
< ’HER((UZ)‘” > <n/|HE—ion|n> <n’/HeR(ws)|l>

)
]
)
]

o haws — (En — E)][—hoos — ey — (Ew — E7)]

4 (1| He—ion|n") {n'|Her (wi) 1) (n|Her (ws)]i)
[—hws — (En — Ei)][—hws + hwy — (En’ — El>]

n (i|Her (ws)[n") (n'|[Her (wi) 1) (1| Heioni)

[—hwq — (En — Ei)][—hwq + hw1 — (En’ — El‘)]

(i|Her (wi)|1') (0 |Her (ws)|m) (1| He—ion|i) ‘2
[—hwy — (En — Ej)|[—hwy — hws — (Eyw — Ej)]

x6[hwq — hwy — hws).

(2.54)

radiation interaction and on the electronic band structure. Because of the

many unknown parameters, it is usually impossible to extract the informa-

tion from Equation 2.54. This becomes feasible if there is one dominant state
that contributes to the scattering probability. This can be achieved by tuning
the incident photon energy to an electronic transition. The enhancement of

the Raman cross section near an electronic transition is called resonant Ra-

man scattering. At resonant condition, only the first term of Equation 2.54

will dominate.

2.2.3.9 Resonant Raman scattering

In the previous section, we discussed that Raman scattering not only con-
tains information on the phonon energies but also information on the electron-
phonon, electron-radiation interaction and on the electronic band structure.

At resonance condition, the non-resonance terms in the scattering probability

(Equation 2.54) can be approximated as a constant. From the six Feynman di-

agrams, the first Feynman diagram shown in Figure 2.15(a) has the strongest
contribution. The initial electronic state E; is assumed to be the ground state
of the crystals and its energy is assumed to be zero. We assign the resonant
intermediate state |a) with energy E,. When either the incident fiw; or the
scattered photon energy fiw; is resonant with E;, the energy denominator

vanishes. To avoid the unphysical situation, E, is replaced by a complex en-

ergy E, — iy where vy is a damping constant. The damping constant is related

to the finite lifetime 7 of the intermediate state |a) by v = f1/1. The depen-
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dence of the Raman cross section on the incident photon energy is called a
resonant Raman profile. The resonant Raman profile is then given by [52, 115]

A 2

(hwy — E; — i) (hws — E; — i7y)

I(hw;) =

hws = hw; — hw,

in which A is a constant and 7wy, fiws and hiwy is the incident photon, scat-
tered photon and the phonon energy, respectively. We distinguish incoming
resonance for which iiw, = E, from outgoing resonance for which fiws = E,.
The phonon energy fiw, is small in comparison to the photon energies hiw;
and 7w;. That is why, incoming and outgoing resonance are difficult to ob-
serve experimentally. Only if the phonon energy and the lifetime of the ex-
cited state are large, incoming and outgoing resonance can be distinguished
experimentally. One example is the resonant Raman profile of the G phonon
in single-walled carbon nanotubes [40] shown in Figure 2.16.

(b) h I;' Ihu-; I;' LI L L L

I/ (Arb. units)

Normalized intensity (Arb. units)

15 16 17 18 19 20 21 22 23
Excitation energy (eV)

Figure 2.16: Resonant Raman profile of the Stokes G phonon (1584cm™!) and the
anti-Stokes G phonon (1540 cm™1) in single-walled carbon nanotubes
showing incoming and outgoing resonance, taken from Gordeev et
al. [40]. Stokes is shown with filled circles while anti-Stokes in shown
with open circles.

35



INSTRUMENTAL ASPECTS

In this chapter, the main characterization methods used to study the struc-
tural and electronic properties of BiVO, will be presented. First UV /Vis spec-
troscopy and photoluminescence spectroscopy are introduced. Both tech-
niques are commonly used to study electronic transitions in semiconducting
materials. The second part of this chapter focuses on vibrational spectro-
scopies based on Raman scattering and on inelastic neutron scattering. In
this work, Raman scattering and inelastic neutron scattering were used to
study lattice dynamics in BiVOy. Further, we discuss the instrumentals re-
quirements for resonant Raman studies.

3.1 UV/VIS SPECTROSCOPY

The most direct and maybe the most simple method to study the electronic
structure of a semiconductor is to measure the absorption spectrum. In the
absorption process, a photon of known energy excites an electron from a
lower- to a higher energy state. Placing a semiconductor sample at the out-
put of a monochromator and studying the change of the transmitted and
reflected radiation can reveal all the possible electronic transitions involved
in the absorption process. In the following sections, the instrumental set-ups
to study transmittance and reflectance are described as well as the way to
compute the absorption from these two quantities.

3.1.1  PerkinElmer Lambda 1050 UV/Vis/NIR spectrophotometer

Figure 3.1 shows a sketch of the UV /Vis/NIR spectrophotometer Lambda
1050 from PerkinElmer. The radiation source is a deuterium tungsten halo-
gen lamp that covers the energy range from 175nm up to 3300 nm. The dou-
ble holographic grating monochromator selects a narrow band AA from the
radiation source. The measurement is first completed at this spectral band
before the monochromator selects the next spectral band. The monochro-
matic light is guided by different optical elements to the sample compart-
ment. The polarization of the light can be controlled by a rotatable polarizer.
In the sample compartment there are two light paths; the sample beam path
and reference beam path. The chopper switches between reference and sam-
ple beam path. After the interaction with the sample, the light is collected by
a 150 mm integrating sphere equipped with a photomultiplier InGaAs/PbS
detector shown in the inset of Figure 3.1. The light intensity is measured
in percentage of the incident light intensity. Therefore, the light intensity
from the sample beam path is divided by the light intensity from the ref-
erence beam path. For transmittance measurements, the sample is placed
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at the transmittance port at the entrance of the integrating sphere. For re-
flectance measurement, the sample is placed after the integrating sphere at
the reflectance port.
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Reference| /2 f% - 2 Center-mount
Beam Seel ﬁ?‘-é? ~ Port
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]

Beam attenuator
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Figure 3.1: Sketch of the UV/Vis/NIR spectrophomometer Lambda 1050 from
PerkinElmer. The inset sketches the 2" sample compartment with the
150 mm integrating sphere. The photomultiplier and the InGaAs/PbS
detector are located inside the integrating sphere. The pictures are taken
from Ref. [35] and [36].

3.1.2  Jasco microspectrophotometer MSV-370

The equipment described in this section belongs to the research group of
Manfred Fiebig, ETH Ziirich in Switzerland.

The microspectrophotometer MSV-370 from Jasco is made of a spectropho-
tometer attached to a microscope. This system is beneficial for the analysis
of small samples. Another advantage is its compatibility with standard cryo-
stat and standard temperatures stage solutions so that optical properties
can be investigated as a function of temperature and pressure. Figure 3.2
shows a sketch of the Jasco microspectrophotometer MSV-370. The spec-
trophotometer operates a deuterium lamp for the UV and a halogen lamp
for the visible and near infrared ranges. The principle components are sim-
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ilar to the once described in the previous Section 3.1.1 on the spectropho-
tometer from PerkinElmer. The monochromator selects a spectral band from
the light source. The light beam is split into a reference beam that is directly
guided to the detector and a sample beam that is guided into the microscope.
The polarization of the sample beam can be controlled by a polarizing ele-
ment directly at the microscope. The sample is placed on the sample table
in between the two Cassegrain-type objectives. In transmittance mode, the
sample beam is focused by the Cassegrain objective CM1 onto the sample.
The transmitted light is then collected by the Cassegrain objective CM2. In
reflectance mode, however, the sample beam is focused and collected by the
Cassegrain objective CM1. In both modes, the transmitted or reflected light
is analyzed by the photomultipler and the PbS detector. After interacting
with the sample, the light intensity is divided by the light intensity from the
reference beam and given in percentage.

W1
Monochromator SiF Q
M/ - o m
e e
S25—
M > J M'M Light source
|\j—>—|:| /M
AP PMT, PbS detector
MA M optical fiber Sl reiarence beam M Electronics
L] JcM1 A sector mirror
sample M?rme(fjlggtance
table A Y < -«
r‘::,m‘ " L%r\aorésemittance sample beam “M
M o M
Microscope Spectrophotometer

Figure 3.2: Sketch of the microspectrophotometer MSV-370 from Jasco. M: mirror,
AP: aperture, CM1: Cassegrain objective, CM2: Cassegrain condensing
mirror, PMT: photomultiplier, S1,52: Slits, G1,G2: diffraction gratings,
W1: halogen lamp, D2: deuterium lamp, Ffilter

3.1.3 Spectrometer Avantes StartLine AvaSpec-2048

Figure 3.3 shows a sketch of the measurement set-up using a microscope, a
LED light source and a spectrometer for the optical characterization of micro
samples. We used a microscope from Olympus. As light source we used the
pE-Universal Collimator from CoolLED attached to the microscope covering
the wavelengths from 400 nm to 900 nm. The transmitted and reflected light
was analyzed by the spectrometer AvaSpec-2048 from Avantes. We used the

polarizer from the microscope to select the polarization of the incident light.

The sample was positioned on the microscope sample stage.
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Figure 3.3: Sketch of the set-up using microscope, LED light source and spectrome-
ter to measure transmittance and reflectance on micro spots.

3.1.4 Measuring transmittance

For correction, a dark spectral (0%) baseline and a light spectral (100 %)
baseline need to be recorded. For the dark spectral baseline, the sample
beam path is measured without radiation. For the light spectral baseline, the
sample beam path is measured with radiation but without the sample. For
the thin film characterization on a transparent substrate, the light spectral
baseline can be recorded with the bare substrate in the sample path. In this
way, only the transmittance of the thin film itself is measured.

3.1.5 Measuring reflectance

The measured reflectance spectra are corrected for the reflectance of a ref-
erence material. For the reference material, there are two possibilities; a

calibrated mirror or a calibrated white spectralon standard. In case the re-
flectance is measured using an integrating sphere as described in Section 3.1.1,
the reflectance spectra needs to be corrected for the dark level of the integrat-
ing sphere as well.

3.2 PHOTOLUMINESCENCE

Emission of radiation is the inverse process of the absorption process. An
electron occupying a higher energy states recombines to an empty lower-
energy state by emitting electromagnetic radiation. All transitions that con-
tribute to the absorption process can also occur in the opposite direction and
produce a characteristic emission. Photoluminescence describes the emission
after the excitation of the system via absorption. In the following, the set-up
for photoluminescence measurements is described.

39



3.2 PHOTOLUMINESCENCE

3.2.1  Set-up

The PL set-up described in this section belongs to the research group of
Susanne Siebentritt, University of Luxembourg.

Figure 3.4 shows the setup used to measure photoluminescence. Differ-
ent laser sources can be connected to the set-up; Argon-ion laser (514.5nm),
laser diodes (663nm or 405nm). Before the laser light hits the sample, it
passes several filters (bandpass, laser line filter) to remove unwanted wave-
lengths. A filter wheel with neutral density filters allows for attenuation of
the incident laser. Photons that are emitted from the sample are collected by
a parabolic aluminium mirror. The high quality longpass filter, placed after
the first mirror P1), removes the spectral reflection with an edge wavelength
close to the incident laser energy. A second parabolic mirror focuses the
emitted light onto an optical fiber that guides the emitted light into the spec-
trometer. Here, a spectrometer from Andor has been used. The spectrometer
is equipped with an Si-CCD (200-1100nm) and InGaAs-array (800-1600 nm)
detector. The resolution depends on the chosen optical fiber and the choice
of grating (100 lines/mm or 300 lines/mm grating).

(a) (b)

Different

Filter Alu-P1 . Sample
= Cryostat
Laser Irradiation
Filterwheel -Calibration

OD1-0D4
oo C——Longpass

Spectrometer 0 N
K L Alu-P2

Longpass

Adapted from Dissertation, C. Spindler, 2018

Figure 3.4: (a) Sketch of the photoluminescence set-up: The laser passes different
filters before hitting the sample. The emitted light is collected by two
parabolic aluminium mirrors and focused onto an optical fiber. The long-
pass filters remove the spectral reflection. The emitted light is analyzed
by a spectrometer equipped with an Si and InGas detector. (b) Photo-
graph of the PL set-up: 1) is a filter wheel to reduce laser power of the
incoming beam. Before the sample the alignment is done by the mirrors
2) and 3). The sample holder 4) can be moved in xyz-direction 4a). The
emitted light is collected by mirror P1) and P2) and focused on the opti-
cal fiber 5) and guided into the Andor spectrometer 6).

3.2.2  Spectral corrections
Each PL spectrum needs to be spectrally corrected for all optical elements

and the detector used in the set-up. For the spectral correction, a calibrated
halogen lamp from Avantes is used. The spectrum of that calibration lamp
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I¢% is known. The correction function is given by dividing the known spec-

trum by the measured spectrum I};°".

I;[ul.
fcorr(/\) = Imgas, (31)
H

The measured spectrum is obtained by placing a spectralon diffuse reflectance
standard with very high reflectivity at the sample position. Light of the halo-
gen lamp is guided to the spectralon and then reflected into the set-up. For

spectral correction, the correction function fe(A) is then multiplied with

the actual measured photoluminescence spectrum.

If"™ = feorr.(A) X Ipf™ (3.2)

Measured and calibrated spectra must be given in the same spectral quantity
(y-axis), typically in units of nm. After the correction, the y-axis of the PL
spectrum can be converted into units of eV. Choice of filters, detector, optical
fiber and grating have to be the same for the actual PL measurement I57**
and the measurement of the halogen lamp I;°**.

3.3 RAMAN SPECTROSCOPY

For a Raman scattering experiment, a monochromatic light (laser) is focused
onto the sample by optical lenses. The scattered light is then analyzed for
its different frequency components in a spectrometer. Raman scattering is a
very weak process and the much stronger Rayleigh scattering needs to be
removed by filtering elements. Because of their simplicity, notch or edge fil-
ters are used in many cases for this purpose. If the excitation frequency is
changed, a filter based system requires the replacement of the filter with a
filter that has exactly the right cut-off frequency for the laser line used in the
experiment. For resonant Raman studies, a double or triple monochromator
systems is the better choice. A monochromator based system allows for a
tunable filtering of the Rayleigh scattering and therefore the system can be
easily tuned to different laser lines. In this work, both a filter-based system
as well as triple monochromator system have been used for the Raman char-
acterization of BiVOj,. The resonant Raman studies were done with a triple
monochromator system from Horiba. In this chapter, the two different sys-
tems are introduced and the importance of calibrating the Raman shift and
absolute intensity is discussed.

3.3.1 Confocal Raman microspectrometer from Renishaw

Figure 3.5 shows a sketch of the confocal Raman microspectrometer InVia
from Renishaw. The set-up is a filter-based system. Four lasers are con-
nected to the set-up with the possible excitation wavelengths 325 nm, 442 nm
532nm, 633 nm and 785nm. The polarization of the incoming laser light can
be changed with a %-plate. The incoming laser light is guided with multi-
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ple mirrors into the confocal microscope from Leica and focused onto the
sample. The automated sample stage allows for mapping in the X-Y plane
and for depth profiles in Z. The scattered light is then collected back by the
microscope. At the spectrometer entrance, the very intense Rayleigh scatter-
ing and the specular reflection from the sample surface is removed by an
edge filter. There is one edge filter for each of the 5 possible laser lines. To
easily change between the laser excitations, four filters are pre-installed on
a motorized filter wheel that is controlled by the software. By inserting 2-
plate and/or a polarizer, scattered light of a certain polarization is selected.
The grating separates the different energies of the scattered light before the
light is imaged into the CCD detector. The Invia set-up from Renishaw is
equipped with integrated silicon and a neon lamp for calibration of Raman
shift (x-axis). A microscope enclosure ensures laser safety and reduces the
background signal from surrounding light.

filter polarizer grating
H —_— . CCcD
’ A slits B prism — C

N2
plate laser 1
objective
laser 3
C |laser 4

mirror ‘ M2 plate
Microscope Spectrometer

Figure 3.5: Sketch of the confocal Raman microspectrometer InVia from Renishaw
that collects the scattered light with a Leica microscope. The spectrom-
eter is equipment with filters, polarizing elements before and after the
sample, prism and grating for light dispersion and a CCD detector.

3.3.2 Triple stage spectrometer T64000 from Horiba

For the resonant Raman studies in BiVOy, we used the triple stage spectrom-
eter T64000 from Horiba. The equipment used in this work belongs to the
research group of Stephanie Reich, Freie Universitit Berlin in Germany.
Figure 3.6 shows the design of the Raman spectrometer T64000 from Horiba
with a laser source, a confocal microscope, a triple stage spectrometer and a
CCD detector. For larger samples or liquid samples, there is the possibility
to bypass the confocal microscope and use the macro-sample compartment
instead. The advantage of a triple stage spectrometer is that it can be contin-
uously tuned to the excitation laser light. Stage 1 and stage 2 act as a tunable
filter to reject the Rayleigh light whereas stage 3 disperses the scattered light.
The T64000 can be used in single stage mode, in triple additive or triple sub-
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3.3 RAMAN SPECTROSCOPY

tractive mode. An additive mode gives the highest spectral resolution and
high linear dispersion, whereas the subtractive mode gives a high stray light
rejection and allows for collecting low-frequency Raman spectra down to
5cm L. In the triple subtractive mode, the polychromatic radiation enters
Stage1 through the slit S1 and is dispersed by the grating G1. The slit Si1,2
at the entrance of Stage 2, selects a bandpass between A1 and A2. The grating
Gz disperses the polychromatic radiation onto the slit Si2,3 that is limited to
the spectral range between A1 and A2. In this way, the elastic scattered radia-
tion is removed from the signal which is the main purpose of the stage 1 and
stage 2. The polychromatic radiation selected by the pre-monochromator is
then dispersed by the grating G3 and guided to the CCD detector.

|CCD Detector |
Single Spectrometer Laser
/ Third Stage
Axial Exit
Stage3 G3
AN
AN , —
A
Pre-monochromator [Si2.3
/ 17
\\4/
Stage2 G2 Additive
l\ Mode \l
/ S3 —
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4 AN | . H k) Macro-sample
‘ o2 |' 4 Compartment
Stagel |:|G1 Hﬁ == P
K e 3;\
| |:|~ﬂ (7
Lateral entrance O
Microscope

Figure 3.6: Design of the triple stage spectrometer T64000 from Horiba with a laser
source, a confocal microscope or a macro-sample compartment, a triple
stage spectrometer and a CCD detector. The triple stage spectrometer is
equipped with gratings G1, G2 and G3 and multiple slits S.

The T64000 is connected to an argon-krypton (ArKr) laser from Innova
with 12 laser lines from 458 nm to 647nm and to a continuously tunable
dye-laser covering the energy range from 580 nm to 785 nm.

3.3.3 Polarized Raman and Porto’s notation

While standard Raman spectroscopy provides information on the sample
composition, polarized Raman spectroscopy can provide further informa-
tion on the symmetry of the vibrational modes and the orientation of the
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sample. Porto’s notation is used to record polarization conditions in a stan-
dardised manner. Porto’s notation has the following form A(BC)D and ex-
presses the orientation of the crystal with respect to the polarization of the
laser light in excitation direction and in the analysing direction. A is the
propagation direction of the incident light, B is the polarization direction of
the incident light, C is the polarization direction of the scattered light and D
is the propagation direction of the scattered light. In backscattering geome-
try, the direction of the propagation of the incident and the scattered light is
opposite, leading to A(BC)A.

3.3.4 Spectral corrections

Most correction methods refer to the calibration of the frequency position. In
a resonant Raman experiment, the change of Raman intensity as a function
of excitation is of interest. In that case, the calibration of the Raman intensity
is crucial. In the following, the different calibration methods with a strong
focus on the calibration of the Raman intensity are explained.

3.3.4.1 Calibration of frequency position

If the primary quantity of interest is the Raman shift, calibration of frequency
position is sufficient. The calibration of the frequency position requires the
measurement of a known spectrum with sharp peaks at known frequency
position. There are two common approaches to calibrate the x-axis of a Ra-
man spectrometer. The first approach uses the emission lines of gases such as
neon. [49] The second approach uses a reference scatterer with Raman bands
at known wavenumber position. Materials that are often used are silicon
with strong band at 520cm ™! or diamond with a strong band at 1364 cm ™.
Diamond is often used for calibration in the UV.

3.3.4.2 Calibration of Raman intensity

In literature, there are only a few examples of the absolute Raman cross sec-
tion (benzene[54, 91]). In most examples, the Raman intensity is referenced
to a transparent reference scatterer. This approach corrects for the spectral
response of the equipment and the w*-dependency. In the following the pro-
cedure for the calibration of the Raman intensity by a transparent reference
scatterer is described.

3.3.4.3 Relative Raman intensity

The Raman scattering cross section is measured in comparison with a trans-
parent reference scatterer whose band gap is much higher than the measure-
ment range. The Raman cross section of the sample is divided by the Raman
cross section of the reference scatterer. Possible reference scatterer are calcite
CaCOs[41] with a band gap of 7eV and several Raman lines (156, 283, 714,
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1088, 1432 cm™!) or quartz with a band gap in the same energy range. An-
other material that has been used widely in the literature [16, 57] is CaF;
with only one Raman line at 321cm ™! and a bang gap of 11eV. The cali-
bration requires a high quality crystal with very low defect concentration to
exclude any resonant effects. Other examples are silicon[9o], diamond[107]
or liquid benzene[91].

3.3.4.4 Correction for Bose-Einstein thermal occupation

The Raman intensity given in Section 2.2.3.3 depends on the Bose-Einstein
thermal occupation factor

1
n(ws) = exp(hws/kgT) — 1 G3)

where w; describes the frequency of the scattered light, T the temperature
and kp the Boltzmann factor. When comparing intensities measured at dif-
ferent temperatures a correction of the Bose-Einstein factor (n(ws) + 1) is
necessary.

3.4 INELASTIC NEUTRON SCATTERING

In a Raman scattering experiments we have only access to the phonons at the
Brillouin zone (BZ) center. Inelastic neutron scattering allows for measure-
ments of phonons outside the BZ center. The most important instrument to
study neutron scattering is the triple-axis spectrometer (TAS).

3.4.1 Thermal triple-axis spectrometer EIGER

Figure 3.7(a) sketches the basic arrangement of the monochromator, the sam-
ple, analyzer and the detector in a triple-axis spectrometer. The triple-axis
refers to the axes of rotation of the monochromator, the sample and the
analyzer. Figure 3.7(b) shows a photograph of the triple-axis spectrometer
EIGER at the continuous spallation neutron source SINQ at PSI, Villigen in
Switzerland. The sample table, the analyzer and the detector can move on
air-pressure to vary ©,;,0s and Oy,.

EIGER is designed for experiments with thermal neutrons in the energy
range from 1 to 100 meV. Figure 3.8 shows the design. The sapphire filters ab-
sorb neutrons with energies above 80 meV. After the sapphire filter, there are
three rotatable steel cylinders in the neutron guide that are used as neutron
beam shutters. The virtual source reduces the background signal before the
neutron beam enters the monochromator PGpp, with the massive shielding.
The shielding is made of tungsten-paraffin composite[37] and reduces the -
and fast neutron radiation as well as the neutronic background which can
hit the sample or the detector system. The monochromator selects neutrons
of a certain wavelength and focuses the neutron beam onto the sample. Fig-
ure 3.7(b) shows the PGgp, monochromator that consists of 15 lamellas with
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Figure 3.7: (a) The photograph shows the blue shielding of the monochromator,
the sample table, the blue shielding of the analyzer and yellow detec-
tor housing. (b) Sample table, analyzer and detector can move on air-
pressure to vary the angles ©;,05 and Oy .

9 pyrolytic graphite (PG) crystals each.[97] The design is similar to the Multi-
Analyzer Crystal Spectrometer (MACS) reported in [93] in which the vertical
focusing of the neutron beam is achieved by bending and the horizontal fo-
cusing by rotating the lamella. The sample is mounted onto the sample table
which can be rotated and tilted for proper alignment of the crystal axis with
respect to the incident beam. The sample table can be equipped with furnace
for high temperature measurements, cryostat for low temperatures, pressure
cells or magnetic cells. The PGyp, analyser has option for horizontal focusing
only. The detector is a single He?-tube.

3.5 SAMPLE ENVIRONMENT
3.5.1 Linkam microscope stage THMS600

Temperature dependent measurements have been done with the Linkam
temperature stage THMS600 which covers temperatures from 80K to 870K,
see Figure 3.9(a). The Linkam stage is designed so that it can be easily po-
sitioned on a microscope stage. In this work, the Linkam stage has been
used with the Renishaw Raman microscope and the IR-Vis Microspectrome-
ter from Jasco. Figure 3.9(b) shows the Linkam stage positioned in the Jasco
microspectrophotometer. The sample is placed on a silver heating block with
high thermal conductivity inside the cell. The quartz glass at the top and a
small hole in the center of the silver block ensures full optical characteriza-
tion of the sample including transmittance measurements. The temperature
is regulated by resistive heating of the silver block. For temperatures from
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Figure 3.8: Sketch of the triple-axis spectrometer EIGER at PSI, Villigen in Switzer-
land, taken from Ref. [97]

80K to RT, the stage is cooled by liquid nitrogen. At high temperatures, a
water cooling prevents from overheating of the metal casing body.

Figure 3.9: (a) Linkam temperature stage THMS600 with quartz glass window at the
top. The sample is positioned onto a ceramic block inside the Linkam
stage. A small hole in the ceramic block allows the light to pass for
transmittance measurements. (b) Photograph showing the Linkam stage

positioned in the Jasco microspectrophotometer for transmittance mea-
surements.

3.5.2  Oxford Instruments helium flow cryostat Microstat HiRes

Helium flow cryostat from Oxford Instruments Microstat HiRes was used to
cover the low temperature range from 5K to 300K. Figure 3.10(a) shows a
typical set-up for a low temperature experiments using liquid helium. Lig-
uid helium is pumped from the cryogen storage dewar into the transfer tube
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and then into the cryostat. The helium gas exiting the cryostat is used to cool
the shielding of the transfer tube to reduce the overall helium consumption.
The sample is placed inside the cryostat in vacuum environment. Because
of the vacuum environment there is little risk for ice formation on the sam-
ple. The temperature in the cryostat is regulated by MercuryiTC controller
that controls the helium gas flow and the heating element in the cryostat. A
window at the top of the cryostat allows the incident radiation to enter and
interact with the sample. The cryostat is installed on a platform to minimise
vibrations and sample drift, see Figure 3.10(b).
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Figure 3.10: (a) Set-up for low temperatures measurements with the helium cryostat.
(b) Photograph showing the helium cryostat inserted in the Renishaw
Raman spectrometer.



LATTICE DYNAMICS IN BISMUTH VANADATE

This chapter shows the characteristic lattice vibrations and discusses the lat-
tice dynamics in BiVOj,. After a presentation of the BiVO, crystal structure,
we will discuss the Raman spectrum in the low-temperature monoclinic and
in the high-temperature tetragonal phase. Afterwards, we will discuss new
results. First, we will discuss the coupling of two Raman modes that is
strongly temperature and polarization dependent. Then, we will present first
findings on the lattice dynamics observed by inelastic neutron scattering.

4.1 CRYSTAL STRUCTURE OF BISMUTH VANADATE

The purpose of this section is to introduce the crystal structure of BiVO, and
to define all the crystallographic directions that are used throughout the the-
sis. Figure 4.1(a) shows the schematic representation of the tetragonal unit
cell of BiVO, that is valid at high temperatures above the phase transition
temperature T, but also largely relevant at temperatures below T. since the
monoclinic distortion is relatively small in the case of BiVO,. The oxygen
atoms are shown in red and the vanadium cation (V°") is positioned in
the center of a oxygen tetrahedron. The bismuth cation (Bi*") is colored
in violet. The crystallographic axes are indicated in the figure. Throughout
the manuscript, all indications of orientations are given with respect to the
tetragonal unit cell. Figure 4.1(b) shows a view on the (001) surface. From
this view, it can be easily seen that the tetragonal unit cell has a 4-fold rota-
tional axis parallel to the [001]-axis. The 4-fold rotational axis is called the
principal axis. The phase transition is driven by a spontaneous shear strain
developing in the ab-plane. In the monoclinic phase, the angle v inbetween
the 2 and the b-axis deviates from 90°. The view on the (110) surface is given
in Figure 4.1(c) in which the principal axis is labeled with ¢ and the (110)-
axis with b’. The direction [110] pointing out of the surface plane is labeled
with a’. For this research work, we used single crystals of different surface
orientations, there are (001), (110) and (100).

4.2 RAMAN SCATTERING IN BISMUTH VANADATE

In this section, we show the Raman spectrum of the low-temperature mono-
clinic and the high-temperature tetragonal phase. We assign all the observed
modes and compare their frequencies to the values reported in literature.
The Raman modes in BiVOy, their frequency position and their evaluation
across the phase transition as a function of temperature and pressure are
known from literature. The main purpose of this chapter is to evaluate the
crystal quality by checking whether the Raman modes and their frequency
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principal axis

[100]

Figure 4.1: (a) Schematic representation of the tetragonal unit cell of bismuth vana-
date. (b) View on the (001) surface and (c) view on the (110) surface are
also given.

position matches the literature values. Besides, the chapter is an introduction
to the characteristic features of the Raman spectrum of BiVO, to the reader.

4.2.1  Sample description and measurement details

For the measurement of the Raman spectra in the monoclinic and the tetrag-
onal phase, we used different single crystal samples, namely BVO110-Tim
and BVO110-Mael with surface orientation (110) and BVOoo1-Andreas with
surface orientation (001). The Raman signal was measured with the Raman
spectrometer InVia from Renishaw, described in Section 3.3.1, using a laser
excitation of 633nm (1.96€V). For the low-temperature measurements, the
samples were placed in the Oxford Instrument cryostat described in Section
3.5.2. For the characterization at temperatures above room temperature, the
Linkam temperature stage described in Section 3.5.1 was used.

4.2.2  Raman mode assignment

A standard symmetry analysis shows that 13 and 18 Raman active modes are
expected in the high-symmetry tetragonal and low-symmetry monoclinic
phase respectively.[7] Table 4.1 summarizes the accessible modes for the dif-
ferent samples and different polarization configurations in the tetragonal
and in the monoclinic phase.

First, we will assign the Raman modes in the low-temperature monoclinic
phase. In the monoclinic phase only modes of A; and B, symmetry are
expected. Figure 4.2 shows the Raman spectra measured at 10K and at
room temperature for different scattering geometries. All 8 A, modes are
successfully observed in the parallel polarization geometries. Their eigen-
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Table 4.1: Description of the samples, their orientations and the Raman modes ac-
cessible in different polarization configurations. All orientations are given
with respect to the principal axis c.

Sample scattering geometry = Tetragonal Monoclinic
Samples (001): c(aa)c and c(bb)c 3A¢+5B; 8Ag
BVO-Andreas, BVO-Thomas ~ c(ab)c and c(ba)c 5B 8Ag
Samples (110): a'(cc)a’ 344 8A,
BVO-Tim, BVO-Mael a(b'v")a 3Ag+5B, 8A,
a'(cb')a" and a’(V'c)a’ 5E¢ 108,

frequencies are given in Table 4.2 and compared to values reported in litera-
ture.

Table 4.2 provides also the eigen-frequencies for the different Raman modes
from density functional theory (DFT) calculations. The calculation of the lat-
tice vibrations by DFT in the case of BiVO, is not trivial and requires the use
of heavy hybrid functionals. This might be the reason why we found only
one calculation on BiVO, from Pellicer-Porres[71] in the literature so far.
Because of the little details on the calculation, our collaborator D. Vincent re-
peated the calculation on BiVOy. From his experience, the crystal structure
shows deviations from the real crystal structure despite the use of the time
expensive hybrid functionals. The deviations are in particular reflected in
the monoclinic angle and might cause errors on the eigen-frequencies of the
low frequency modes.

According to the Table 4.1, B, modes are expected in cross polarization ge-
ometries for a sample with (110) surface orientation. We observed 8 out of
10 expected By modes together with Ag modes leaking into the spectra. The
leaking of A, modes is explained by their strong intensity and the imperfec-
tions of the polarization conditions in the experiment. The eigen-frequency
of each vibration mode has been extracted from the spectra by fitting the
data with multiple Lorentzian functions. The eigen-frequencies are given in
Table 4.2 and their values are compared to the literature. We do not have ex-
perimental values for the Bé and the Bg values for the following reasons. The
expected frequency position of the Bé mode is relatively low with 47cm~1. A
measurement at low frequencies requires a modification of the experimental
set-up that allows us to measure energies very close to the Rayleigh energy
line. In the case of the Bg mode, we found several A, modes in the same
frequency range leaking into the spectrum. Most probably, the Raman band
of the BZ, mode is experimentally hidden by the intensity coming from A,
modes in the same frequency range. When it comes to cases like these, a
theoretical calculation of the lattice vibrations and their frequency positions
would help to make a mode assignment.

Second, we assigned the Raman modes in the high-temperature tetragonal
phase. Figure 4.3 shows the Raman spectra of tetragonal BiVO, measured at
570 K with different polarization geometries. We could clearly assign two out
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Figure 4.2: Raman spectra of the single crystal sample BVO110-Tim and BVOoo1-
Thomas measured at T=10K in various polarization geometries with a
laser excitation of 633 nm. All spectra are normalized to the Af, mode at

838 cm 1.

Table 4.2: Raman eigen-frequencies assigned to the active Raman modes with A,
and By symmetry. The eigen-frequency is an average from the values ex-
tracted by Lorentzian fitting of the data shown in Figure 4.2 which were
measured at different scattering geometries. The Raman eigen-frequencies
are in good agreement with the values reported in literature. *phonon-
phonon coupling observed: error on the estimation of the eigen-frequency
by Lorentzian fitting is expected for the room temperature data

monoclinic bismuth vanadate

Mode wiox wapk Exp. Ref.[y] Exp Ref.[y1] DEFT Cal. Ref.[71] DFT Cal. Ref.[106]
Ai, 92 66 62 - 64 68
Ag 139  131% 130 129 136 140
Ag 217 213 212 213 214 226
Afcl; 321 325 326 327 339 332
Ay 372 370 370 369 364 354
A 389 387 386 383 389 393
A; 705  702* 711 708 760 747
Ag 839 830 830 831 870 839
By - - 47 - 43 56
B} 62 - 55 - 47 69
Bg 108 111 110 111 123 160
Bg 149 145 144 141 149 164
Bg 239 242 - 241 250 280
Bg 289 280 280 276 278 308
BZ, - - - - 392 402
Bg 407 402 400 400 400 411
Bz 635 641 642 641 700 701
B’ 769 741 743 747 770 758
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of three A; modes, four out of five B; modes and three out of 5 E; modes.
The assignment at high temperatures is more difficult due to the Raman
modes broadening. A full assignment of all modes in the tetragonal phase
could be completed by temperature and pressure dependent measurements
as it has been done by Pellicer-Porres et al.[71]. The overall goal of this work
was to measure resonant Raman profiles at room temperature so the focus
here was on the mode assignment in the monoclinic phase and not so much
in the tetragonal phase.

BVO: 633nm exc., 570K
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Figure 4.3: Polarized Raman spectra of BVO110-Mael and BVOoo1-Andreas at 570K
measured with 633 nm laser excitation. All spectra have been normalized
to the Ag et mode at 816 cm~ L,
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4.3 PHONON-PHONON COUPLING IN BISMUTH VANADATE

For most of the observed Raman phonon modes in BiVOy, the lineshape
is well described by a Lorentzian function over a large temperature range.
However, strong anomalies are observed for the AZ mode at 700cm~! and
the A§ mode at 130 cm L. In this section we show that the frequency position
of the AZ mode strongly depends on the temperature and on the polarization
conditions in the experiment. We discuss the origin of these anomalies and
apply the damped harmonic oscillator model over large temperature range.

4.3.1  Sample description and measurement details

In this study, we investigated the Raman spectra of BiVO, single crystals
over a large temperature range. We used the two samples BVO110-Tim and
BVO110-Mael, both with (110) surface orientation. In the surface plane, we
found the principle axis [001] and the crystallographic axis [110] that is per-
pendicular to the principal axis for both samples. All crystallographic di-
rections are given with respect to the tetragonal unit cell. For simplicity
reasons, we label the crystallographic directions [110], [110] and the prin-
ciple axis [001] with a’, b’ and ¢, respectively. The Raman spectra were mea-
sured with the Renishaw Raman spectrometer described in Section 3.3.1 us-
ing the red laser of 633nm (1.96eV) for the excitation. We use Porto’s no-
tation to define the light propagation and polarization with respect to the
crystallographic axes a', b and c. For the low temperature measurements,
we used the cryostat from Oxford Instruments. The measurement set-up for
low-temperatures is described in detail in Section 3.5.2. For temperatures
above room temperature, the Linkam microscope stage was used, details are
given in Section 3.5.1.

4.3.2 Results

4.3.2.1  Overview of the spectrum and evidence for coupling phenomena

Figure 4.4 shows the phonon modes AZ, and Ag, measured at (a) 200K and
(b) room temperature with a 633 nm laser excitation for two polarization con-
ditions. The first observation we made on the raw data is that the maximum
intensity of the Ag mode occurs at very different frequencies depending on
the polarization condition for both temperatures. The data were fitted with
a model based on two Lorentzian oscillators, which is shown by dotted lines,
and with the coupled oscillators model, which is indicated by black dashed
lines. The fitting parameters are given in Table 4.3. w7, wg and I'y, I's are the
eigen-frequency and the damping of the AZ, and the Ag mode, respectively.
The coupling is described by I'7g in the coupled oscillators model. First, we
will discuss the modeling with the classical Lorentzian model. At 200K the
Lorentzian model provides a good fit to the data. In contrast, the Lorentzian
model fails to describe the lineshape of the Ag mode at 300K. There are
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two reasons for that: first the lineshape of the AZ, is asymmetric and sec-
ond there is intensity inbetween the two modes. For the fitting and only at
300K, we fixed the eigen-frequency of the Ag to the frequency position of
its maximum intensity. Without any constraint on the fitting parameters, the
algorithm does not converge and locates the Raman band of the AZ, mode
at a frequency position far away from its maximum intensity. Now, we will
discuss the fitting parameters in more details. The eigen-frequency of the Ag
mode is the same for both polarization conditions and for both temperatures.
However, the eigen-frequency of the Ag mode is very different from one po-
larization condition to the other at 300 K. This is surprising because in a first
approximation, there is no physical explanation why the eigen-frequency of
a Raman band would change from one polarization condition to another.

Next, we will discuss the modeling with the coupled oscillator model. For
the coupled oscillators model we assumed that the eigen-frequency and the
damping coefficient has to be the same for both polarization geometries.
Further we assumed the real part of the coupling parameter A to be zero. At
200K, both models, the Lorentzian and the coupled oscillators model, pro-
vide a good fit to the data. This is also true for the high intensity Ag phonon
mode for both polarization conditions at both temperatures. The overall line-
shape is well described by both models and the frequency position as well
as the damping coefficient of the Ag mode is nearly identical for the both
models. The major improvement is found for the AZ, mode at 300 K. The cou-
pled oscillators model succeeds to describe the asymmetry in the lineshape
of the Ag, mode as well as the increased intensity inbetween the two modes.
This is especially true for the polarization condition b’(a’a’)b’. The coupling
coefficients are very different from one polarization condition to the other.
For b'(cc)l/, the imaginary part of the coupling parameter I'7g is positive
which corresponds to a repulsion of the two phonon modes involved in the
coupling. For b/(a'a’)b’, the imaginary part I'7g is negative leading to an at-
traction of the two phonon modes.

In summary, we saw that the classical Lorentzian model fails to describe
the asymmetric lineshape of the Ag mode. The asymmetric lineshape is well
described by the coupled oscillators model that suggests phonon-phonon
coupling between the AZ, and the Ag mode that seems to be strongly temper-
ature and polarization dependent.

4.3.2.2  The coupled oscillators model and its temperature dependence

In this section, we will extend the coupled oscillators model to a large tem-
perature range and study the temperature dependence of the coupling pa-
rameter I'zg. Figure 4.5(a) shows the Ag and the Ag mode measured as a
function of temperature for the polarization condition b’ (a’a’)b’. Figure 4.5(b)
shows a zoom on the Ag mode measured for the polarization condition
b'(cc)b'. The black dashed lines are fits based on the coupled oscillators
model. For both polarization conditions, the data are well described by the
coupled oscillators model from low temperatures up to the phase transition
at 523 K.
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Figure 4.4: High frequency modes AZ, and Ag measured at different polarization

geometries b'(cc)b’ and b/ (a’a’ )b’ at (a) 200K and (b) 300 K. Dotted lines
show the fits assuming two Lorentzian oscillators, the dashed lines show
the fit based on the coupled oscillators model. The fitting parameters for
both models are given in Table 4.3.

Table 4.3: Comparison of fitting parameters between the classical Lorentzian model
and coupled oscillator model at 200 K and 300 K. Here, the real part of the

coupling A is fixed to zero.

200K
b'(a'ab' b'(cc)b’

300K

b'(a'a )b’

b (cc)b’

Lorentzian model

wy 708 700 711 (fixed) 7o1 (fixed)
Iy | 24 (5%) 22(9%) 54 (8%) 31 (12%)
ws 834 835 830 830

I's 26 26 36 34
Coupled oscillators model

wy 706 712

Iy 25.5 47.0

ws 835 831

I's 26.2 34.9

T'7g -5.3 12.3 -15.0 22.4
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The coupled oscillators model is overparameterized so that assumptions
on the fitting parameters have to be made. A detailed discussion on the
coupled oscillators model and the overparameterization is found in Sec-
tion 2.2.3.6. First, we assumed the individual damping I'7, I's to increase lin-
early with temperature at a constant slope of 0.09 and 0.08, respectively. This
approximation is perfectly acceptable at temperatures above 100K. At low
temperatures, the damping as well as the eigen-frequency saturates which
is typically modelled by the so called Klemens model.[61, 119] Second, we
assumed the coupling parameter A to be zero.

The intensity of the A; mode is extremely weak compared to the inten-
sity for the A? mode. This is especially true for high temperatures and the
polarization condition b’(cc)b’. Because of this extreme intensity difference,
the minimization algorithm had the tendency to optimize the model to the
high intensity Az mode with large errors on the low intensity A; mode.
Therefore, we had to find a solution to compensate for this huge intensity
difference. That is why we introduced a weight equal to the inverse of the
intensity in the minimization algorithm. The weight is introduced as a multi-
plication factor so that weight x (data — fit) is minimized by the least-squares
minimization method. The intensity difference is not as drastic for the light
polarization b'(a’a’)b’, so that in this case the weight is equal to one.

We still encountered difficulties to apply the coupled oscillators model
over the whole temperature range for the b’'(a’a’)b’ polarization condition.
We found ambiguous temperature trends for the mode coupling parameter
and the eigen-frequency of the low-intensity A; mode. Also here we had to
find a solution. Especially at high temperatures, we see a significant amount
of the Raman intensity inbetween the individual Raman modes that origi-
nates from the coupling. This intensity increases with increasing tempera-
tures with respect to the intensity contribution from the individual modes.
That is why we expect a strong temperature dependence of the coupling
parameter. Also the Raman band of the Ag mode shifts strongly with in-
creasing temperatures so we expect a strong temperature dependence in its
eigen-frequency. In contrast, the frequency position of the Aé mode does not
vary strongly with temperature. With the purpose to find a unique temper-
ature trend for the coupling parameter, we assumed the eigen-frequency of
the Ag to be constant as a function of temperature. The fitting results assum-
ing constant eigen-frequency are shown in Figure 4.5(b). This non-standard
assumption was only applied for the light polarization b’(a’a’)b’.

Figures 4.6(a) and (b) show the eigen-frequencies wy of the AZ, mode and
wg of the Ag mode as a function of temperature for the two polarization con-
ditions, respectively. The data points above the phase transition are included
and symbolized with a cross. These data points have been obtained by sim-
ple Lorentzian fits since no coupling is expected in the high-temperature
tetragonal phase. The eigen-frequency wg of the high-intensity Ag mode
strongly decreases about 3% with increasing temperature for both polariza-
tions. At the phase transition T, the eigen-frequency ws is continuous which
is characteristic for a 2"¥-order phase transition. Because of the strong inten-
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Figure 4.5: Coupled oscillators model applied to the Raman modes AZ and Ag, at dif-
ferent temperatures for the polarization conditions (a) b’ (a’a’)b’ and (b)
b'(cc)b’ . Here, the real part of the coupling A is assumed to be zero. The
damping of the individual oscillators I'; and I's is assumed to increase
linearly with temperature. Only for the polarization condition b'(a’a’)V’,
the eigen-frequency wy is assumed to be constant.
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sity of the Ag mode, the temperature trend of the eigen-frequency wsg of the
Ag, mode is generally robust against different assumptions on the coupling.

As discussed previously, we assumed a constant eigen-frequency of 705 cm ™!

for the light polarization b’(a’a’)b’. The value of 705cm ! is an average value
that we obtained by fitting the temperature data for the other light polariza-
tion b(cc)b’. For this light polarization, the eigen-frequency of the Ag is
constant over a large temperature range, before the value slightly increases
by ~ 1% while approaching the phase transition. At the phase transition, we
see a small step in the eigen-frequency which we believe is in the range of
expected error because of the low intensity of the Ag mode.

a 840 a -
8351 o8
I '}{I""'?\.V
T o vy
" 830 &7,
5 RESE
o 825' \ o 7
=y
° _ 2
{1 o bicclb_ =
820 b’f;’ca’}b’ }Z?’
Y |«
815 Hx
(b)715
e b'(cc)b’ Xy
-—l'a— 710 v b'{a'a')b’ . T
°
E’. Ag . ....
~ 7051 M
3 ¢ * e .t .
[ Te
700+

0 100 200 300 400 500
temperature [K]

Figure 4.6: Eigen-frequencies (a) wy of the AZ, mode and (b) wg of the AS, mode for
the two polarization conditions as a function of temperature obtained
from the coupled oscillator model.

Figure 4.7(a) shows the coupling parameter I';s while Figure 4.7(b) shows
the ratio of the oscillator strengths ratio P;/Ps as a function of the temper-
ature for the polarization condition b’(cc)b’ and b'(a’a’)b’. Interestingly, the
coupling parameters are of opposite sign depending on the polarization con-
dition. In the polarization condition b’(cc)l’, the coupling parameter is pos-
itive and increases continuously with increasing temperatures. In the other
scattering geometry, the coupling parameter is negative. At very low temper-
atures, the coupling parameter has small positive values. We believe that this
value is still reasonably small indicating that the coupling can be neglected
at these temperatures. In the polarization condition b’(a’a’)b’, the absolute
value of the coupling parameter I'7s increases with increasing temperatures
up to 400K before the absolute value decreases again. The ratio of the oscil-
lator strengths P;/Ps decreases while approaching the phase transition for
both polarization conditions. That is consistent with the observation on the
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raw data, where the intensity of the AZ, is extremely weak at high tempera-
tures at which the Ag mode dominates.

(a) R (XN (b)04 . b“(CC)b_L :V"
201 0% © v b'(a‘a’)b’ Yy Yoy
positive ° ..0" PiPg V7'
Mg vy
10+ N [ v v
ISXI" ® vy
'I_' 0—7777—7777'1;777 7777777777777777777777777 _03 v v"v v
v — \AJ v Y¥vy v
g Yv'v v o A v:v 'V
= —10/ Vv v ;E v
O negative vy v
] (]
-20 v 0.2 oo, P,/P, v
-0‘..'
r78 ¥ o ([ ] ®
-30/ B 3‘ el ..
o b'(cc)b’_ Yo '¥ % o
_ag] TOEa® (2 £ .,
0 100 200 300 400 500 T, 0 100 200 300 400 500 T,
temperature [K] temperature [K]

Figure 4.7: (a) Coupling parameter I'zs and (b) oscillator strengths ratio P7/Ps as
a function of temperature for the polarization conditions b'(cc)b’ and
b'(a’a’ )b’ obtained from the coupled oscillators model.

4.3.3 Discussion

Chaves et. al [20] demonstrated that only phonon modes of the same sym-
metry can couple. In BiVOy4, we found a nice example that illustrates this
concept. In the monoclinic phase, we observed a coupling between the AZ,
and the Ag mode that is strongly temperature and polarization dependent.
At the phase transition, the AZ, changes its symmetry to a B, symmetry
while the Ag, remains of A, symmetry. As a consequence, no coupling is ex-
pected in the high-temperature tetragonal phase and this is reflected in an
unusual temperature trend in the coupling parameter for the light polariza-
tion b’ (a’a’)b’. The absolute value of coupling parameter I'7g first increases
up to 400K before it decreases again. This is explained by the following. Ac-
cording to the selection rules, modes of A; and B, symmetry are allowed in
the tetragonal phase for this light polarization condition. Due to the change
in symmetry of the A; mode, no coupling is expected in the tetragonal phase
and that is why the coupling parameter has to decreases while approaching
the phase transition.

The picture is very different for the other light polarization b’(cc)b’. In
this light polarization condition, only modes of A, symmetry are allowed
in the tetragonal phase. Therefore, the Raman intensity of the AZ, mode de-
creases with increasing temperature. At the phase transition, the AZ, mode
disappears because of its change in symmetry. For the coupling parameter
we observed a continuous increase with increasing temperature.

One difficulty in our case is the large difference in intensity of the two
modes. While the intensity of the Ag mode is very strong, the intensity of
the Ag mode gets very weak while approaching the phase transition. To
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overcome this difficulty, we introduced a weight into the fitting algorithm
that compensates for the huge intensity difference between the two modes.

The limitation of the coupled oscillator model is clearly its overparametriza-
tion. Because of the overparametrization, a good prior knowledge of the
modeling system is required that allows you to define meaningful physi-
cal constraints. In addition, a verification of the modelling parameters is
recommended for example at multiple temperatures. We used a data set
recorded over a large temperature range and at different polarization con-
ditions. The temperature trend of the eigen-frequency of the high-intensity
mode Ag mode is robust against different physical constraints. However, the
temperature dependence of the lineshape of the Ag mode is either reflected
in the temperature dependence of its eigen-frequency or in the coupling
parameter. The variation of the eigen-frequency over the whole temperature
range is maximum 7 cm ™. This is calculated from the low-temperature value
of 705cm~! and the value of 712cm™! at the phase transition in the tetrag-
onal phase. This variation is relatively small compared to the temperature
variation of 25cm™~! observed in the eigen-frequency of the Ag, mode. For
the purpose of finding a robust solution for the temperature dependence
of the coupling parameter, we assumed a constant eigen-frequency of the
low-intensity AZ, mode. We believe this assumption is acceptable because
of the relatively small variation of maximum 7cm™! (1%) across the whole
temperature range.
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4.4 INELASTIC NEUTRON SCATTERING

In the last section, we show preliminary results from inelastic neutron scatter-
ing experiments. At the moment, nothing is known on the optical phonons
outside of the Brillouin zone center. The goal of this experiment was to mea-
sure for the first time the optical phonon branches across the phase transi-
tion and thereby contribute to a better understanding of the lattice dynamic
across the phase transition.

4.4.1  Sample description and measurement details

Inelastic Neutron scattering (INS) measurements were performed using the
triple-axis spectrometer EIGER. The BiVO, single crystal was purchased
from SurfaceNet, Rheine in Germany. Figure 4.8(a) shows a photograph of
the crystal with a size of roughly 15 mm by 15 mm and mass of 2.856 g. Fig-
ure 4.8(b) shows a binocular picture of the single crystal cleavage plane (010)
with the typical domain structure and the (0o1) surface. The BiVO, single
crystal was mounted onto a steel grid and placed inside a furnace with the
[110] and [001] axes in the scattering plane. The furnace temperature is mon-
itored with a thermocouple at the bottom of the furnace.

(@)

(C) J_ 4

Figure 4.8: (a) Photograph of the BiVO, single crystal Urs (b) Binocular picture of
Urs showing the cleavage plane (010) with its domain structure and the
(001) plane (c) sample Urs mounted on a steel grid

4.4.2 Results

Figure 4.9 shows the phonon dispersion measured along the [1h8] direction
at a furnace temperature of 528 K. We clearly observe the acoustic phonon
and its dispersion, confirming the results of Tomeno et al. [101]. In addition,
we observe one optical phonon at 9.5meV and its dispersion. Slightly lower
in energy we observe another optical phonon mode at 6 meV. Its optical
branch shows an anomalous intensity behaviour. The intensity at the Bril-
louin zone center is very weak and gains intensity moving away from the
zone center. We also notice in Figure 4.9 an anomalous intensity variation
on the acoustic branch with very high intensity at the Brillouin zone center
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and a drop in intensity at QH=o0.2. The anomalous intensity variations of the
acoustic branch and of the optical branch slightly higher in energy might be
caused by coupling effects between the two branches.
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Figure 4.9: Phonon dispersion of BiVO, measured along [lh8] on the triple-
spectrometer EIGER and a furnace temperature of 528 K.

Figure 4.10 shows INS spectra measured at [008] at different furnace tem-
peratures fitted with three Gaussians. The optical phonon O2 shifts from
10.68 meV down to 9.5meV at high temperatures while the O1 seems to be
constant over temperature. We carried out measurements of the full disper-
sion between [%%8] and [008] and found similar pictures.

4.4.3 Discussion

The first results from the neutron scattering experiment were very encour-
aging for the following reasons. First, the data showed two optical phonon
modes and its dispersion that have not been reported in literature so far.
Second, we observed intensity variations within the acoustic branch and in
one of the two optical branches that suggest coupling effects. Third, the data
show strong shifts in the optical phonon Egpt that indicates a softening to-
wards the phase transition. These observations were a good basis to formu-
late research questions that will be addressed in a follow-up experiment. The
first question is what are the corresponding lattice vibrations for the optical
phonon O1 and Oz. Here, the DFT calculations from our collaborator D. Vin-
cent will help us in assigning these features. Another important information
that might help for a conclusive assignment would be a detailed temperature
study across the phase transition for the optical branches. Second, we would
like to understand the origin of the anomalous intensity variations. For this,
data with a better g-resolution would be desirable to investigate the dip in
the intensity for the acoustic and the optical branch slightly higher in energy.
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Figure 4.10: Neutron scattering spectra measured at [008] at 350K, 528 K and 700 K.
The dashed lines are Gaussian fits to the data. The optical phonon Oz
clearly shifts with temperature.

To address these research questions, a follow-up experiment was proposed
to the PSI neutron source with the request to repeat the experiment with a
more detailed temperature dependence and a better g-resolution.
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4.5 CONCLUSION

In BiVO, we found an example of a phonon-phonon coupling. We show
that the phonon-phonon coupling is the origin of the asymmetric lineshape
of the AZ, mode at high temperatures. Further, we demonstrate that the cou-
pling strength is first of all strongly temperature dependent and secondly,
strongly depends on the polarization condition. Depending on the polar-
ization condition, the sign of the coupling parameter is either positive or
negative, referring to either repulsion or attraction of phonon modes. The
coupling strength, expressed in the absolute value of the coupling parame-
ter, increases with increasing temperatures. At temperatures above 400K, the
coupling strength decreases for the b'(a’a’)b’ polarization condition. This is
explained by the change in symmetry of the A; mode, which leads to decou-
pling of the two phonon modes above the phase transition temperature.

We observed the acoustic phonon and its dispersion in agreement with
the publication from Tomeno et al.[101] In addition, we measured two op-
tical phonons and their dispersion; one at 6 meV and one at 11 meV at the
Brillouin zone center and at T=350 K. We observed anomalous intensity vari-
ations of the acoustic and of the optical branch at slightly higher energies
that suggest mode coupling of the acoustic branch with the optical branch.

In summary, the Raman modes of BiVOy, their symmetry, their eigen-

frequency and their evolution across the phase transition are very well known.

However, looking into the details, we discovered particular features such as
mode coupling effects. For our research goal, which targets to use resonant
Raman scattering as a technique for probing electronic transitions, the im-
plication of these features have to be carefully evaluated. The relevance of
these implications is minor if we work at moderated temperatures and if we
concentrate on these Raman modes that are well approximated by a simple
Lorentzian function.

4.6 PERSPECTIVES

We observed mode coupling effects for the A§ and Afg’ mode at low frequen-
cies that are strongly temperature dependent and polarization dependent,
similar to the observations made for the Ag and A§ mode at high frequen-
cies. The origin of the mode coupling effects at low frequencies has to be
verified. The modeling of the coupling effects at low frequencies is more
difficult for two reasons. First, we observe an additional broad band whose
origin is not clear at the moment. Its intensity, its frequency position and
its band width are strongly temperature dependent. Second, the intensity of
the soft Aé mode is very strong in comparison to the modes of interest (A§
and A;). The intensity of all these modes are overlapping so modeling of
the coupling not only requires a model for the A§ and A; but also a numeri-
cal description for the high-intensity soft mode A; and the additional broad
band.
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The inelastic neutron scattering leaves a number of open questions. What
is the origin of the optical phonon mode slightly above the acoustic phonon?
Is mode coupling the origin of the anomalous intensity variations in the
branches of the optical and acoustic phonon modes? What is the detailed
temperature dependence of the optical phonon at higher energies that shows
softening at high temperatures? To answer these questions further measure-
ments are required with better g-resolution and at various temperatures. Ac-
curate calculations of the dynamical structure factors and scattering function
would help to assign the features observed so far. Calculating BiVO, from
first principles is not easy and requires the expensive calculations with hy-
brid functions.
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OPTICAL AND ELECTRONIC PROPERTIES

UV /Vis spectroscopy and photoluminescence are classical techniques to study
electronic transitions in a semiconducting material. In this Chapter, we apply
these techniques to scheelite BiVO, single crystals and discuss their limita-
tions. In the first part of this Chapter, we measured the absorption edges as
a function of temperature and quantified the optical anisotropy by UV /Vis
spectroscopy. We show that the optical absorption is sensitive to the ferroe-
lastic phase transition and is dominated by the evolution in ferroelastic shear
strain.

In the second part of this chapter, we discuss the origin of the broad PL
band observed in photoluminescence measurements. Characterizations as a
function of temperature, incident light polarization and laser power suggest
that the PL band originates from a defect level. We found no evidence for a
PL emission from a band-to-band transition.

5.1 OPTICAL ABSORPTION IN BISMUTH VANADATE

Parts of the work presented in this section have been published in APL Ma-
terials 8, 081108 (2020) under a Creative Commons Attribution (CC BY) li-
cense.[47] Major parts in the following sections are identical in content and
word with the publication. The text that is identical in words with the publi-
cation is placed in between the following symbols % /..../ %.

5.1.1 Sample description and measurement details

We used two single crystals that were obtained by the Czochralski-method.
Both samples were polished from both surface sides with the purpose to
obtain parallel surface planes and to eliminate the diffuse reflectance from
each surface. The first sample has a surface orientation (110) and a thickness
of 360 um; the second sample has a (001) oriented surface and a thickness
of 100 pm, see Figs. 5.1(a) and 5.1(b). For the measurement of the transmit-
tance and reflectance we used the Jasco MSV-370 microspectrophotometer
which is presented in detail in section 3.1.2. The samples were placed in
a Linkam THMS600 heating stage, details see section 3.5.1. For the (110)-
oriented sample and the (001)-oriented sample the measurement areas were
set to 400 x 400 pm? and 300 x 300 pm?, respectively, by using an aperture.
We took great care to position the measurement area on the sample in a
region which is free of domain walls or surface cracks. For all reflectance
measurements, we used an aluminium mirror for the calibration.



Figure 5.1: Optical microscopy images of (a) the (110)-oriented sample and (b) the
(001)-oriented sample. For both samples, optical measurements were
done with a vertical and a horizontal light polarization. The measure-
ment areas are highlighted in red. Figure adapted from the publica-
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tion [47].

5.1.2 Results

5.1.3 Absorption coefficient and Tauc method
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% / We first discuss the results for the (110)-oriented sample. Experiments
were performed with two different directions of the linear light polarization
P: first, with P parallel to the crystallographic axis [001] and second with
P || [110], see Fig. 5.1(b). The sample showed clearly visible domain walls
that could be used to facilitate a visual alighment and confirm the sample
orientation[23]. The data are shown in Fig. 5.2. For both light polarization
directions, reflectance and transmittance data show a pronounced temper-
ature dependence, with an absorption edge shifting to longer wavelengths
as temperature increases. To investigate the nature of the band gap and its
possible change with temperature, the absorption coefficient was calculated
/% with the Equation 2.24 given in Section 2.2.1.1. Figs. 5.3(a) and 5.3(b)
show the absorption coefficient as a function of temperature for both light
polarization directions. The theory of interband optical absorption reveals
that the absorption coefficient & varies with the photon energy according to
the well-known relation (ahv)" = A(hv — Eopt) which has been described
in detail in Section 2.2.1.2. The exponent n characterizes the nature of the
transition that dominates the optical absorption. The nature of the band gap
can then be derived from the Tauc plot by plotting (ahv)" versus the pho-
ton energy hv. Details on the Tauc method and the Tauc plot are given in
Section 2.2.1.2. For a direct transition, the data are described by a straight
line for n = 2 and in case of an indirect transition for n = 0.5. The optical
absorption edge Eopt is then given by the intercept of the linear fit with the
photon-energy axis.

% / Figs. 5.3(c) and 5.3(d) show the Tauc plots for both light polarizations
assuming indirect (n = 0.5) and Figs. 5.3(e) and 5.3(f) for direct (n = 2) tran-
sition. In all four cases, the data can be described by a straight line making
it difficult to conclude on the nature of the transition with this measurement
alone. Considering the similar curve shape of the absorption coefficient at
each temperature, there are no indications that first, the nature of the tran-
sition differs from one to the other light polarization and secondly, that the
nature of the transition changes with temperature. Following the recent con-
clusions by Cooper et al. on the indirect nature of the band gap, we extract
an energy for the absorption edge of 2.27 €V for P || [110] and of 2.39¢€V for
P || [001] at room temperature./ %

5.1.3.1 Anisotropy of the optical absorption

% / In a next step, we investigated the anisotropy of the optical absorption.
To analyze the data without having to rely on any particular hypothesis on
the nature of the band gap, we define the absorption edge as the inflexion
point of the transmittance curve. We determined this point by fitting the first
derivative of the transmittance curve with an asymmetric Gaussian function.
This function was chosen because it produces a satisfactory fit for all data
and provides a consistent analysis, although we do not claim any particular
physical meaning for it. The results are shown in Fig. 5.4. In a first approxi-
mation, the evolution of the absorption edges was fitted linearly, with sepa-
rate fits above and below T.. Fig. 5.4(a) shows the absorption edge obtained
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Figure 5.3: (a), (b) Optical absorption coefficient calculated from transmittance and
reflectance data of the (110)-oriented sample for P || [001] and P || [110],
respectively. (c), (d) and (e), (f) Tauc plots calculated for both polarization
directions, assuming an indirect and a direct band gap, respectively. The
figure has been published in [47].

for the (110)-oriented sample for both polarizations. We notice, first, that
the absorption is clearly anisotropic in the tetragonal phase, with an energy
difference of ~ 0.2 eV between the two polarizations. This difference remains
constant for temperatures above T, and the absorption edge decreases at
the same rate of ~ —0.85meV K~! for both light polarizations. Second, we
observe a clear kink at T. in the temperature evolution of the absorption
edge for both light polarizations. Below T, in the monoclinic phase, the evo-
lutions for both light polarizations remain linear, albeit with different slopes.
This demonstrates that the absorption edge is sensitive to ferroelastic strain.
These findings are robust even if alternative methods to extract the absorp-
tion are used./ % The corresponding plots are provided in the Appendix A.

5.1.3.2  Optical anisotropy in the monoclinic (001)-plane

% / In the monoclinic phase, the optical absorption is expected to be anisotropic
also in the plane perpendicular to the principal axis. To estimate the magni-
tude of this anisotropy, we performed a similar experiment with the (001)-
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Figure 5.4: Temperature dependence of the optical absorption edge for (a) the (110)-
oriented sample and (b) the (001)-oriented sample. The solid lines are
fits to the data. The dashed lines are extrapolations of the high temper-
ature trend into the low-temperature region. The figure has been pub-
lished in [47].

oriented sample. We first measured the transmittance at room temperature,
at a fixed wavelength of 515nm, as a function of polarization direction. We
chose 515nm because it is close to the absorption edge and therefore we ex-
pected significant difference in transmittance for different polarization direc-
tions. Fig. 5.5 shows the transmittance at 515nm as a function of polarization
direction P. The sample was aligned in such a way that the maximum trans-
mittance occurred close to the horizontal P and the minimum at vertical P.
The position of the sample is shown in the inset of Fig. 5.5. The evolution of
the transmittance is fitted with a sinusoidal function.

Then the transmittance spectra were measured over the full wavelength
range for the vertical and horizontal light polarization. The difference in ab-
sorption edges measured in this configuration amounts to 45meV at room
temperature. Transmittance spectra were also collected with increasing tem-
perature, and the corresponding absorption edges are shown in Figure 5.4(b).
The energy difference decreases with increasing temperature and vanishes
at T, as expected from the tetragonal symmetry./ % The difference in the ab-
sorption edge should be considered as a first estimation, because the birefrin-
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Figure 5.5: Transmittance as a function of polarization direction, measured at a fixed
wavelength of 515nm and at room temperature on the (0o1)-oriented
sample. The figure has been published in the supplementary informa-
tion of [47].

gence is neglected here. By neglecting the effect of birefringence we assume
that the incident light polarization remains linear while the light is transmit-
ted trough the sample. In fact, the anisotropy in the refractive index causes
a change in the light polarization from linear to elliptical. However, the ex-
periment shows that the anisotropy in the (001)-plane is relatively small, so
that the fundamental band gap is found for light polarized perpendicular to
the principal axis, at room temperature and above.

5.1.3.3 Optical absorption is sensitive to shear strain
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Figure 5.6: Evolution of the lattice parameter (a) 4,b and (b) ¢ across the phase tran-
sition. The solid lines are linear fit to the data taken from David and
Wood [30]. The tensor coefficient a!S" and af3™ are given in (a) and (b),
respectively.
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%/ Having established that the optical absorption is clearly sensitive to
the ferroelastic transition, it is insightful to decompose the observed varia-
tions of the absorption edges as a function of the different components of
strain. For that purpose, we use the detailed knowledge of the volume, lat-
tice constants and strains across the phase transition in Ref. [30], and focus
here on the (110)-oriented sample. Figure 5.8(a) shows the evolution of the
unit-cell volume across the phase transition and the corresponding volumet-
ric thermal expansion coefficients. /% The volumetric thermal expansion

coefficient is defined by:
_1dv

X=oT (5.1)
The volumetric thermal expansion coefficient for the tetragonal and mono-
clinic phases can directly be estimated by using the experimental data pre-
sented in Figure 5.8(a). We consider the volume to change linearly with tem-

perature in both phases and therefore assume linear trends above and below
Te

1 dv

mono _ ~ 27 =14x10°K! and 2
Vo dT mono (5 )
1 dv

tetra — — =71 —47x10°K !, (5:3)
Vo dT tetra

where V) = 310.1 As is the volume at T.. Hereby, we neglect the tempera-
ture dependence of the thermal expansion, but the error made is not larger
than 1%. As an alternative approach, we can describe the anisotropy of the
thermal expansion by a second-rank tensor. In the tetragonal symmetry, the
tensor possesses two independent coefficients a!$"™ and aff™. These coeffi-
cients can be directly derived from the lattice parameters shown in Figure 5.6.
Again we use linear fits to the evolution of a4 and c above T, we then write

1 dc
tetra _ - % = 2.08 % 10_5 K_l and .
33 co dT tetra (5 4)
1 da
tetra _ ~ 7 = 1.36 X 10_5 K_l 7 '
i ap dT tetra (5 5)

where ag = 5.14 and ¢y = 11.72 are again the values at T.. These values can
be directly compared to the evolution of the secondary strain coefficients in
the monoclinic phase, described as 8?? and sgg shown in Figure 5.7. In first
approximation, these values also change almost linearly with temperature
and we have

de3s
4 ;3 = —145x10°K! and (5.6)
d SS
7;%1 — _1.03x 105K, (5.7)

The meaning of the negative sign is that these strains act against the back-
ground thermal expansion. The fact that the ratios (¢33 /¢33) and (alg/atetr)
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Figure 5.7: Temperature dependence of the secondary strains €75 and €33. The solid
lines are a linear fit to the data which are taken from David and
Wood [30]. The slopes of the linear fits are provided in the figure.

are very similar justifies the use of a single coefficient to compare the ther-
mal expansions in the two phases. This allows us to estimate the contribu-
tion of the thermal expansion to the shift of the optical absorption edge. %/
In the high-symmetry tetragonal phase, only thermal expansion is present
and both absorption edges follow linear and parallel evolutions at an av-
erage rate of ~ —0.85meVK™! for a volumetric thermal expansion coeffi-
cient of ~4.7 x 107> K~1. At the transition, the volume exhibits a kink and
the thermal expansion is reduced to 1.4 x 10°K~! below T.. Assuming
the same scaling, this would account for a change in absorption edge of
~ —0.25meV K~!, which is only a small fraction of the total change shown
in Figure 5.4(a). We conclude that the ferroelastic shear strain dominates
the evolution of the optical band gap in the monoclinic phase. This sponta-
neous shear strain develops in the (ab) plane, has B, symmetry and is the
primary order parameter of the transition [30]. In Figure 5.8(b) we show the
temperature evolution of the total shear strain calculated from the a, b and
7 lattice parameters as defined by Aizu [3] and reported in Ref. [30]. The
respective influences of volume vs. shear strain to the optical absorption are
best illustrated in Fig. 5.8(c), where we show the absorption edges versus
the unit-cell volume. The contribution of the simple volume change in the
monoclinic phase is shown by the extrapolated dashed line and is clearly
marginal. In the inset of Fig. 5.8, we also show the difference in optical band
gap AE caused by the phase transition as a function of temperature for both
polarizations. In both cases, the evolution deviates from linearity and shows
the beginning of a saturation behavior, which again is an indication that they
scale predominantly with the shear strain [30]./ %
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Figure 5.8: (a) Evolution of the unit-cell volume across the phase transition and (b)
of the shear strain in the monoclinic phase, as discussed in the text. Data
are taken from Ref. [30]. (c) Position of the absorption edge for P || [001]
and P || [110] as a function of the unit-cell volume. Inset: Difference in
absorption edges AE associated to the phase transition as a function of
temperature. The figure has been published in [47].

5.1.4 Discussion

In this section, we discuss the results in the light of the current theoretical
understanding [26, 34, 108, 117] of the optical absorption presented in the
introduction to the thesis. %/ We confirm the strong anisotropy of the op-
tical absorption. At all temperatures, and irrespective of the anisotropy in
the (001)-plane, the lowest absorption edge is found for light polarized per-
pendicular to the principal axis. For a quantitative comparison of the band
gap value(s) and the anisotropy, one should bear in mind the strong tem-
perature dependence and therefore extrapolate experimental values down
to 0K. With this in mind, we find that the absolute value of the calculated
band gap [26] (2.47 €V) agrees reasonably well with our experimental value
at 0K (assuming an indirect band gap). This extrapolation is not trivial, be-
cause the behaviour at low temperatures is non linear for various reasons:
the strain dependence described above, and a possible saturation of the or-
der parameter at low temperatures [85], but also the usual non-linear lattice
anharmonicity and electron-phonon interactions [103]. The first effect can be
taken into account by fitting a power law AEq,: = A(T, — T)B to the data
below T. — this yields an extrapolated value of 2.62eV at 0K. Saturation of
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the order parameter in BiVO, can be neglected, as demonstrated by birefrin-
gence studies [112]. On the other hand, the other non-linear effects cannot
be neglected a priori. In the Appendix B, we use physical arguments to show
that they could lead to an additional lowering of the extrapolated value by
as much as ~ 0.3 eV. In any case, the experimental value agrees well with the
calculated value of 2.47 eV from Ref. [26]. On the other hand, we find a signif-
icant difference in the magnitude of the anisotropy between light polarized
parallel and perpendicular to the principal axis: because of the influence
of the shear strain, the difference between absorption edges is reduced to
90meV at 0K, which is much weaker than the theoretical value [26] of 0.5€V.
In light of the sensitivity to shear strain described above, we hypothesize
that these disagreements find their origin in the accuracy with which the cal-
culation captures the small monoclinic distortion of the scheelite structure.
A better quantitative prediction will require a particular attention to these
structural aspects. /%
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5.2 PHOTOLUMINESCENCE IN BISMUTH VANADATE

In this section, we will first summarize the results from the characterization
of BiVO, single crystals by photoluminescence. In the last part of this section,
we will discuss the possible origin of the observed PL emission.

5.2.1 Sample description and measurement details

BiVO, single crystal substrates purchased from SurfaceNet GmbH, Rheine
in Germany have been used for the photoluminescence study. Figure 5.9
shows the two substrates (a) BVOoo1-Clemens with surface orientation (001)
and (b) BVO100-Julian with surface orientation (100). All crystal orientations
are given with respect to the tetragonal unit cell.

(b)

Figure 5.9: (a) Binocular image of the BiVO, single crystal substrate BVOoo1-
Clemens with surface orientation (001) with gold deposition at the back
surface and roughened top surface. (b) Binocular image of the BiVO, sin-
gle crystal substrate BVO100-Julian with surface orientation (100). The
domain structure with an average domain width of 80 pm is clearly visi-
ble.

Surface roughness of the crystal BVOoo1-Clemens was mechanically rough-
ened to reduce spectral reflection.

The PL measurements were done in collaboration with S. Siebentritt and
D. Adeleye. We used the PL set-up described in Section 3.2.1 with a 405nm
laser. The sample was placed in a helium cryostat with similar design de-
scribed in Section 3.5.2. The room-temperature measurements have be done
on the BiVO, single crystal substrate BVO100-Julian. The PL spectra of this
sample have been recorded with the Renishaw Raman spectrometer described
in Section 3.3.1. All PL spectra presented in the following section have been
calibrated following the procedure described in Section 3.2.2.

5.2.2  Results

As discussed in Section 2.2.2, different electronic transitions can be visible in
a PL measurement depending on the measurement conditions. To identify
the origin of the PL emission in BiVOy,, we performed measurement as a
function of temperature, laser power and incident light polarization. The
results from these measurements will be presented in the following.
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5.2.2.1 Photoluminescence at low temperature

First, we will have a look on the PL emission in BiVO, at low temperature.
Figure 5.10 shows a PL spectrum measured at 10K on the single crystal
substrate BVOoo1-Clemens with surface orientation (001) plotted in (a) lin-
ear scale and (b) in log scale. In a first step, the data have been fitted with
a Gaussian (black dashed line) leading to a PL maximum at 1.58€eV and a
FWHM of 614 meV. The position of the PL maximum is much lower in en-
ergy compared to the expected absorption edge of 2.37 eV, see extrapolation
to low temperatures in the Appendix B. Further, we observe that the PL band
is relatively broad and its lineshape is asymmetric. A better fit (red dashed
line) is achieved with the Reshchikov model (Equation 2.29) that accounts
for an asymmetry of the PL spectrum. The Huang-Rhys factor S, is calcu-
lated to 10.25 and Ej = Eg + 0.57C) is calculated to 2.41 eV, in which Ej is the
zero phonon line. We observed a low intensity signal at energies larger than
2.2€eV. At this point, we cannot exclude that this signal is a measurement
artefact.
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Figure 5.10: PL spectrum of BVOoo1-Clemens measured with 405nm excitation at
10K in (a) linear scale and (b) logarithmic scale. The dashed black line is
a Gaussian fit with following parameters: [74¥ =2.02 x 10' counts/ sec,
hwpay =1.58eV and FWHM=614meV. The dashed red line is a fit
using the Reshchikov model (Equation 2.29) with the following pa-
rameters: [} =2.07 x 10'® counts/ sec, S, =10.25, E; =2.41eV and
hwpay =1.61€V.

5.2.2.2 Temperature-dependent photoluminescence

In the next step, we studied the temperature dependence of the PL emission
in BiVOy. Figure 5.12 (a) shows PL spectra measured as a function of temper-
ature measured on the Renishaw spectrometer with 442 nm laser excitation
(2.81€eV). The dashed black lines are Gaussian fits to the data. At low tem-
peratures, the shape of the PL band strongly deviated from a Gaussian like
lineshape. At temperatures above 200K, the Gaussian function provides a
good fit to the data. The PL intensity decreases with increasing temperature.
Figures 5.12(b) and (c) show the energy of the PL maximum and the FWHM
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Figure 5.11: (a) PL spectra of BiVO, single crystal measured on the Renishaw spec-
trometer with 442nm excitation as a function of temperature. The
dashed lines are Gaussian fits to the data. (b) Position of the PL maxi-
mum obtained from the Gaussian fit shifts to higher energies with in-
creasing temperature. (c) FWHM from the Gaussian fit increases with
increasing temperatures.

extracted by the Gaussian fits as a function of temperature, respectively. Both
parameters increase with increasing temperatures. The thermally activated
broadening of the PL band is generally expected and goes together with the
decrease in the PL intensity with increasing temperature.

Figure 5.12(d) compares the PL spectrum measured at 10K with the PL
spectrum measured at 100 K. Both PL spectra have been measured with the
PL set-up and a laser excitation of 405 nm (3.06 €V). Also here, the PL inten-
sity decreases with increasing temperature. The dashed black lines are Gaus-
sian fits to the data and the red dashed lines are fits based on the Reshchikov
model. For both temperatures, the Reshchikov model provides a better fit to
the data. The fitting parameters for 100K are given in the caption of the cor-
responding figure. In case of the Gaussian fit, the PL maximum and FWHM
were found to be 1.62eV and 687 meV, respectively. Both values are higher
compared to the values extracted at 10K. For the Reshchikov model, the
coupling parameter S, was found to be 9.56 which is lower than the value
extracted at 100K. E; was found to be 2.48eV at 100K which is 70meV
higher than the value extracted at 10K.

5.2.2.3 Photoluminescence and its dependence on the laser power

As discussed in Section 2.2.2, the PL intensity as a function of the excitation
intensity follows a simple power law in which the exponent k characterizes
the origin of the PL emission. We performed PL measurements at varying
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Figure 5.12: PL spectra of BVOoo1-Clemens measured on the PL set-up with 405nm
excitation at 10K and 100K with constant laser power of 4mW. The
red dashed lines are fits from the Reshchikov model using Equa-
tion 2.29. For 100K, the parameters are calculated to Ip/™ =5.04 x
10%° counts/ sec, S, =9.56, Ej =2.48eV and fiwyax =1.65€V. The black
dashed lines are Gaussian fits to the data with the following param-
eters at 100K: fiwy,qr =1.62eV and FWHM=687 meV. For 10K, fitting
parameters have been presented in Figure 5.10.
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Figure 5.13: PL flux follows a simple power law dependency. The single spectra
have been measured at 10K with 405nm excitation with a 3001/mm
(GR300) grating and a 1001/mm (GR100) grating.
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laser power at 10K with the goal to identify the origin of the PL emission
in BiVOy. Figure 5.13 shows the PL intensity as a function of laser power
measured with laser excitation of 405 nm (3.06 eV) and two different gratings
on the PL set-up. The single spectra have been fitted with Gaussian functions.
The PL intensity is then given by the integrated intensity under the Gaussian.
Then, the PL intensity is plotted versus the laser power and the data were
fitted with the power law given in Equation 2.26 in Section 2.2.2. For both
gratings, the fits reveals a k value of 0.7.

5.2.2.4 Photoluminescence and its polarization dependence

In the first section of this chapter, we discussed the strong anisotropy in the
optical absorption. The goal of the following experiment was to study the
impact of the optical anisotropy on the PL emission. Figure 5.14 shows the PL
spectra measured at 300K on the single crystal substrate BVO1o00-Julian for
two different incident light polarizations with a laser excitation of (a) 442 nm
(2.81eV) and (b) 532nm (2.33eV). For a laser excitation with 442 nm that is
clearly above band gap, the PL band is visible for both light polarizations.
For a laser excitation with 532 nm, however, the PL band is only excited if
the incident light is polarized perpendicular to [001].

(a) excitation: 442nm (2.81eV) (b) excitation: 532nm (2.33eV)
~ - P/[001] -P//[001] :

= 3.et04 <PL[001] | T -PL[001]
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Figure 5.14: (a) PL spectra of BiVO, substrate BV O100-Julian measured at 300K and
incident light polarization parallel to the principal axis (P || [001]) and
perpendicular to [001] (P L [001]) with a) 442nm excitation and (b)
532 nm excitation measured on the Renishaw spectrometer.

5.2.3 Discussion

We measured a PL emission with maximum intensity at 1.6eV at 10 K. This
result is in good agreement with the results from Cooper et al. [25], who
reported a PL emission at 1.85eV at 12K on polycrystalline films.

We found that the PL band is relatively broad and its lineshape is asym-
metric. Both features are typically observed in case of a PL emission origi-
nating from deep defect states. For all temperatures, the position of the PL
maximum is much lower in energy compared to the optical absorption edge.
In addition, the position of the PL maximum shifts ficw,, to higher ener-

81



5.2 PHOTOLUMINESCENCE IN BISMUTH VANADATE

gies with increasing temperatures in contrast to the temperature trend of
the absorption edge.

Also, the PL intensity decreases with increasing temperature which sup-
ports the hypothesis that the PL is defect related. The probability for carriers
to escape from the defect levels and to populate higher energy states in-
creases with increasing temperatures [68]. This process is called ionization
of defects and ionized defects are inactive. In contrast, at low temperatures,
carriers in the defect levels are effectively frozen and therefore defects states
are more clearly visible in PL measurements at low temperatures.

Further, we measured the PL intensity as a function of laser power which
follows a power law dependence with an exponent k = 0.7. An exponent
k < 1 indicates that the PL emission in BiVO, is defect related.

Finally, we studied the dependence of the light polarization on the PL
emission for the laser excitation at 442nm (2.81eV) and at 532nm (2.33 eV).
For both laser excitation energies, we studied the impact on the PL emis-
sion for light polarization parallel and perpendicular to the principal axis
[001]. For laser excitation at 442nm (2.81€V) which is clearly higher than
the band gap energy in BiVOy, the PL emission is excited for both light
polarization conditions. For the laser excitation at 532nm (2.33€eV), the PL
emission is only excited for light polarized perpendicular to [001]. For light
polarized perpendicular to [oo1], the optical absorption edge was found to
be 120 meV lower than light polarization along [0o1]. The energy of the green
laser (532 nm) is sufficiently high to create a electron-hole pair and to excite
a PL emission. For the light polarization along [001], however, the energy of
the green laser is not high enough in energy to excite a PL emission. This is
another indication that the PL emission is related to a defect state. If the PL
emission would originate from a band-to-band transition, both lasers should
be sufficiently high to excite the PL signal.
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In summary, temperature-dependent, laser power-dependent and polarization-

dependent PL measurements suggest that the PL emission in BiVOy is de-
fect related. The broad and asymmetric lineshape of the PL band suggest PL
emission from deep defects levels. A model that accounts for PL emission
from deep defects is the Reshchikov model. We found that the Reshchikov
model provides a much better fits than the Gaussian function to the data
measured at 10 K and 100 K. The Reshchikov model assumes electron-phonon
coupling and depending on its strength, the actual energy of the electronic
transition involved in the PL emission cannot be simply derived from the
PL maximum. The actual energy of the electronic transition is then given
by the zero-phonon line. In our case, the exact value for the zero-phonon
line cannot be calculated since the effective phonon energy 7 is unknown.
The effective phonon energy as well as the Huang-Rhys factor can be experi-
mentally determined by measuring the temperature-dependent broadening
of the PL band. The procedure is described in [4] and [78]. However, the
energy of the zero-phonon line must be very close to the band gap energy
indicating that the PL originates either from a state very close in energy to
the band gap energy or from the actual band-to-band transition. In both
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cases the phonon coupling is relatively strong which is unusual for a band-
to-band transition.

The Huang-Rhys factor is an indication for the phonon-electron coupling
strength. We extracted a Huang-Rhys factor S, of 10.25 and 9.26 for 10K and
100K, respectively. The extracted values are comparable to the Huang-Rhys
factor of S, = 7.4 observed in GaN by Reshchikov [79]. In case of S, > 1, the
PL maxima shift away from the zero-phonon line. That is why we cannot
conclude on the actual transition energy of the defect level from the current
measurements. At this stage, we would require further measurements at
various temperatures to justify the applicability of the Reshchikov model
and to verify its fitting parameters, especially the effective phonon energy
and the Huang-Rhys factor.
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5.3 CONCLUSIONS

We measured the optical absorption in BiVO, over a broad temperature
range across the ferroelastic transition. We extracted a band gap of 2.27 eV
at room temperature. The value agrees well with the band gap values that
have already been published. Our data do not provide a direct support for
the indirect nature of the band gap, but they do show that the nature of
the band gap remains unchanged in the temperature range under study. We
quantified the optical anisotropy by measuring the absorption edges for light
polarized parallel and perpendicular to the principal axis. We found that
the high-symmetry tetragonal phase exhibits a constant anisotropy in opti-
cal absorption of 0.2eV. In the low-symmetry monoclinic phase, the optical
anisotropy continuously reduces to 0.1eV at room temperature. The funda-
mental band gap was found for light perpendicular to the principal axis
which is consistent with the expectations from DFT calculations. We believe
that because of the strong optical anisotropy the activation of different band-
to-band transitions is possible by playing with the polarization of the light.
We demonstrate that the spontaneous shear strain which develops in the
monoclinic phase, dominates the temperature evolution of the absorption
edges and enhances the thermochromic behaviour. These findings indicate
that a careful control of crystallite orientation would be beneficial for the
optimization of the optical properties of BiVO4-based light absorbers. Ad-
ditionally, interface effects, epitaxy, nano-size effects, or cation substitution
could be used to take advantage of the sensitivity to strain.

Temperature-dependent, laser power-dependent and polarization-dependent

photoluminescence studies show that the broad PL band observed in BiVOy,
might be defect related. The data at 10K and 100K are well described by the
Reshchikov model that suggests deep defect levels as the origin for the PL
emission. Because the Reshchikov model suggests a strong phonon-electron
coupling (S, > 1), we cannot conclude on the actual transition energy of
the defect level from the current measurement. At this stage, further mea-
surements at various temperatures are required to justify the use of the
Reshchikov model and to verify its fitting parameters. No evidence for a
band-to-band PL emission was found.

5.4 PERSPECTIVES

UV /Vis spectroscopy is limited to the characterization of the optical absorp-
tion in the vicinity of the absorption edge. The characterization of the sub-
band absorption and the absorption at energies above the absorption edge
remains open. A technique that is very well suited for the characterization of
the high absorption coefficient values is ellipsometry. Ellipsometry analyses
the change of polarization of reflected light by the sample surface and there-
fore allows for the characterization of the complex refractive index includ-
ing the absorption coefficient. Ellipsometry is a complementary technique
to UV /Vis spectroscopy that allows for the characterization of the optical
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anisotropy as well as the birefringence. However, the application of ellip-
sometry on anisotropic materials requires detailed know-how.

As discussed in the previous chapter, the extrapolation of the optical ab-
sorption edge to low temperatures is expected to be non-linear. Characteri-
zation of the optical anisotropy at low temperatures would allow for quanti-
tative comparison with DFT calculations that often provide values at 0K.

The broad PL emission observed in BiVO, is strongest at low temperatures.
Also, here characterization of the optical properties by UV /Vis spectroscopy
and ellipsometry at low temperatures could help to make a direct compari-
son. Cooper et al. [25] suggested that the broad PL band is caused by deep
defects originating from oxygen vacancies. They support their hypothesis by
DFT calculations. However, so far the nature of the defects has not been ex-
perimentally verified. The Reshchikov model, which describes the emission
from deep defect levels, provides a good fit to the asymmetric lineshape of
the broad PL emission at low temperatures. However, further measurements
at various temperatures are required to verify the fitting parameters, espe-
cially the zero phonon line and the Huang-Rhys factor, a measure for the
coupling strength. A direct measurement of the zero phonon line could be
done by a photoluminescence excitation experiment in which the PL inten-
sity is measured as a function of excitation energy.[4] The technique gives
the absorption profile of a defect and therefore the actual defect level.
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RESONANT RAMAN SCATTERING IN BISMUTH
VANADATE

A resonant Raman experiment demands for a tunable laser and a spectrom-
eter that can be easily tuned to the changing laser energies. Starting with
a laser excitation at energies far below the optical absorption, the laser en-
ergy is stepwise increased while measuring the Raman spectrum at each
energy step. At the moment at which the laser energy matches the energy
of an electronic transition, the Raman cross section is enhanced according
to Equation 2.55 and we arrive at resonance condition. By further increasing
the laser energy we move out of resonance condition and the Raman cross
section decreases again.

In contrast to a typically Raman experiment in which small changes in the
Raman shift are of interest, the challenge lies here in measuring the Raman
intensity precisely. This kind of experiment was new to our research group
and we repeated the experiment in three studies on two different samples
and with slightly modified experimental set-ups. In this chapter, the results
of the three studies and their limitations will be discussed in chronological
order. Finally, the consistency of the main findings from the three studies
will be validated.

6.1 FIRST RESONANT RAMAN STUDY USING A CONFOCAL MICROSCOPE

In this section, we describe the results from our first resonant Raman study
using a tunable laser. For this study, the incident light was focused with a
confocal microscope onto the sample.

6.1.1  Sample description and measurement details

We used the single crystal sample BVOoo1-Andreas that was cut from a larger
crystal pulled by Czochralski-method. The surface orientation of this sample
is (001) with respect to the principal axis; in plane we find the a and b-axis.

For the resonant Raman study we used the triple-stage spectrometer T64000
from Horiba that is described in Section 3.3.2. For the excitation, we used in
total 8 emission lines from an ArKr laser (476 nm, 488 nm, 501 nm, 514 nm,
520nm, 531 nm, 568 nm and 647 nm) and a continuous tunable dye laser in
the energy range from 580nm to 643nm. We used the Horiba spectrome-
ter in the micro mode in which the incident light is focused by a confocal
microscope onto the sample surface.

In order to study the phonons of different symmetries, we performed ex-
periments in parallel and cross polarization configuration. To label the dif-
ferent polarization configurations, we use Porto’s notation. On the sample
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BVOoo1-Andreas, we have c(aa)¢ and c(ab)¢ for parallel and cross polariza-
tion, respectively. A polarizer was placed after the sample and before the
analyser. To change the polarization condition from parallel to cross polar-
ization, a A /2-plate was placed before the beam splitter. For the wavenumber
calibration we used silicon with a surface orientation (111) (Sizz1) and for
the intensity calibration we used the transparent scatterer CaF, with a single
Raman mode at 322 cm ™. For CaF, and Si111, there are no Raman selection
rules. However, the spectral response of the equipment might be different
for parallel and cross polarization. That is why we performed calibration
measurement on CaF, and on Siz11 for the both polarization conditions.
Starting with the laser excitation at a certain wavelength, first the BiVO, sam-

ple was measured for cross and parallel polarization at constant laser power
of around 1 mW. Then the sample table was moved to the CaF, position and
CaF, was measured for both polarization conditions. After that Siz11 was
measured for both polarizations as well. It is important that the laser power
is constant throughout the measurement of BiVO, and CaF,. The acquisition
time was increased by 2-3times for CaF, since the Raman intensity is much
lower compared to the Raman intensity of BiVO,. All measurements were
done at room temperature. The measurements were done by M. Guennou in
the laboratory of S. Reich at the Freie Universitdt Berlin, Germany.

6.1.2 Results

In this section, I show how the resonance Raman data are analyzed. The
work flow to derive the resonant Raman profiles from the raw data is de-
picted in Figure 6.1. In a first step, the Raman spectrum is calibrated with
silicon for the correct frequency position (Section 3.3.4.1). The calibrated Ra-
man spectra measured on the sample BVOoo1-Andreas at different laser ex-
citation energies for the parallel and cross polarization condition are shown
in Figure 6.2(a) and (b), respectively. The Raman modes of A; symmetry are
selected for the parallel polarization condition c¢(aa)¢c. The Raman modes of
B, symmetry are observed in the cross polarization condition c(ab)¢ together
with A, modes leaking into the spectra. All spectra are normalized to the Ag
mode at 828 cm ™! for better comparison.

After the frequency calibration, the spectrum was separated into three fre-
quency ranges. Each frequency range was then fitted with several Lorentzian
functions depending on the number of Raman peaks visible in the spectrum,
the fitting details are shown in the Appendix C.

In a next step, the Raman cross section RCSEVO for each individual Raman
mode k is extracted from the Lorentzian functions. The Raman cross section
of an individual mode is given by the integrated intensity of the correspond-
ing Lorentzian function.

In a last step, the Raman cross section of each individual Raman mode
in BiVO, is normalized to the Raman cross section of CaF,. The Raman
cross section of CaF, was extracted by fitting the mode at 322 cm ! with a
Lorentzian function, see also Appendix C.
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Figure 6.1: Flow chart showing the steps in the data analysis to calculate the Raman
cross section.

All steps of the work flow were repeated for each laser wavelength. Fi-
nally, the normalized Rcsy for each individual Raman mode k is plotted as a
function the excitation energy in a resonant Raman profile.

6.1.2.1 Resonant Raman effects for the Ay modes

The resonant Raman profiles of the A; modes are shown in Figure 6.3. They
were measured with parallel light polarization c(aa)¢ on the sample BVOoo1-
Andreas. For the normalization to CaF,, we used the spectra measured with
parallel polarization shown in the Appendix C, Figure C.3(a).

The data in each resonant Raman profile were fitted by the Equation 2.55.
The transition energy E, and the damping constant < are provided for each
resonant Raman profile. In average we found a transition energy E, of 2.23 eV
and a damping constant 7y of 0.32 eV, corresponding to a lifetime 7 of 2.06 fs.
The data points symbolized with red triangles were not considered for the
fitting. It is important to note that these red data points are coming from
the same Raman spectrum measured at 580 nm, 626 nm and 643 nm in each
resonant Raman profile.

The Raman cross section of the Aé soft mode at 60cm~! is not shown.
Because of the choice of the measurement parameters, there are no data
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Figure 6.2: Raman spectra measured on the sample BVOoo1-Andreas at different
laser excitation energies for the scattering geometries (a) c(aa)¢ and (b)
c(ab)c. All Raman spectra are calibrated with silicon for the correct fre-
quency position and normalized to the A? mode at 828 cm~1.

available for frequencies below 45cm™! meaning the low frequency tail of

the soft mode is not measured. A precise fitting of the Ai, soft mode was not
possible because of the missing data at low frequencies.

6.1.2.2 Resonant Raman effects for the By modes

We calculated the normalized Rcs of the Raman modes with B, symmetry
following the same procedure as described above. The details on the calcu-
lations are provided in the Appendix C.

Figures 6.4(a) to (d) show the resonant Raman profiles of the Raman
modes with B; symmetry measured on the sample BVOoo1-Andreas at cross
polarization c(ab)c. Figure 6.4(e) shows the resonant Raman profile of the
Ag, mode leaking into the spectra measured with the same light polarization.
Whereas the normalized Rcs of the B;,O mode at 734cm~! and Ag, mode at
827 cm ! maximize at around 2.13 €V, no clear response to resonance condi-
tion is observed for the Raman modes Bg at 143cm™1, Bg at 279cm~! and
Bz, at 638 cm ™. The resonant Raman profiles of the Béo and Ag mode were
titted with the Equation 2.55. The data points indicated with red triangles
were excluded for the fitting algorithm. We found a transition energy E, of
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Figure 6.3: Resonant Raman profiles of modes with A, symmetry measured on
the sample BVOoo1-Andreas with parallel light polarization c(aa)c for

(a),(b),c) the low, (d),(e) the medium and (f),(g) high frequency range.

The solid black lines are fits to the data using the Equation 2.55. The
transition energy E, and the damping constant o are provided in the
plot. The red data points are not considered for the fits.
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2.13eV, 2.14 eV and damping constant -y of 0.54 eV, 0.48 eV corresponding to
a lifetime 7 of 1.22fs, 1.37 fs for B;O and Ag, respectively.

6.1.3 Discussion

We observed resonant Raman effects for the A; modes measured on the sam-
ple BVOoo1-Andreas at room temperature and with light polarization c(aa)c.
In this polarization configuration the incoming light is perpendicular to the
principle axis, meaning we probe the fundamental absorption edge. The nor-
malized Raman cross section of all 7 A, modes show a comparable resonant
Raman profiles and we extracted an average transition energy of 2.23eV
that matches the fundamental absorption edge of 2.27 eV from UV /Vis spec-
troscopy. The lifetime of the electrons in the corresponding electronic state
was estimated to 2.03 fs.

For the extraction of the transition energy and the corresponding lifetime,
we excluded some data points from the fitting in case of the resonant Ra-
man profiles obtained for the sample BVOoo1-Andreas. These outliers were
excluded on the basis of all resonant Raman profiles measured at the same
light polarization because they did not seem to match the overall trend. The
measurement itself or the raw data did not show any anomalies. It is no-
ticeable that all of these outliers appear on the low-energy side. Reasons for
these outliers could be in the measurements itself, for example, variations
in the laser power or in the focal point of the laser on the sample surface
moving from one laser energy to the other. The focusing of the laser is done
visually. A rough sample surface results in the scattering of some parts of
the laser light. Because of the scattering the laser spot appears blurry and a
visual focusing is more difficult then on a polished sample surface. Differ-
ences in the focal point might lead to variations in Raman intensity despite
the expected intensity variations from the resonant Raman effect.

Another reason for the outliers on the low-energy side might be an intrin-
sic one. Because these outliers were found at energies below the absorption
edge, they might be related to defect states in the band gap.

For the calculation of the Raman cross section we fitted the spectra with
multiple Lorentzian functions. This procedure might introduce an error es-
pecially when deviations from a Lorentzian-like lineshape are observed. We
observed lineshape asymmetries for the A§ and the AZ, mode. The lineshape
asymmetry for the AZ, mode is caused by the phonon-phonon coupling that
we discussed in Section 4.3. The phonon-phonon coupling is strongly tem-
perature dependent. At room temperature, we consider the error to be small
while fitting these modes with a Lorentzian function.

We observe no clear response of the B, modes to the resonance condition
measured on the sample BVOoo1-Andreas. Only the B;,O mode seem to res-
onate but looking at the raw data in Figure 6.2, we cannot exclude that the
A; leaks into the spectra and overlaps with the B;,O mode. Therefore, we be-
lieve that the resonant Raman profile of the Béo mode is dominated by the
resonance of the AZ, mode. In general, the analysis of the Raman effect on the
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Figure 6.4: Resonant Raman profiles of B¢ modes (a) to (d) measured on sample
BVOoo1-Andreas with cross polarization c(ab)c. (e) shows the resonant
Raman profile of an Ay mode leaking into the spectra measured at the
same light polarization. The solid black lines are fits to the data using
the Equation 2.55. The transition energy E, and the damping constant v
are provided in the plot. The red data points are not considered for the

fits.
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By modes is very difficult. The Raman intensity of all B; modes is relatively
low compared to the intensity of the A; modes leaking into the spectra. For
many of these modes we observe overlapping intensities. Only the Bg and
Bz, are well isolated. Nevertheless, the resonant Raman profile of the B?, Bg,
and Bg suggest a constant normalized Raman cross section that decreases
at energies above the fundamental absorption edge. The reason for the de-
crease of the normalized Raman cross section is most likely the increase in
absorption above the band gap leading to a change in the scattering volume.

Overall, the data points in all of the resonant Raman profiles are limited to
an energy range from 1.92eV to 2.54eV and to 12 or even less data points in
that energy range. With the current energy range, we cover the maximum in
the resonant Raman profiles but we have no information on the non-resonant
background. For this, measurement at energies lower than 1.92 eV would be
required. Measurements at energies higher then 2.54eV are not necessarily
beneficial as the Raman intensity gets very small for BiVO, and also for
CaF, in the UV. In addition, the spectral resolution is not as good in the UV.
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6.2 SECOND RESONANT RAMAN STUDY USING THE MACRO COMPART-
MENT

After very promising results for the first Raman study, we planned a second
study. The Raman intensity coming from a micro spot is relatively low. This
results in long measurement times. Long measurement times introduce the
risk of intensity variations due to instabilities in the laser power. In addi-
tion, we planned on more measurement points in a larger energy range. A
reduction in the measurement time of a single spectrum reduces the overall
experiment time significantly. To reduce the measurement times, we decided
to perform the second study on a larger sample in the macro compartment of
the Horiba spectrometer that allows us to use higher laser powers. Another
benefit, the laser beam is focused by macro lenses on the sample so that
no visual focusing procedure is required. That reduces the error of intensity
variations due to differences in the focusing point. In addition, the macro
mode allowed us to use liquid benzonitrile instead of CaF, for the intensity
calibration. The Raman intensity of benzonitrile is much higher compared
to CaF, and provides a good signal up to the UV.

In this section, we discuss the result and the limitations of the second
resonant Raman study on a BiVO, single crystal substrate with polished
surface.

6.2.1  Sample description and measurement details

THE BIVO, SUBSTRATE SAMPLE was purchased from SurfaceNet GmbH
in Rheine, Germany. Figure 5.1(b) shows a photograph of the BiVO, sub-
strate sample BVO1o0-Julian with surface orientation (100). The domain
structure is clearly visible. The domain width varies between 20 um and
100 pm.

With the purpose to optically characterize the domain structure, we per-

formed transmission measurements on single domains by UV /Vis spectroscopy

with the set-up described in Section 3.1.3. Figures 6.5(a) and (b) show a mi-
croscope picture of the domain structure taken in transmission with light po-
larized perpendicular and along the principal axis ([001]-axis), respectively.
For the light polarization perpendicular to [001], the sample appears orange
and the different domains are clearly visible because of their different orange
shades. For the light polarization along [001], the sample appears yellow
and the different domains are hardly distinguishable by color. The differ-
ence in the absorption depending on the light polarization is also confirmed
by transmittance measurements. Figure 6.5(c) shows the transmittance as
a function of incident light energy measured on the domain labeled with
d2 for the two different light polarizations. The absorption edge is shifted
to higher energies for the measurement with light polarized parallel to the
[001]-axis. At energies below the absorption edge, the transmittance is much
higher compared to the other light polarization.
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Then we investigated the variations from one domain to another. Fig-
ures 6.5(e) and (f) show the transmittance and reflectance as a function of
incident light energy for the different domains d1 to d5 measured with light
polarized perpendicular to the [001]-axis. The transmittance values at low
energies show strong variations from one domain to another whereas little
variations are observed for the reflectance. Consequently, the strong varia-
tions in the transmittance value must result from variations in the absorp-
tion at low energies. The absorption edge for the different domains is shown
in Figure 6.5(e). Here, we defined the absorption edge as the inflexion point
of the transmittance curve. The domain d2 shows an absorption edge that is
100 meV lower then the average of 2.31eV.
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Figure 6.5: Microscope picture of the domain structure of the sample BVO100-Julian
taken in transmission with (a) light polarized perpendicular to the prin-
ciple axis [001] and with (b) light polarized parallel to [001]. The domains
are labeled d1 to d5. (c) Transmittance as a function of light energy for
light polarized perpendicular and parallel to [001] measured on the do-
main d2. (e) Transmittance and reflectance (f) as a function of light en-
ergy for the different domains d1 to d5 measured with light polarized
perpendicular to [001].(d) Absorption edges extracted from the transmit-
tance measurements for the different domains d1 to ds.

THE RAMAN SPECTROMETER T64000 from Horiba in macro mode was
used for the second resonant Raman study. The laser spot size is a few hun-
dred micrometer for the macro mode. Meaning, we measure an average of
multiple domains on the sample BVO1o00-Julian. For the excitation we used
the ArKr laser, the continuous tunable dye laser from 565 nm to 675nm and
the continuous tunable TiSa laser from 700 nm to 900 nm. For the frequency
and the intensity calibration we used liquid benzonitrile. Liquid benzonitrile
has many Raman modes in the frequency range from 400 cm™! to 1700 cm ™.
We used the Raman mode at 460 cm ™! for calibration. A polarizer was placed
at the entrance of the spectrometer to change the polarization of the incident
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light and an additional polarizer was placed at the entrance to the analyzer
to select the scattered light with a certain polarization. The sample position
was fixed and not moved for the whole series of experiments. We performed
resonant Raman experiments at four different polarization configurations:
two at parallel polarizations a(cc)a, a(bb)a and two at cross polarizations
a(cb)a and a(ba)a. Similar to the approach described in the previous section,
first the sample BVO1o00-Julian was measured at the four different polar-
ization configurations, then immediately afterwards liquid benzonitrile was
measured with the same polarization configurations. With this approach, we
assume that the laser power is constant for the measurements of the sample
and for the measurements of benzonitrile. In order to redirect the incident
laser from the sample or on liquid benzonitrile we used a mirror. After the
completion of all measurements, the laser was tuned to the next wavelength.
Then the measurements at different light polarization configurations were
repeated first for the sample and then for benzonitrile. All measurements
were done by myself at room temperature in the laboratory of S. Reich at
the Freie Universitdt Berlin, Germany.

6.2.2 Results

6.2.2.1 Resonance Raman effect of the Ag modes

In a first step, we will focus on the resonant Raman effects observed for the
AS, mode. Figure 6.6 shows the Raman intensity of the Az’, mode measured
on the single crystal substrate sample BVO1o00-Julian at different laser wave-
lengths for the light polarizations (a) a(bb)a and (b) a(cc)a. All spectra are
calibrated for its correct frequency position and the intensity is normalized
to the Raman cross section of benzonitrile. For light polarizations a(bb)a, the
maximum intensity is found around 610nm and for the light polarizations
a(cc)d, the maximum intensity is found around 600 nm.

In the next step, we calculated the resonant Raman profile of the AS mode
following the procedure described in the previous section. Figure 6.7 shows
the normalized Raman cross section of the Ag, mode as a function of excita-
tion energy for the light polarizations (a) a(bb)a and (b) a(cc)a. The resonant
Raman peaks are indicated by a solid line as a guide to the eye which was
calculated from the Equation 2.55. The data points in blue were measured at
a later time. The goal of that later experiment was to verify the energy range
at which no resonance occurs. In between the two experiments, the set-up
was modified and therefore a constant factor between these two experiments
is expected. That is why the normalized Rcs was multiplied by a factor of
1.8 to match the low energy points of the resonant Raman profile.

For both resonant Raman profiles, we observe a resonant peak at 2.0eV
and 2.03eV for light polarization a(bb)a and a(cc)d, respectively. In both
cases, the enhancement compared to the non-resonant background is roughly
a factor of 10. At low energies, the data scattering is relatively large, espe-
cially for the light polarization a(bb)a. At higher energies, we observe a sec-
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Figure 6.6: Raman intensity of the Ag, mode measured on sample BVO1oo0-Julian at
different laser wavelengths for the light polarizations (a) a(bb)a and (b)
a(cc)a. The Raman mode at 456 cm™!in benzonitrile was used for the
calibration of the frequency position and the intensity is normalized to
the Raman cross section of the same mode in benzonitrile.
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ond maximum at 2.34eV for the light polarization a(cc)a that matches the
energy of the optical absorption edge measured by UV/Vis spectroscopy.
Because of the anisotropy in the optical absorption of 120meV, we expect
another resonant peak at 2.22€V for the light polarization a(bb)a which is
indeed visible as a shoulder to the main peak. However, the estimated tran-
sition energy of this shoulder falls in the energy range in which we have no
data. At higher energies, the excitation is done with the ArKr laser that has
no emission lines in the energy range from 2.15eV to 2.35eV.

The resonant Raman profiles of the Ay modes in the medium-frequency
range are shown in Appendix C. Similar to the resonant Raman profiles of
the Ag, mode, they show a maximum at energies ranging from 2.03eV to
2.1eV. The data suggest no dependence on the polarization of the incident
light. For the A, modes at medium frequencies, we have a limited number of
data points because of their low intensity, especially at higher energies. The
second maximum at higher energies is not observed most probably because
of the limited number of data points in this energy range.

6.2.2.2  Resonant Raman effect of the B; modes

Figures 6.8(a) and (b) show the resonant Raman profiles of the Bg, and the B;O
modes measured on the BVO1oo0-Julian sample with the light polarization
a(cb)a, respectively. Similar to the observations in the first experiment run,
the Raman intensity is relatively weak for all B, compared to the A, modes
leaking into the spectra which is especially true at higher energies. That is
the reason why we have no data at energies larger than 2.2eV for the Bg,
mode and 2.35 ¢V for the Béo mode. For the Bg mode, the normalized Raman
cross section seems to be constant up to 2.1 eV. The normalized Raman cross
section of the Bz, mode, however, seems to increase before the Raman cross
section decreases for both modes.

6.2.3 Discussion

We observe resonant Raman effects for the Raman modes with A, symmetry.
In contract to the first study, we observe a strong resonant peak at energies
between 2.0eV and 2.03eV that seems to be independent of the polariza-
tion conditions. This strong resonant Raman peak is visible in the resonant
Raman profiles of all modes with A, symmetry.

The resonant Raman profiles of the high-intensity Ag modes suggest a sec-
ond resonant peak that matches the energy of the optical absorption edges.
At light polarization a(cc)a, we found a second maximum at 2.34eV that
compares well with the optical absorption edge at 2.39 eV from UV /Vis spec-
troscopy. This second resonant Raman peak at higher energies seems to be
sensitive to the polarization of the incident light.

In all resonant Raman profiles, we observe large data scattering at ener-
gies below 2.1€V that is especially true for the light polarization a(bb)a. In
this light polarization, the incident light is polarized perpendicular to the
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Figure 6.7: Raman intensity of the Ag mode measured on sample BVO1o0-Julian at
different laser wavelengths for the light polarizations (a) a(bb)a and (b)
a(cc)a. The Raman mode at 456 cm ™! in benzonitrile was used for the cal-
ibration of the frequency and the intensity is normalized to the Raman
cross section of the same mode in benzonitrile. The main peaks are indi-
cated by solid lines as guides to the eye calculated from Equation 2.55.
The transition energies and the damping coefficients are provided in the
plots.
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Figure 6.8: Resonant Raman profile of (a) the Bg and (b) the Bélg0 Raman modes
measured on sample BVO1o0-Julian with the light polarization a(cb)a.
The Raman cross section is normalized to the Raman cross section of the
Raman mode at 456 cm ™! in benzonitrile.

principal axis. We believe that the large data scattering is linked to the do-
main structure of the sample. From one domain to another, we measured
large variations in the optical absorption below the absorption edge if the
incident light is polarized perpendicular to the principal axis.

Another reason could lie in the measurement set-up itself. To redirect the
laser beam from the sample to the transparent scatterer benzonitrile, we used
a mirror. This mirror was smaller than the scattered beam size. If the laser
beam arrives at the mirror at slightly different angles, the scattered light will
not fully hit the mirror. This might have introduced an error in the intensity
calibration for some laser wavelengths.

For the Bg modes, we observe no clear resonant Raman response. Similar
to the observations in the first study, the analysis of the resonant Raman
effects for the By modes is limited by the low intensity of these modes com-
pared to the A; modes leaking into the spectra. In many cases, the intensities
of the By and Ag modes overlap, which makes a estimation of the Raman
cross section imprecise.
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In the previous section, we speculated that the domain structure has an im-
portant impact on the resonant Raman profiles. BiVO, exhibits two different
types of ferroelastic domains. The domain walls are always oriented along
the principal axis and the crystal orientation rotates in 9o° steps around the
principal axis from one domain to another. The purpose of the third reso-
nant Raman study was to investigate the resonant Raman profiles of single
domains and compare the profiles coming from the two different domain

types.
6.3.1  Sample description and measurement details

For this study, we used the single substrate sample BVO1o00-Julian. The do-
main structure of this sample is shown in Figure 6.9(a), in which the two
different domain types are labeled with A and B. The crystallographic axes
are labeled in the figure. The c-axis is parallel to the domains and clearly de-
fined in all domains. Depending on the domain type, a* and b* correspond
to the a-axis or the b-axis of the unit cell. For our purpose, we define that
a* is equal to the a-axis and b* is equal to the b-axis if the measurement is
taken in the domain B.

With the purpose to study single domains, we moved back to the micro
mode of the Horiba spectrometer in which the confocal microscope is used
to focus the laser beam on the sample. The spot size in the micro mode is
roughly 1um. We used the Horiba spectrometer in the single monochrome-
ter configuration to increase the output power of the scattered light on the
analyzer so that the measurement time per single spectrum is significantly
reduced. The Rayleigh light was removed by filters. We performed measure-
ments at different laser wavelengths in the range of 476 nm to 660 nm. At
each laser wavelength, we did one line-scan of 35 pm starting from domain
type A and moving to B and a second line-scan of 35 pm from domain type
B to A for the light polarization conditions a*(b*b*)a* and a*(cc)a*. Each
line-scan contains 350 single spectra that were measured in 0.1 um steps.
The dimension of a line-scan in comparison to the domain width is shown
in the optical microscope image in Figure 6.9(a). The microscope image is
an exemplary image that does not show the actual measurement area. Fig-
ure 6.9(b) shows single spectra measured in the domain A and in the domain
B with light polarization a*(b*b*)a*. Here, we limited the measurements to
Raman modes with A, symmetry in the medium- and high-frequency range.
For the intensity calibration, CaF, was used. The measurements were done
by G. Gordeev in the laboratory of S. Reich at the Freie Universitit Berlin,
Germany.
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Figure 6.9: (a) Optical microscope picture showing the domain structure of the sam-
ple BVO1oo-Julian. The two different domain types are labeled with A
and B. A line-scan of 35um across the domain A and B is indicated in
the picture. (b) Single Raman spectra measured in the domain type A
and B for which the Raman intensity strongly varies from one domain
type to the other.
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6.3.2 Results

The results section is structured into two main parts. First, we will discuss
the variations in the Raman signal from one domain type to the other. Sec-
ondly, we will show the different resonant Raman profiles and discuss their
characteristic features and their dependence on the polarization direction of
the incident light.

VARIATIONS IN THE RAMAN SIGNAL from one domain type to the other
have been observed previously. To investigate these variations, we fitted the
high-intensity Ag mode of all 350 single spectra measured along a line-scan
with a Lorentzian function. From the fitting, we obtained the Raman cross
section Rcs, the eigen-frequency and the linewidth as a function of position
along a line-scan. Figures 6.10(a) and (b) show the Rcs measured at light
polarization a*(cc)a* along a line-scan starting in domain type A going to
domain type B and starting from B going to A, respectively. Under this mea-
surement condition, the polarization direction of the incident and scattered
light is along the c-axis and therefore parallel to the domain walls. For both
line-scans, the Rcs measured in the domain type A is slightly lower (3%-7%)
compared to the Rcs of the domain type B. The small step in the Raman
cross sections must be the position of the domain wall.

The Figures 6.10(c) and (d) show the Rcs measured for light polarization
a*(b*b*)a* for a line-scan from domain A to B and from domain B to A. For
this light polarization, the polarization direction of the incident and scattered
light is perpendicular to the domain walls. For both scans, the Rcs measured
in the domain type A is only ~30% of the value measured in the domain type
B. Also here, the position of the domain wall falls together with the sudden
increase in the Rcs. The sudden increase is much sharper when going from
domain A to B.

Figures 6.11(a) and (c) show the Raman shift and linewidth (HWHM)
along a line-scan measured with light polarization a*(cc)a*. In this light
polarization, the Raman shift and the HWHM is constant with an average
value of 827 cm™! and 19 cm™! along the line-scan. For the light polarization
a*(b*b*)a*, however, there is a difference in the Raman shift of 2.5cm ™! from
domain A to B. The values of the linewidth scatter within an interval of two
standard deviations.

In summary, the Raman cross section strongly varies from domain type
A to domain type B, especially for measurements in which the polarization
direction of incident and scattered light is perpendicular to the domain walls.
For the further data analysis, we therefore treated the spectra measured in
the domain types A and B separately.

RESONANT RAMAN PROFILES were calculated in the next step for polar-
ization direction of the scattered and incident light (a) along the domain
walls and (b) perpendicular to the domain walls. The domain walls indicate
the direction of the c- (principal) axis of the unit cell.
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Figure 6.10: Raman cross section Rcs of the Ag as a function of position along a line-
scan for polarization condition a*(cc)a* (a) from domain A to domain
B and (b) from domain B to A. Rcs along a line-scan for polarization
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Figure 6.11: Raman shift and linewidth (HWHM) of the Ag mode measured along
a line-scan from domain A to B with light polarizations (a),(c) a*(cc)a*
and (b),(d) a*(b*b*)a*. The dashed lines indicate the median and the

solid lines show the value of two standard deviations.
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The procedure to arrive at one resonant Raman profile is described shortly.
First, all 350 single spectra measured along a line-scan, were fitted by Lorentzian
functions. With this we obtained the Raman cross section of the different Ra-
man peaks A4,A§ and Ag as a function of position along a line-scan similar
to the plots shown in Figure 6.10. The domain type A and B is thereby clearly
distinguishable by a sudden change in the Raman cross section. Second, the
Res of the domain type A and B was calculated by averaging the first 50
and the last 50 data points of the line-scan. Third, the averaged Rcs was
divided by the Rcs of the transparent scatterer CaF,, which was measured
at the same laser wavelength and with the same laser power. These three
steps were repeated for all the line-scans from domain A to B and for all the
line-scans from B to A done at different laser wavelengths and for the two
different polarization conditions.

Figures 6.12(a) and (b) show the resonant Raman profiles of the high-
intensity Ag and the Ag, mode measured with polarization direction of the
incident and scattered light along the principal axis, respectively. In both
profiles, we observe two maxima in the normalized Raman cross section,
one maximum at around 1.9eV and another maximum at higher energies
at around 2.5eV. Here, we show only the profiles measured in the domain
type A, because the Raman cross section of the domain A and B is nearly
constant in this polarization condition.

For the polarization direction perpendicular to the principal axis, the Ra-
man cross section strongly differs from domain A to the domain B. Fig-
ures 6.12(c) and (d) show the resonant Raman profiles of the Ag and the
A; modes measured in the domain type A. In this configuration, the prop-
agation direction of incident and scattered light is along the b-axis of the
unit cell and the polarization direction of the incident and scattered light is
along the a-axis per definition. In Porto’s notation, the polarization configu-
ration is given by b(aa)b. Figures 6.12(e) and (f) show the resonant Raman
profiles of the Ag and the Aé modes measured in the domain type B leading
to a polarization configuration a(bb)a in Porto’s notation. In all four profiles,
we see two maxima in the normalized Rcs. The first maximum is found at
around 1.9 eV for all four profiles and the second maximum at higher ener-
gies around 2.3 V.

Now, we will compare the resonant Raman profiles measured of the do-
main type A and B. If we compare the resonant Raman profiles shown in
Figures 6.12(c) and (e) or in Figures 6.12(d) and (f), we find very similar re-
sults. The two maxima are located at nearly identical energies and the ratio
of the first and second maximum is comparable. The y-axis, however, is very
different which is explained by the strong variation in the Raman intensity
between the domain types.

Next, we will compare the difference between the profiles of the high-
intensity Ag, mode with the profiles of the Ag and Az, mode. For the profiles
of the AS mode in Figures 6.12(a),(c) and (e), the second maximum at 2.5eV/
2.4eV or 2.34eV is higher compared to the first maximum at 1.9eV. For the
profiles of the Ag and Ag, mode in Figures 6.12(b),(d) and (f), we observed
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the opposite. This suggests that the different modes couple differently to
the electronic transitions corresponding to the two maxima in the resonant
Raman profiles.

Last, we will compare the resonant Raman profiles measured with light
polarization direction along and perpendicular to the principal axis. The
main difference is in the energy at which the second maximum occurs. If we
compare the profiles shown in Figures 6.12(a) and (c), we find the second
maximum at 2.5¢€V for light polarization b(cc)b while the second maximum
is 100 meV lower in energy for the light polarization a(bb)a and b(aa)b. Com-
paring the profiles from the Figures 6.12(b) and (f), we find a difference of
150 meV. This difference reflects the optical anisotropy in BiVO, .
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Figure 6.12: Normalized Raman cross section Rcs of the Ag mode as a function of

excitation energy measured for the polarization conditions (a) b(cc)b,
(c) b(aa)b and (e) a(bb)a. Normalized Rcs of (b) the Ag mode measured
for b(cc)b, (d) the A3 mode measured for b(aa)b and (f) the A3 mode
measured for a(bb)a. The main resonant Raman peaks are indicated by
a solid line as a guide to the eyes which was calculated from Equa-
tion 2.55. The transition energies and the damping coefficients are pro-

vides in the plots.
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6.3.3 Discussion

Depending on the light polarization direction with respect to the principal
axis, we saw strong variations in the Raman intensity between the two dif-
ferent domain types in BiVO,. We successfully eliminated the impact of the
domain structure on the resonant Raman profiles by developing an exper-
imental procedure to study the Raman cross section for the two domain
types separately. For this, we performed line-scans across a domain wall
that include 350 single spectra. The position of the domain wall within the
line-scan is clearly visible because of a sudden change in the Raman cross
section. The main limitations of this experimental procedure are the long
measurement time per line-scan and the huge amount of data that requires
a semi-automatic data analysis.

All resonant Raman profiles showed two maxima in the normalized Ra-
man cross section. The first maximum was found at around 1.9 eV indepen-
dent of the polarization condition in the experiment. This maximum has
been observed already in the second study for the same sample which was
measured in the macro compartment of the spectrometer. The fact that we
observe resonant Raman scattering from an electronic level which is below
the optical absorption edge is a new result and was not evident at the be-
ginning. Because of its energy position below the absorption edge and our
PL measurements, we believe that the origin of this resonant Raman peak
must be defect related. To support this hypothesis, further PL measurements
with the goal to confirm the transition energy of the defects states are recom-
mended. Another possibility to confirm this hypothesis would be with the
help of DFT calculations. An ideal crystal without any defects states should
not show any resonance effects at energies below the band gap in the calcu-
lation.

The energy of the second maximum matches the energy of the optical ab-
sorption edge measured by UV /Vis spectroscopy. For polarization direction
of the incident and scattered light along the principal axis, we found 2.5eV
and 2.42¢€V for the high-intensity Ag mode and the Aé mode, respectively.
For the polarization direction perpendicular to the principal axis, the second
maximum is at lower energies. We found a difference of 100 meV for the
Ag and 150meV for the A; mode. From this we conclude that the optical
anisotropy is reflected in the energy position of the second maximum that
strongly depends on the polarization direction of the incident and scattered
light. These findings suggests that the origin of the second resonant Raman
peak must be a band-to-band transition.

Further, we observed that the ratio of the second and first resonant Raman
peak is different for the Ag mode and the A; and the Az, modes. This obser-
vation suggests that the different phonons couple with varying strength to
the electronic transitions in the resonant Raman profiles.
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6.4 CONCLUSIONS

In this section, we will first summarize our experience of the measurement
protocols from the three different resonant Raman studies. It could be used
as a guidance to perform further resonant Raman studies on BiVO, or on
related semiconductor oxides. Finally, we will compare the main findings
and discuss the underlying physics.

6.4.1  Comparison of the different measurement protocols

For the comparison, we combined representative resonant Raman profiles
measured in the three different resonant Raman studies in one figure. Here,
we show the resonant Raman profiles of the high-intensity Ag mode only.
We believe that the estimation of the Raman cross section for the Ag, mode
is most robust against errors introduced by the fitting with a Lorentzian
function because of the strong Raman intensity of this mode. For all three
profiles, the polarization direction of the incident and the scattered light was
perpendicular to the principal axis. The resonant Raman peaks are indicated
by solid lines as a guide to the eyes which were calculated from the Equa-
tion 2.55. The data points indicated in red have not been considered here.

Figure 6.13(a) shows the resonant Raman profile obtained from study 1.
The resonant Raman profile shows a strong resonant Raman peak at 2.31 eV
that matches the energy of the optical absorption edge. In this study, we
observed very high data scattering that might have been caused by a rough
sample surface leading to differences in the focal point from one laser wave-
length to another. The main learning from this study is that a resonant Ra-
man study using a confocal microscope requires a polished sample surface.

To reduce the sensitivity to the focal point, we performed further mea-
surements (study 2) in the macro compartment of the Horiba spectrometer
on a BiVO, single crystal substrate that was purchased for this purpose. The
resonant Raman profile from study 2 is shown in Figure 6.13(b). Here, we ob-
served one strong resonant Raman peak at 2.0 eV which is clearly below the
absorption edge. We believe it originates from resonances with a mid-gap
defect level. The shoulder in the resonant Raman profile indicates a second
resonant Raman peak that might be the resonant Raman peak observed in
study 1. In the macro mode, we measure an average Raman intensity com-
ing from several domains. Although the sample was not moved during the
whole study, the domain structure seems to introduce intensity variations
that do not average out and therefore the intensity variations result in large
data scattering in the resonant Raman profiles.

Figure 6.13(c) shows the resonant Raman profile measured in study 3. This
study confirms the presence of both resonant Raman peaks observed in the
previous studies. Here, both resonant Raman peaks are clearly visible. Fur-
ther, we showed that the Raman intensity varies strongly from one domain
to the other, especially if the light polarization of incident and scattered light
is perpendicular to the principal axis. By measuring the Raman cross section
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of single domains, we could reduce significantly the data scattering in the
resonant Raman profiles.

An important aspect of the measurement protocol is the intensity calibra-
tion by a transparent scatterer. The laser power for the measurement of the
sample and the scatterer must be constant. Therefore, it is advised to mea-
sure the scattered immediately after the sample. The optical components
in the set-up should be identical for the measurement of the sample and
the scatterer. In study 1 and study 3, we used a CaF, single crystal for the
intensity calibrations while we use liquid benzonitrile in study 2. Liquid ben-
zonitrile clearly has two advantages over CaF,. First, benzonitrile has several
Raman peaks in the frequency range from 400 cm ™! to 1700 cm ! and second,
its Raman signal is strong in the whole energy range of the laser excitation
from infrared up to the UV. If the confocal microscope of the spectrometer is
used, we have to use a solid material for the intensity calibration. The litera-
ture proposes the use of CaF,, which has only one Raman mode at 322cm ™.
Ideally, the Raman mode used for the intensity calibration should be at sim-
ilar wavenumbers compared to the Raman mode of the material that you
want to probe. In CaF, there is only one Raman mode at medium frequen-
cies which means we might introduce an error for the high frequency modes,
in our case the Ag mode. In addition, the Raman signal of CaF, is relatively
weak especially at wavelengths in the red light region. The estimation of the
Raman cross section based on a weak signal strongly depends on the fitting
constraints and on the experience of the person performing the fits. There-
fore, we expect an error in the resonant Raman profiles in the energy region
of the red visible light that comes from the calibration with CaF;. An alter-
native candidate for the intensity calibrations could be Yttrium Aluminum
Oxide YAIO3 with a band gap of around 8eV and many Raman modes in
the frequency range from 100cm~! to 600 cm™!. Yttrium Aluminum Oxide
is commonly used as a substrate material and is therefore available at high
crystal quality.

In summary, we successfully established a measurement protocol to study
resonant Raman effects in BiVOjy. A successful experiment requires a precise
measurement of the Raman intensity which demands a polished sample sur-
face. A domain structure introduces a potential risk for intensity variations
due to the domain structure. In this case, the laser spot size and the domain
width has to be evaluated carefully. Our line-scan measurements showed
that intensity variations are not just located at the domain walls but may
extend much further into the domains.

6.4.2 Physics of resonant Raman scattering in bismuth vanadate

With all the experimental improvements, we clearly see two resonant Raman
bands in the A; Raman modes of BiVO,. The enhancement with respect to
the non-resonant background is on the order of 10 which is comparable to
the enhancement observed for indirect band-to-band transitions in classical
semiconductors such as germanium[18] or silicon[76]. We believe that the
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Figure 6.13: Resonant Raman profiles of the A% mode measured with a polariza-
tion direction perpendicular to the principal axis in the three different
resonant Raman studies. The main resonant Raman peak is indicated
by a solid line as a guide to the eyes which was calculated from the
Equation 2.55. The transition energies E, and the damping coefficients
v used in the calculation are provided in the corresponding plot.
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height and the width of a resonant Raman band are directly related. Materi-
als that show a very strong enhancement (several order of magnitude) such
as GaAs[102] and zinc telluride ZnTe[17], exhibit typically a very narrow
resonant Raman band. The width of the resonant Raman band is directly
related to the lifetime of the excited carrier. We found a lifetime of ~3fs
and ~8fs for the first and second resonant Raman band. Carrier lifetimes
typically observed in transition metal oxides are typically in the range of ps.

The resonant Raman theory predicts two maxima due to the incoming
and outgoing resonance. The two maxima are experimentally indistinguish-
able if the phonon energy in Equation 2.55 is small and the damping con-
stant (corresponding to the linewidth) in the same equation is large. The
phonon energy thereby defines the distance in energy between the two max-
ima. In the case of BiVO, we cannot resolve the two maxima for the same
reasons. The phonon energy of all investigated Raman modes is still rela-
tively small (=40 meV for the A% ~100meV for the Af, mode). Additionally,
the linewidth of the second resonant Raman peaks is comparably large with
~220meV. In comparison, Gordeev et al.[40] could resolve the incoming and
outgoing resonant Raman peak in carbon nanotubes for the high-energy G
mode with phonon energy of 180 meV and narrow linewidth of 50 meV.

The second Raman band could be assigned to a band-to-band transition.
We showed that by changing the polarization condition we can access dif-
ferent band-to-band transitions which was expected because of the strong
optical anisotropy of BiVO, .

To our knowledge, we observed for the first time a resonant Raman band
that can be assigned to a defect level 0.42eV below the fundamental band
edge. This result was not expected from the beginning and was also not
evident from the characterization by UV /Vis spectroscopy. In the literature,
we found DFT calculations that suggest a polaronic defect level[19, 59] just
below the absorption edge that matches the energy position of the Raman
band. The polaronic defect state was experimentally observed in orthorom-
bic BiVO, thin films[19] and in tungsten-doped BiVO, single crystals[82, 83]
and thin films[22]. The DFT calculations show that the polaronic state re-
sults from an additional excess electron that localizes at the vanadium side
and reduces the vanadium ion from V°* to V4. The polaron causes a lattice
distortion of the VO, tetrahedron.

Referring to the Figure 6.12 in the previous section, the different A; modes
couple with different strength to the defect level and the band-to-band tran-
sition. The Ag mode seems to couple more strongly to the band-to-band
transition which is visible in a stronger enhancement of the corresponding
resonant Raman band. This mode corresponds to a breathing of the VO,
tetrahedra. The bond length of the oxygen to the vanadium ion is thereby
elongated. Indeed, the valence band maximum is mainly defined by the oxy-
gen 2p orbital while the main contribution to the conduction band minimum
comes from the vanadium 3d orbital.[19, 59, 109] With this knowledge, it is
plausible to believe that the Ag mode modulating the bond length of the V
to O atom, strongly couples with the band-to-band transition.
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In contrast, the A; mode seems to couple more strongly to the polaronic
defect level compared to the Ag mode measured at the same polarization
condition, see Figure 6.12(a) versus (b) in the previous section. The Ag mode
corresponds to bending of the tetrahedron that results in a flattening of the
VO; tetrahedra. The bond-length of the oxygen to the vanadium remains
thereby unchanged. DFT calculations[19, 59] predict that the excess electron
that forms the polaron, localizes at the vanadium site. This could be an
explanation that especially these Raman modes, which affect the tetrahedra
can couple to this defect state. This is true for the A%, Ag and the Ag modes.

The coupling strength of the different vibration modes to the various elec-
tronic transitions via the resonant Raman process could be checked by DFT
calculations. The research group of L. Wirtz and S. Reichardt developed a
computational approach to calculate the resonant, one-phonon Raman inten-
sities and applied this approach to various 2D materials such as monolayer
MoS,, hexagonal boron nitride[75] or single-layer and triple-layer MoTe,[66].

In summary, we believe that resonant Raman scattering has the potential
to reveal much more information on the electronic band structure than classi-
cal techniques such as UV /Vis spectroscopy or ellipsometry. By choosing ap-
propriate excitation energies and polarization conditions, various electronic
transitions can be distinguished and the electron-phonon coupling of each
transition can be studied. We found for the first time experimental proof that
defects states can couple to specific vibration modes via the resonant Raman
process. Therefore, resonant Raman scattering provides us with a tool to go
deeper in the analysis of defects states compared to UV /Vis spectroscopy
for example.
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SYNTHESIS

7.1 CONCLUSIONS ON THE RESEARCH QUESTIONS

Research question 1: Is the current understanding of the Raman spectrum suffi-
cient to describe intensity variations by resonant Raman effects in BiVOy4?

Even though the lattice vibrations across the structural phase transition are
very well characterized in the literature, we discovered coupling effects in
the optical phonons by Raman and inelastic neutron scattering that have not
been reported yet. We found a nice example of phonon-phonon coupling of
two Raman modes with the same symmetry that correspond to the vibra-
tions of the VO, tetrahedron. We show that the coupling strength is strongly
temperature and polarization dependent and demonstrate that the coupling
diminishes at the structural phase transition where one of the phonon modes
changes its symmetry. A better understanding of the phonon-phonon cou-
pling allows for a deeper analysis of the lattice dynamics and the phonon
instabilities across the ferroelastic phase transition. For this work, the main
motivation to study the lattice vibrations in such detail was primarily to
evaluate whether we can apply standard methods to extract the phonon
characteristics from the measured spectra. The discovery of the coupling of
the high-frequency Raman modes had direct implications on the calculation
of the Raman cross section for the resonant Raman profiles. Whereas the cou-
pling at room temperature is negligible in one polarization configuration, it
is significant if the light polarized perpendicular to the principal axis. In this
case, we had to use non-standard methods for fitting functions to estimate
the Raman cross section for the Raman modes involved in the coupling.

Research question 2: What are the critical parameters in a resonant Raman exper-
iment?

In the introduction, we stated that the resonant Raman effects are very well
studied for classical semiconductors and we questioned whether the meth-
ods used in the literature can directly be transferred to semiconducting ox-
ides. The general approach in which the Raman intensity is calibrated to a
transparent scatterer while sweeping through the excitation laser energies
can be applied to semiconducting oxides. However, the enhancement of the
Raman cross section at resonances is of the order of 10 in bismuth vana-
date which is much smaller compared to the enhancement factor observed
in classical semiconductors. Because of the relatively small enhancement, the
resonant Raman effects are more difficult to observe experimentally and a
precise measurement of the Raman intensity is key to a successful experi-
ment. Prior to the experiment, the sample quality and morphology has to
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be carefully evaluated and might be followed by sample preparation steps
such as polishing or thermal treatments. The analysis is of higher complex-
ity mainly because of the higher complexity in the crystal structure leading
to a higher complexity in the Raman signal itself. In many cases, there is no
reliable band structure calculation so that a direct assignment of resonant Ra-
man bands to the electronic transitions in the band diagram is not possible.
But in this discussion lies the potential of using resonant Raman scattering
to probe for electronic transitions in semiconducting oxides. The higher com-
plexity in the crystal structure very often comes with optical anisotropy and
Raman selection rules that can be actively used to reveal details on the na-
ture or the symmetry of the electronic transitions involved in the scattering
process.

Research question 3: Can we access to different electronic transitions by varying
the experimental conditions?

In this work, we showed that the optical absorption edge is first of all
strongly temperature-dependent and secondly, dependent on the polariza-
tion direction of the incident light. These material properties can indeed be
used to probe for different electronic transitions. In this work, we demon-
strated that by varying the polarization conditions we activated different
resonant Raman bands. The strong temperature dependence provides us
with another possibility to extract further details on the electronic transi-
tions. While one transition might be strongly temperature-dependent, an-
other might be not.

Research question 4: Do Raman modes of different symmetry couple to different
electronic transitions?

In the introduction, we wondered whether modes of different symmetry
respond differently to resonance conditions. This research question cannot
be fully answered by this work. In the monoclinic phase, we have Raman
modes of Ag and By symmetry. While all tested A, modes show two reso-
nant Raman bands, we see no clear resonant Raman bands in the resonant
Raman profiles of the B; modes. We hoped to see resonant Raman bands in
the response of the B, modes that differ in energy from the Raman bands
observed in the A modes. We speculated that these Raman bands could in-
dicate electronic transitions that might be forbidden in an optical transition
because of symmetry reasons. At this point, further measurements would
be required to verify whether the B, modes contribute or not in the reso-
nant Raman process. The evaluation of the resonant Raman profiles of the
By modes is particularly difficult because of their low Raman intensity and
because it is difficult to measure them isolated from the A, modes. How-
ever, we surprisingly identified differences in the coupling within the lattice
modes of Ay symmetry.
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Research question 5: Do defect states contribute to resonant Raman scattering?

Because of the relatively high band gap, we expected defects states but it
was unclear whether they contribute to a resonant Raman process or not.
Our optical investigations by UV /Vis spectroscopy do not show evidence
for defect levels within the band gap. The resonant Raman profiles of the A,
modes show a strong resonant Raman band at energies below the absorption
edge that matches the energy of an polaronic defect state that has been re-
ported in the literature. This result suggests that resonant Raman scattering
provides us with a technique to go deeper in the analysis of defects levels
than classical techniques such as UV /Vis spectroscopy or ellipsometry.

7.2 OPEN QUESTIONS AND PERSPECTIVES
Intensity calibration with a transparent scatterer

The intensity calibration to a transparent scatterer is essential to a resonant
Raman experiment. If the Raman spectrometer uses a confocal microscope
to focus the laser onto the sample, the transparent scatterer must be a solid
wide band gap material that is available in a high quality and possesses
Raman bands in the frequency range of the sample. In the literature, the
single crystal CaF, has been used for many resonant Raman studies. In-
deed, CaF, is sold for calibration purposes in high quality. But CaF, has
clearly disadvantages: The main problem comes with the low Raman in-
tensity, especially in the infrared, that introduces a large uncertainty in the
resonant Raman profiles at these energies. In addition, CaF, has only one
Raman mode in the medium-frequency range, so that an error for the high-
frequency modes of the sample is expected. For future work, the identifi-
cation of an alternative transparent scatterer is advised. A potential candi-
date could be Yttrium Aluminum Oxide with a band gap of around 8eV
and many Raman modes in the frequency range from 100 cm~! to 600 cm 1.
Yttrium Aluminum Oxide is commonly used as a substrate for epitaxial
growth and therefore available at high qualities.

Resonant Raman profiles of lattice vibrations involving the bismuth ion

We demonstrated that Raman modes corresponding to different lattice vi-
brations couple with different strength to the different electronic transitions
involved in the scattering process. In this work, we focused on the Raman
modes at medium- and high- frequency that correspond to the lattice vibra-
tions of the VO, tetrahedron. DFT calculations predict that the polaronic
defect is localized at the vanadium site which might be the reason why all
tested Raman modes resonate with the defect level. If this hypothesis is cor-
rect, the Raman modes at low frequencies involving the bismuth ion in the
lattice vibrations might not resonate with the defect level. To cross-check this
hypothesis, the measurement protocol of resonant Raman study 3 could be
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repeated with the small difference in measuring the low frequencies of the
Raman spectrum.

Testing modes of different symmetry in a resonant Raman experiment

In monoclinic bismuth vanadate, the isolated measurement of the B, modes
is difficult from the experimental point of view. In the tetragonal phase, bis-
muth vanadate possesses modes of Ag, By and E; symmetry. The use of an
anvil pressure cell would allow us to bring the tetragonal phase down to
room temperature and study the resonant Raman scattering in the tetrago-
nal phase of bismuth vanadate. The use of an anvil pressure cell demands for
a new experimental solution to perform the intensity calibration. To apply
pressure, the sample is clamped between two diamonds. The Raman signal
of these diamonds could be potentially used for the intensity calibration. If
it can be confirmed that the B modes are non-resonant, the Raman cross
section of the B, modes could be used for the calibration as well. Another
possibility could be to place the transparent reference scatterer on top of the
anvil cell. In this case, the laser needs to be focused first on the sample and
then on the reference scatterer by changing the focal point.

Reliable band structure calculations for direct assignment of resonant Raman bands

DFT calculations on bismuth vanadate are complicated because of the com-
plexity in the crystal structure and the number of atoms per unit cell. It
turned out that advanced tools are required to stabilize the correct crystal
structure and that many experimental pieces of evidence are required to
check the correctness of the calculations. Our collaborators D. Vincent and
X. Rocquefelte have recently succeeded to calculate the phonon dispersion
that is in good agreement with our Raman and inelastic neutron scattering
data. From these calculations, the calculation of the band structure and the
calculations of the resonant Raman intensities by first-principles methods
could be anticipated and could help us to finally assign the experimental
features that we observed.
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DEFINITION OF THE OPTICAL ABSORPTION EDGE

Parts of the work presented in the appendix have been published in APL
Materials 8, 081108 (2020) under a Creative Commons Attribution (CC BY)
license.[47] Major parts are identical in content and word with the supple-
mentary information of the publication. The text that is identical in words
with the supplementary information are placed in between the following

symbols % /..../ %.

A.1 DEFINITIONS OF THE ABSORPTION EDGE

There are different analytical methods to determine the absorption edge
from optical measurements. In this appendix we compare different methods
and demonstrate that our conclusions expressed in the Section 5.1 do not de-
pend on the choice of the method. Here, we neglect the small non-linearities
in the evolution of the absorption edge in the monoclinic low-symmetry
phase.

A.1.1  Inflexion point of the transmittance curve

In the section 5.1, we defined the absorption edge as the inflexion point of the
transmittance curve. Figure A.1 shows the transmittance spectra and their
first derivatives for (a) the (110)-oriented sample and (b) the (001)-oriented
sample for two different light polarizations measured at room temperature.

(a) (110)-oriented sample (b) (001)-oriented sample
T 60 T 40
S g 30
s 40 —Palong [010] & —horizontal P
k=] —Palong [001] £ 20 —vertical P
g A105meV IS A45meV
s 20 @
c c 10
o o
F 0 — F 0
0
‘v 0.5 \ v
= >
§ -1 —P along [010] E —horizontal P
‘% —P along [001] s —vertical P
- —-15 —-asym. Gauss © —- asym. Gauss
@ @
- =2 —
2 25 3 16 2 24 28
energy [eV] energy [eV]

Figure A.1: Transmittance spectra and their first derivatives for (a) the (110)-
oriented and (b) the (001)-oriented sample. The absorption edges are
extracted by fitting the first derivatives with an asymmetric Gaussian.
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The inflexion point have been extracted by fitting the first derivatives with
a Gaussian function with asymmetric linewidth o [95].

{heo ~ P’ (A1)

I
G(hw) = —2 exp [ - 52

ov2I1

with Iy being the amplitude and Ej being the absorption edge or the center-
ing of the Gaussian function. The non-constant linewidth is defined as

o= 7%
~ 1+exp(a(hw — hawy))

(A.2)

in which a is a measure for the asymmetry. At room temperature, we found
a maximum difference of 105 meV for the (110)-oriented sample and 45 meV
for the (001)-oriented sample.

Figure A.2 shows the absorption edge versus the temperature for the (a)
(110)-oriented and the (b) (001)-oriented sample. The solid line are linear
tits through the data. We used separate fits below and above T, and extrap-
olated to OK.
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Figure A.2: Temperature dependence of the optical absorption edge for (a) the (110)-
oriented and (b) the (001)-oriented sample. The absorption edges are
extracted as the inflexion point of the transmittance spectra. The figure
has been published in [47].

A.1.2  Constant threshold
%/ Another way to define an absorption edge is to use the energy cor-

responding to a fixed - and arbitrary - threshold in transmittance, as it is
done for example in Ref. [46]. The drawback of this method is that the
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extracted value depends on the sample thickness. Here, we show in Fig-
ure A.3 the absorption edge deduced at a transmittance value of 1 % for the
a) (110)-oriented sample and the b) (001)-oriented sample as a function of
temperature. /%
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Figure A.3: Temperature dependence of the optical absorption edge for (a) the (110)-
oriented and (b) the (oo1)-oriented sample: The absorption edge is de-
duced at a transmittance value of 1 %. The figure has been published in

[47].

A.1.3  Tauc plot

In this section, we give the absorption edges deduced by the use of a so-
called Tauc plot which is described in details in section 2.2.1.2. The draw-
back of this method is that it requires knowledge about the nature of the in-
volved interband optical absorption. Figure A.4 shows the absorption edge
extracted from the Tauc plot assuming an indirect band-to-band transition
for both samples as a function of temperature.

%/ In all cases, the main conclusions are identical: the tetragonal phase
exhibits the same anisotropy, the influence of the phase transition is clearly
seen as a kink, and the fundamental absorption edge is found for light polar-
ized perpendicular to the principal axis. The insignificant differences are an
offset of the absolute values, and some changes in the values for the slopes.

/%
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Figure A.4: Temperature-dependence of the optical absorption for (a) the (110)-
oriented sample and (b) the (001)-oriented sample: The absorption edge
is extracted from the Tauc plot assuming an indirect transition. The fig-

ure has been published in [47].
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FIT OF LOW TEMPERATURE DATA AND
EXTRAPOLATIONS TO 0K

Parts of the work presented the appendix have been published in APL Ma-
terials 8, 081108 (2020) under a Creative Commons Attribution (CC BY) li-
cense.[47] Major parts are identical in content and word with the supplemen-
tary information of the publication. The text that is identical in words with
the supplementary information are placed in between the following symbols

*/..../ k.

B.1 EXTRAPOLATION TO LOW TEMPERATURES

% / In the tetragonal high-temperature phase, the absorption edge as a func-
tion of temperature is well described by a linear fit. However, at low tem-
peratures the evolution of the absorption edge is expected to deviate from
linearity. A first cause of non-linearity is the dependence on spontaneous
strain. As described in section 5.1, we describe this by a power-law

AEgpt = A(T. — T)P

derived from Landau theory, where T is the critical temperature and A,
are fitting constants. For the fitting, T. has been fixed to 523 K corresponding
to the phase transition temperature of BiVO;.

In addition, other causes of non-linearly can be expected.[103] To describe
the saturation at low temperatures T, we fitted the experimental data in the
monoclinic phase with different functions. Since we lack data at low tem-
peratures, we could not reasonably fit all parameters. Instead we use here
physical arguments to estimate and fix some of the required parameters.

First, we consider the Varshni function, an empirical function often used
for classical semiconductors

Eo(T) = Eg(0) — aT?/(T + Tp)

where E; is the direct or indirect band gap, E4(0) the band gap at 0K
and « the Varshni coefficient.[104] The parameter Ty defines the temperature
range over which the function saturates at low temperatures, and is found
to be of the order of the Debye temperature Op.[70] Here, we simply assume
that Tp is equal to ®p. Considering the highest vibrational mode in BiVO,
of 830 cm ™1, the Debye temperature is estimated to be 1200 K.

Second, we consider the Bose-Einstein function that takes into account the
electron-phonon interaction

B 25!]3
exp(Op/T) — 1




B.1 EXTRAPOLATION TO LOW TEMPERATURES

where ap is a measure for the electron-phonon coupling in the crystal and
Ok is the average temperature of the phonon interaction[70] and marks the
temperature range where E, saturates. Following the comparison shown in
Ref. [70], we fixed O to 900K from the following relation ©®p = 4Qg /3.

Fig. B.1 shows the absorption edge deduced from the Tauc plot assuming
an indirect band gap for P || [110] in the monoclinic phase, which is the
fundamental absorption edge. The extrapolations are shown for each of the
functions described above, and the values at 0K are shown in Table B.1. We
conclude that the low-temperature effects could lead to a lowering of the
band-gap value by as much as 0.3eV./%

Table B.1: Fundamental absorption edge at 0K obtained by extrapolation with dif-
ferent fitting functions. The table has been published in [47].

Fitting function | Eopt [eV] @ T = 0K
linear fit 2.70
power-law fit 2.62
Varshni fit 2.47
Bose-Einstein fit 2.37
2.8 (110)-oriented sample: -
A P || [110]
2.6 = linear fit 7
= power-law fit
= Varshni fit

Bose-Einstein fit b

opt. absorption edge [eV]
N
M

n
o
T
Y
1

/

0 100 200 300 400 500
T [K]

Figure B.1: Optical absorption edge in the monoclinic low-temperature phase mea-
sured on the (110)-oriented sample, with extrapolations down to 0K.
The figure has been published in [47].
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C.1 FIRST RESONANT RAMAN STUDY ON THE SAMPLE BVOOO1-ANDREAS
IN MICRO MODE

c.1.1  Extraction of the Raman cross section

The Raman cross section is extracted by fitting the data with multiple Lorentzian
functions. Here, we show the Raman spectra measured on the single crystal
sample BVOoo1-Andreas and on the transparent scatterer CaF; together with
the best fits at multiple laser wavelengths.

C.1.1.1 Raman cross section of Ag modes in bismuth vanadate

Figure C.1 shows the BiVO, Raman spectra measured on the sample BVOoo1-
Andreas at room temperature at different laser excitation wavelengths for par-
allel light polarization. For parallel polarization geometries only A, modes
are expected and observed. The Raman spectra are divided into three fre-
quency ranges; (a) from 45 to 300 cm !, (b) from 300 to 600 cm ! and (c) from
450 to 950cm~!. Each frequency range is fitted with multiple Lorentzian
function. The background signal is modeled with a constant or in some
cases with a linear baseline. The Raman cross section of an individual Ra-
man mode is given by the integrated intensity below the corresponding
Lorentzian function.

The Lorentzian function provides a sufficiently good fit to almost all A,
modes. Exceptions are the A;, soft mode, the A§ and the AZ, mode. The fre-
quency position of the Aé soft mode is relatively low at 60cm~!. The low
intensity tail of the soft mode is not sufficiently resolved with the measure-
ment configuration used in this experiment, leading to high error for the
fitting of this particular mode for some laser wavelengths. In case of the
A§ and the AZ mode, phonon-phonon coupling has been observed that is
strongly temperature dependent, see discussion on section ??. At room tem-
perature, the Lorentzian function can only be seen as a first approximation
because lineshape asymmetries are expected because of the phonon-phonon
coupling.

C.1.1.2  Raman cross section of By modes in bismuth vanadate

Figure C.2 shows BiVO, Raman spectra measured on the sample BVOoo1-
Andreas at room temperature at different laser wavelengths for cross polari-
sation. In cross polarisation only Raman modes of B, symmetry are expected
due to the selection rules. We observe the Bg, at 143cm™1, the Bg at279cm1,
the Bg, at 638cm ™! and the Béo at 736 cm™! together with A, modes leaking
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(a) Ag: c(aa)c (b) Ag: c(aa)c (C) Ag: c(aa)c
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Figure C.1: BiVO, Raman spectra measured on the sample BV Ooo1-Andreas for light
polarization for light polarization c(aa)c at room temperature at differ-
ent laser excitation wavelengths. The dashed black line are fits consist-
ing of multiple Lorentzian function and constant or linear baseline. The
solid gray line is the error (data minus fit). All spectra are normalized
to the A§ mode at 129cm ! for the low frequency range (a), to the A;

mode at 326cm ™! for the medium frequency range (b) and to the Ag

mode at 828 cm ™! for the high frequency range (c). All spectra are cali-
brated with silicon for the correct frequency position.
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into the spectra. The Bg at 143cm ™! and the Bg at 638 cm™! are well isolated
and best suitable to study the resonant Raman effects for the Raman modes
of By symmetry in BiVO, . Raman cross section is given by the integrated
intensity under the Lorentzian.

By: c(ab)c Bg: c(ab)c By: c(ab)c

(a) (b) A (c)

—476nm
488nm
501nm
514nm
520nm
531nm
568nm
580nm

—590nm

—609nm

—626nm

—643nm

—647nm

norm. itensity [arb.u.]

norm. itensity [arb.u.]
norm. itensity [arb.u.]

50 100 150 200 200 240 280 500 600 700 800 900
Raman shift [cm™!] Raman shift [cm™1] Raman shift [cm™!]

Figure C.2: BiVO, Raman spectra measured at room temperature on sample
BVOoo1-Andreas with c(ab)c at different laser excitation wavelengths.
The dashed black line are fits consisting of multiple Lorentzian function
and constant baseline. All spectra are normalized to the A¢> mode at

129cm~! for the low frequency range (a), to the Ag 3 mode at 212 cm™!

for the medium frequency range (b) and to the Ayg mode at 828 cm™!
for the high frequency range (c). All spectra are calibrated with silicon
for the correct frequency position.

C.1.1.3 Raman cross section of transparent scattered calcium fluoride

Figure C.3 shows the Raman spectra of the transparent scatterer CaF, mea-
sured at room temperature at different laser wavelengths for (a) parallel and
(b) cross polarisation. All spectra are calibrated with silicon for the correct
frequency position and normalized to the Raman mode at 322cm™!. The
data have been fitted with a single Lorentzian function and constant baseline
for parallel and linear baseline for cross polarisation. The Raman intensity,
especially for the cross polarisation and for the laser excitation in the UV, is
relatively low despite long acquisition time (300s or 600s. For the laser ex-
citation at 476 nm, the Raman mode at 322 cm ! was not visible at all. Also,
here the Raman cross section is given by the integrated intensity under the
Lorentzian.
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(a) CaF,: parallel polarisation (b) CaF,: cross polarisation
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Raman spectra of the transparent scatterer CaF, measured at room tem-
perature at different laser excitation wavelengths for (a) parallel polari-
sation and (b) cross polarisation. All spectra are calibrated with silicon
for the correct frequency position and normalized to the Raman mode
at 322cm~!. The dashed black line is the best fit to the data using a
single Lorentzian function and constant baseline for parallel and linear
baseline for cross polarisation. Here, we subtracted the baseline from
the data and the fit.
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C.2 SECOND RESONANT RAMAN STUDY ON THE SAMPLE BVO10O-JULIAN
IN MACRO MODE

c.2.1 Resonant Raman profiles

C.2.1.1  Resonant Raman profiles of Ay modes

Figure C.4 shows the resonant Raman profiles of the Raman modes with
Aq symmetry measured on the sample BVO100-Julian using the macro com-
partment of the Horiba Raman Spectrometer. Here, the Raman modes from
the medium frequency range Ag, Ag and Ag are shown measured at two
different light polarizations a(bb)a and a(cc)a. All resonant Raman profiles
show a resonant peak at energies ranging from 2.03eV to 2.1eV. At energies
below the resonant peak, the data scattering is relatively large. The intensity
of the Raman modes in the medium frequency range is much lower com-
pared the intensity of the Ag mode discussed in the main text. Because of
the low intensity, these Raman bands at medium frequencies are not always
visible, especially for excitations at high energy. That is why, we have a lim-
ited number of data at energies above the resonant peak. In the main test,
we discussed an additional resonant peak at higher energies around 2.38 eV
that is not visible on the resonant Raman profiles shown here.
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Figure C.4: Resonant Raman profiles of Raman modes with A, symmetry measured
on the sample BVO100-Julian for the light polarisation (a), (c) a(bb)a and

(b),(d),(e) a(cc)a.
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