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Abstract
Nitride-based semiconductor materials make it possible to fabricate optoelectronic devices that operate in the whole electromagnetic range, since the band
gaps of these compounds can be modified by doping. Among these materials, the sp2-hybridized boron nitride has properties that make it a potential
candidate for integration in devices operating in the short-wavelength limit, under harsh environment conditions, due to the strength of the B-N bond.
Nevertheless, this binary compound has been the less studied material among the nitrides, due to the lack of complete control on the growth process.
This thesis is focused on the study of the optical properties of sp2-hybridized boron nitride grown by hot-wall chemical vapor deposition (CVD) method,
at the Department of Physics, Chemistry and Biology, at Linköping University, Sweden. The samples received for this study were grown on c-plane
aluminum nitride as the buffer layer, which in turn was grown by nitridation on c- plane oriented sapphire, as the substrate material. The first objective of
the research presented in this thesis was the development of a suitable ellipsometry model in a spectral region ranging from the infrared to the ultraviolet
zones of the electromagnetic spectrum, with the aim of obtaining in the process optical properties such as the index of refraction, the energy of the
fundamental electronic interband transition, the frequencies for the optical vibrational modes of the crystal lattice, as well as their broadenings, and the
numerical values of the dielectric constants; and on the other hand, structural parameters such as the layers thicknesses, and examine the possibility of the
presence of roughness or porosity on the boron nitride layer, which may affect the optical properties, by incorporating their effects into the model. The
determination of these parameters, and their relation with the growth process, is important for the future adequate design of heterostructure-based devices
that incorporate this material. In particular, emphasis has been put on the modeling of the polar lattice resonance contributions, with the TO- LO model, by
using infrared spectroscopic ellipsometry as the characterization technique to study the phonon behavior, in the aforementioned spectral region, of the
boron nitride. On the other hand, spectroscopic ellipsometry in the visible-ultraviolet spectral range was used to study the behavior of the material, by
combining a Cauchy model, including an Urbach tail for the absorption edge, and a Lorentz oscillator in order to account for the absorption in the material
in the UV zone. This first step on the research project was carried out at Linköping University.
The second objective in the research project was to carry out additional studies on the samples received, in order to complement the information provided
by the ellipsometry model and to improve the model itself, provided that it was possible. The characterization techniques used were X-ray diffraction,
which made it possible to confirm that in fact boron nitride was present in the samples studied, and made it possible to verify the crystalline quality of the
aforementioned samples, and in turn relate it to the quality of the ellipsometry spectra previously obtained; the Raman spectroscopy made it possible to
further verify and compare the crystalline qualities of the samples received, as well as to obtain the frequency for the Raman active B-N stretching
vibration in the basal plane, and to compare this value with that corresponding to the bulk sp2-boron nitride; scanning electron microscopy made it
possible to observe the rough surface morphologies of the samples and thus relate them to some of the conclusions derived from the ellipsometry model;
and finally cathodoluminescence measurements carried out at low temperature (4 K) allowed to obtain a broad band emission, on all the samples studied,
which could be related to native defects inside the boron nitride layers, i.e., boron vacancies. Nevertheless, no trace of a free carrier recombination was
observed. Considering that the hexagonal-boron nitride is nowadays considered to be a direct band gap semiconductor, it may be indirectly concluded, in
principle, that the dominant phase present in the samples studied was the rhombohedral polytype. Moreover, it can be tentatively concluded that the lack
of an observable interband recombination may be due to the indirect band gap nature of the rhombohedral phase of the boron nitride. Spectroscopic
ellipsometry does not give a definite answer regarding this issue either, because the samples analyzed were crystalline by nature, thus not being possible to
use mathematical expressions for the dielectric function models that incorporate the band gap value as a fitting parameter. Therefore, the nature of the
band gap emission in the rhombohedral phase of the boron nitride is still an open research question. On the other hand, luminescent emissions originating
from radiative excitonic recombinations were not observed in the cathodoluminescence spectra. This second step of the project was carried out at the
Leroy Eyring Center for Solid State Science at Arizona State University.
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cathodoluminescence, electron microscopy, Raman spectroscopy.
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ABSTRACT
Nitride-based semiconductor materials make it possible to fabricate optoelectronic devices that
operate in the whole electromagnetic range, since the band gaps of these compounds can be
modified by doping. Among these materials, the sp2-hybridized boron nitride has properties that
make it a potential candidate for integration in devices operating in the short-wavelength limit,
under harsh environment conditions, due to the strength of the B-N bond. Nevertheless, this
binary compound has been the less studied material among the nitrides, due to the lack of
complete control on the growth process.
This thesis is focused on the study of the optical properties of sp2-hybridized boron nitride grown
by hot-wall chemical vapor deposition (CVD) method, at the Department of Physics, Chemistry
and Biology, at Linköping University, Sweden. The samples received for this study were grown
on c-plane aluminum nitride as the buffer layer, which in turn was grown by nitridation on cplane oriented sapphire, as the substrate material. The first objective of the research presented in
this thesis was the development of a suitable ellipsometry model in a spectral region ranging
from the infrared to the ultraviolet zones of the electromagnetic spectrum, with the aim of
obtaining in the process optical properties such as the index of refraction, the energy of the
fundamental electronic interband transition, the frequencies for the optical vibrational modes of
the crystal lattice, as well as their broadenings, and the numerical values of the dielectric
constants; and on the other hand, structural parameters such as the layers thicknesses, and
examine the possibility of the presence of roughness or porosity on the boron nitride layer, which
may affect the optical properties, by incorporating their effects into the model. The determination
of these parameters, and their relation with the growth process, is important for the future
adequate design of heterostructure-based devices that incorporate this material. In particular,
emphasis has been put on the modeling of the polar lattice resonance contributions, with the TOLO model, by using infrared spectroscopic ellipsometry as the characterization technique to
study the phonon behavior, in the aforementioned spectral region, of the boron nitride. On the
other hand, spectroscopic ellipsometry in the visible-ultraviolet spectral range was used to study
the behavior of the material, by combining a Cauchy model, including an Urbach tail for the
absorption edge, and a Lorentz oscillator in order to account for the absorption in the material in
the UV zone. This first step on the research project was carried out at Linköping University.
The second objective in the research project was to carry out additional studies on the samples
received, in order to complement the information provided by the ellipsometry model and to
improve the model itself, provided that it was possible. The characterization techniques used
were X-ray diffraction, which made it possible to confirm that in fact boron nitride was present
in the samples studied, and made it possible to verify the crystalline quality of the
aforementioned samples, and in turn relate it to the quality of the ellipsometry spectra previously
obtained; the Raman spectroscopy made it possible to further verify and compare the crystalline
qualities of the samples received, as well as to obtain the frequency for the Raman active B-N
stretching vibration in the basal plane, and to compare this value with that corresponding to the
i

bulk sp2-boron nitride; scanning electron microscopy made it possible to observe the rough
surface morphologies of the samples and thus relate them to some of the conclusions derived
from the ellipsometry model; and finally cathodoluminescence measurements carried out at low
temperature (4 K) allowed to obtain a broad band emission, on all the samples studied, which
could be related to native defects inside the boron nitride layers, i.e., boron vacancies.
Nevertheless, no trace of a free carrier recombination was observed. Considering that the
hexagonal-boron nitride is nowadays considered to be a direct band gap semiconductor, it may
be indirectly concluded, in principle, that the dominant phase present in the samples studied was
the rhombohedral polytype. Moreover, it can be tentatively concluded that the lack of an
observable interband recombination may be due to the indirect band gap nature of the
rhombohedral phase of the boron nitride. Spectroscopic ellipsometry does not give a definite
answer regarding this issue either, because the samples analyzed were crystalline by nature, thus
not being possible to use mathematical expressions for the dielectric function models that
incorporate the band gap value as a fitting parameter. Therefore, the nature of the band gap
emission in the rhombohedral phase of the boron nitride is still an open research question. On the
other hand, luminescent emissions originating from radiative excitonic recombinations were not
observed in the cathodoluminescence spectra. This second step of the project was carried out at
the Leroy Eyring Center for Solid State Science at Arizona State University.
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CHAPTER 1
INTRODUCTION
The group-III nitride semiconductors and their alloys undoubtedly have an enormous
technological importance reflected in their widespread use in electronic and optical devices used
in everyday life, nowadays. In particular, their good thermal conductivity, high crystal bond
strengths, high melting points and high breakdown fields, make these materials suitable for
application in devices operating under high-temperature and high-power working regimes.
This chapter deals with a general overview of the historical development of the research field
related to these materials, as well as their crystal structures, and chemical and vibrational
properties. A special attention is paid to the boron nitride, the less studied compound of the
group-III nitride semiconductor materials, whose hexagonal phase is recently attracting much
attention from the scientific community due to its potential application in photonic devices
operating in the ultraviolet range, because of its ease of integration with well-studied existing
materials, i.e. the group-III nitride semiconductors, as well as with emerging materials such as
graphene.
1.1 OVERVIEW OF THE FIELD OF III-NITRIDE SEMICONDUCTORS
The group-III nitride semiconductors which consists of the binary alloys GaN, AlN, and InN,
with band gap energies ranging from 0.7 eV to 6.2 eV for InN and AlN, respectively, covering
the entire visible region of the electromagnetic spectrum, as well as their alloys, which have the
required band gap energies for emission in the short wavelength range, have been subject to
considerable research efforts during the past decades, and still continue to attract much of the
scientific and industrial attention nowadays.
The III-V compounds are not new materials. In particular, the first AlN crystals were grown by
sublimation in a N2 atmosphere, in 1915. On the other hand, the crystalline structure of GaN was
described in 1937 [1], and needles fabricated with this material were synthesized in 1938 [2].
The research carried out on light emitting diodes (LEDs) based on III-nitride materials achieved
an important milestone with the development of high efficient blue emitters by Nichia
Corporation, in 1993 [3], and soon after GaN-based single quantum well (SQW) LEDs operating
in the green range, and the first violet room-temperature continuous wave laser diode (LD), were
produced by the same company in 1994 and 1996, respectively. Currently, the research on these
materials is mostly focused on the optimization of optoelectronic devices operating in the long
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wavelength regime. On the other hand, it is worth mentioning that the advantage of the group-III
nitride semiconductors over other wide band gap materials, lies on the strong cation-N chemical
bond which makes the active region of the devices, based on these materials, very stable and
resistant to degradation under working conditions of high-temperature, high-electric fields, and
high-illumination. The strength of the aforementioned bond makes it energetically unfavorable
for dislocations to be introduced in the material during the growth process, thus minimizing the
effect of one of the most important mechanisms of degradation in group-III nitride materials.
A big issue in the growth of high-quality III-V semiconductor materials is the lack of native
substrates, and the strength of the cation-N bond limits the choice of foreign substrates only to
those that are stable under the high-temperatures required for the growth of the nitride materials.
The most used substrates are sapphire and silicon carbide (6H-SiC). Nevertheless, the large
difference in lattice parameters and thermal expansion coefficients between the aforementioned
substrates and the AlGaIn-N system makes it necessary to first introduce intermediate, or buffer
layers, in order to minimize the structural imperfections in the lattice such as dislocations and
stacking faults which have adverse effects on the optoelectronic properties of the materials [4].
In particular, current research efforts on the optimization of LEDs and LDs operating in the
infrared range, is based in InGaN/GaN interfaces. Nonetheless, the lattice mismatch between the
GaN and InN creates a biaxial strain which brings about an internal piezoelectric polarization
field, which tilts the conduction and valence bands in the heterostructure, reducing in this way
the overlap between the electron and hole wave-functions and thus decreasing the quantum
efficiency. On the other hand, the lattice mismatch leads to fluctuations in the periodicity of the
potential across the structure, with increasing indium composition due to the introduction of
structural defects such as dislocations and alloy segregations [5,6].
Mastering epitaxy on foreign substrates is of fundamental importance in order to control the
chemical purity and the structural integrity of the epitaxial semiconductors. In particular, GaN, a
material of great technological importance for light emitting applications, has to be grown on
substrates such as sapphire and 6H-SiC. The lattice mismatch between the former and latter
substrate with the GaN reaches 13.8% and 3.4%, respectively. Nevertheless, it is difficult to
produce the atomically flat SiC substrates required to minimize the dislocations density in the
epilayer, and consequently sapphire is the substrate of choice for the growth of GaN [7]. On the
other hand, the introduction of an AlN buffer layer between the sapphire and the GaN increases
the cathodoluminescence efficiency and the Hall mobility in the film [8]. Therefore, the crystal
quality of the epitaxial GaN film is increased by the introduction of the AlN buffer layer. It
worth mentioning that it is also possible to do homoepitaxy by growing a GaN film on a GaN
buffer layer on top of a sapphire substrate [9], and this structure is useful, for example, to grow
InGaN MQWs since in this configuration the films show superior optical properties than if they
had been grown directly on a sapphire substrate [10]. In order to increase the crystalline quality
of the epilayers, the nitridation of the uppermost monolayer of the c-plane sapphire substrate is
carried out by exchanging the surface oxide with nitrogen, reducing in this way the lattice
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mismatch for subsequent epitaxial growth [11]. Some of the physical properties of materials used
as substrates in nitrides epitaxy are shown in Table 1.1.
Another issue during the growth of III-nitride materials is the presence of high-extended defects
such as stacking faults and threading dislocations. In particular, the latter appear at the interface
between the heteroepitaxial films due to their lattice mismatch, and propagate along the [0001]direction. For example, the dislocation density in c-plane GaN is typically in the order of 1081010 cm-2 [12]. The dislocations act as nonradiative recombination centers which reduce the
cathodoluminescence efficiency by competing with other radiative recombination mechanisms.
On the other hand, the dislocations reduce the lifetime of the carriers, migrate during the device
operation and reduce its usable lifetime. Nevertheless, it should be pointed out that in spite of the
high threading dislocation density in group-III nitride semiconductors, the quantum efficiency in
these materials is still high in comparison to other semiconductor materials such as the
phosphides and arsenides. This fact is due to the ionic character of the bonding in the III-nitride
semiconductors, for ionic materials do not experience the Fermi level pinning, which means that
the states associated with the interruption of the periodicity of the lattice at the surface are few in
number and are not located inside the band gap. The dislocations can also be considered as
lattice interruptions in an analogous manner to the surfaces. Therefore, the carriers are
insensitive to their presence [13] and the radiative recombination efficiency is not affected.
A second important milestone in the research field of III-nitride semiconductor materials was the
production of p-doped GaN [14], and since the early 1970s, Be, Zn, Cd, and Mg, were used as pdopants in GaN [15,16] and in particular, Mg was expected to be a good p-dopant. Nonetheless,
even though it was possible to incorporate large amounts of Mg into the GaN, the nitride films
were still highly resistive due to the unintentional hydrogen contamination [3], and subsequent
formation of acceptor-H neutral complexes which passivated the dopants [2]. In 1989, p-type
GaN was obtained by low energy electron beam irradiation (LEEBI) which resulted in the
activation of the Mg-acceptors, thus improving the resistivity of the material [17]. On the other
hand, in 1991 p-type GaN was produced by N2 thermal annealing at temperatures above 700 oC,
by Nichia Corporation [18].
Substrate

Sapphire
6H-SiC

Crystal
Structure

Lattice
Constant
(Å) at 300
K

Rhombohedral a= 4.758
c= 12.991
Wurtzite

a= 3.081
c= 15.117

3

Coefficient
of Linear
Thermal
Expansion
(oC-1) at 300
K, x10-6 K
α a = 7.5
α c = 8.5
α a = 4.2

α c = 4.68

Bulk
Modulus

36x106
(psi)[20]
2.2x1012
(dyn.cm-2)

GaN

Wurtzite

a= 3.1184
c= 5.1852

α a = 5.59
α c = 3.17

20.4x1011
(dyn.cm-2)

ZnO

Wurtzite

a= 3.250
c= 5.207

α a = 6.5
α c = 3.7

142.4
(GPa)[21]

Table 1.1 Physical constants of some materials used as substrates in nitride-based devices. Adapted from
Ref. [19].

1.2 CRYSTAL STRUCTURES, CHEMICAL AND VIBRATIONAL PROPERTIES
The group-III nitride semiconductor materials crystallize in the cubic zinc-blende and wurtzite


structures, whose space groups are C6v (P63mc) and Td ( F 4 3m ), respectively. Nevertheless, in
spite of the fact that in each of the aforementioned polytypes each atom is tetrahedrically
surrounded by four atoms of the other chemical species, they differ in their stacking sequence
since in the case of the zinc-blende structure the stacking sequence of the {111}-planes is
ABCABC, whereas in the case of the wurtzite structure the stacking sequence of the {0001}basal planes is ABCABC [12]. On the other hand, the GaN, AlN, and InN materials crystallize
into the wurtzite structure under ambient conditions because for this particular polytype the
cation-N bond is lower in energy by 20-24 meV in GaN, 48-60 meV in AlN, and 142 meV in
InN [23].
The zinc-blende structure is described by the lattice constant azb, whereas the wurtzite structure is
described by the in-plane lattice parameter aw, and the perpendicular out-of-plane lattice
parameter c, and in the ideal wurtzite structure the in-plane and out-of-plane lattice constants are
related to the lattice parameter of the zinc-blende polytype via aw = azb/21/2 and c = 2azb/31/2,
defining in this way the ideal ratio c/a = 1.633 [2]. Nonetheless, in reality the c/a value is less
than its ideal value due to distortions in the crystal, induced by structural defects, which are
inherent to the growth process, and induce strain fields which are responsible for the
piezoelectric polarization fields in the wurtzite structure.
On the other hand, since the wurtzite structure does not have a center of inversion, a spontaneous
polarization field, parallel to the [0001]-direction, is also present, and may have, or not, the same
direction as the piezoelectric field, depending on the polarity of the film which is defined as the
direction of the cation-N bond, parallel to the c-axis, with respect to the direction of the normal
to the film. In particular, a film is called (B,Al,Ga,In)-polar if the group-III atoms are located
below the nitrogen atoms, and is called N-polar if, on the contrary, the group-III atoms are
located above the nitrogen atoms. On the other hand, the polarity of the substrate strongly
influences the surface morphology and luminescent properties of the epilayers because the atoms
at the surface influence the growth kinetics [7].
The polarization fields reduce the overlap between the electron and hole wave-functions,
increase the probability of tunneling in the QW, decreasing in this way the carrier lifetimes.
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Therefore, the luminescence emission is less intense and red-shifted. The representations of the
spontaneous and piezoelectric polarizations are depicted in Figure 1.1.

Figure 1.1 Representations of the spontaneous (a) and piezoelectric polarization field (b) in the wurtzite
crystal structure. After Ref. [12]. Reprinted with the permission of Dr. Alec M. Fisher.

On the other hand, the phonon dispersion curves, usually obtained with the neutron scattering
technique, is a fundamental characteristic of the crystals and reflects features of the interatomic
interactions. Therefore, it provides information regarding the dynamical properties of crystals
[2]. In particular, according to group theory the acoustical and optical phonon modes of wurtzite
group-III materials belong to the following irreducible representation at the gamma point of the
Brillouin zone:
Γ ac  Γ1  Γ 6  A1  E1

(1.1a)

Γ opt  Γ1  2Γ 4  2Γ 5  Γ 6  A1  2B1  E1  2E 2

(1.1b)

Figure 1.2 Representation of the atomic displacements of the phonon modes in a wurtzite crystal.
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The A1 and E1 phonon modes, which represent the atoms moving parallel and perpendicular to
the c-axis, respectively, split in TO-LO phonon contributions, with different frequencies. On the
other hand, the A1 and E1 modes, which are Raman-active, also have different vibration
frequencies as a consequence of the short-range interatomic forces [25]. On the other hand, the
B1 modes are silent, and the E2 modes are Raman active. The atomic displacement of the
aforementioned optical phonon modes are depicted in Figure 1.2. Moreover, the anisotropy of
the c-plane wurtzite group-III nitrides is uniaxial and the dielectric function is a tensor defined
by:

ε

ε 0
0


0
ε
0

0

0
ε // 

(1.2)

In Eq. (1.2) ε  and ε // represent the dielectric functions in the directions perpendicular and parallel
to the c-axis, respectively.
1.3 BORON NITRIDE
The boron nitride is a material that exists in different phases, each of them exhibiting different
physical and chemical properties. These polymorphic forms are the cubic boron nitride (c-BN),
wurtzite boron nitride (w-BN), hexagonal boron nitride (h-BN), and rhombohedral boron nitride
(r-BN), respectively. The cubic phase is obtained from h-BN by compression at high-pressure
and high-temperature, whereas the wurtzite phase is obtained by the compression of r-BN under
conditions of high-pressure at room temperature [29,30,31,32,33]. In particular, the difference
between the hexagonal and rhombohedral phases is the stacking sequence which is ABAB in the
former case, and ABCABC in the latter case, respectively. In these phases the B and N atoms are
kept together by sp2-hybridized orbits, and it is the strongest bond among those of the group-III
nitrides.
Additionally, the BN forms two additional disordered structures which are the amorphous boron
nitride (a-BN) and the turbostratic boron nitride (t-BN), respectively. In the latter structure the
two-dimensional in-plane order is maintained but the planes are stacked in random sequence and
random rotation with respect to the c-axis. A transformation from a-BN to t-BN and from t-BN
to h-BN takes place at the relatively high temperature of 1100 oC and 1500 oC, respectively [35].
On the other hand, the zinc-blende c-BN is the second hardest material known, with a lattice
constant of 3.61 Å, and indirect band gap of 6.1 eV, and a thermal conductivity of 10 6 Ω.m at
1000 oC [36], and it is used for grinding and cutting industrial operations.
The h-BN has recently attracted interest due to its physical properties such as high thermal
conductivity and chemical stability, and its large band gap of around 6 eV. Furthermore, its
structure resembles that of graphene and thus, in principle, it may be possible to replicate
phenomena that were thought to take place only in graphene [37]. This fact has motivated the
6

study of h-BN as a potential photonic material, operating in the ultraviolet range, to be used as
template in graphene electronics and as a dielectric layer. The h-BN must also be grown on
foreign substrates. It has been grown on (0001) sapphire substrate by MOVPE [39], on highly
conductive n-type (0001) 6H-SiC, and on AlGaN/AlN/Al2O3 templates using MOCVD in an
attempt to demonstrate the feasibility of Mg-doped hBN/AlGaN p-n junctions [38]. On the other
hand, the h-BN nanotubes (BNNTs) are currently being investigated for use in cancer treatment
[36]. The r-BN has been the less studied phase, but current research efforts are focused on using
it in microelectronic and photonic devices [40], and nanotubes fabricated with this material has
shown a high elastic modulus and resistance to oxidation [41,42].
1.4 STRAIN EFFECTS ON THE VIBRATIONAL PROPERTIES
In a wurtzite crystal structure the stress tensor is related to the strain tensor via the stiffness
constants Cij as follows:

 τ xx   C11 C12 C13
  
 τ yy   C12 C11 C13
 τ  C
C13 C 33
 zz    13
0
0
 τ xy   0
τ   0
0
0
 yz  
τ   0
0
0
 zx  

0
0
0
C 44
0
0

0
0
0
0
C 44
0

0
  ε xx 


0
  ε yy 
ε 
0
 .  zz 
0
  2ε yz 
  2ε 
0
  xz 
2C11  C12   2ε xy 

(1.3)

The in-plane biaxial strain is calculated with the lattice constants of the substrate, a o, and that of
the epilayer material, a, respectively, according to:

ε xx  ε yy 

ao  a
a

(1.4)

Moreover, it is possible to correlate the out-of-plane and in-plane strain according to the
following expression:

ε zz  

2C13
ε xx
C 33

(1.5)

It should be pointed out that the frequencies of the zone-center optical phonons in group-III
semiconductors have different values than those corresponding to the strain-free values. In
particular, in the linear strain limit these shifts are related to the strain tensor via [2]:
ΔωA1   a A1 ε xx  ε yy   bA1 ε zz

(1.6)



ΔωE 1,2   a E 1,2 ε xx  ε yy   bE 1,2 ε zz  cE 1,2  ε xx  ε yy   4ε 2xy
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1

2

(1.7)

In the particular case of biaxial strain ε xx  ε yy . Therefore, Eq. (1.7) reduces to:

Δω j  2a jε xx  b jε zz

(1.8)



C
Δω j   a  j 33  b j ε zz
C13



(1.9)

1.5 ORGANIZATION OF THE THESIS
This thesis is organized as follows:
Chapter 2 describes the principles of spectroscopic ellipsometry.
Chapter 3 describes the principles of cathodoluminescence imaging spectroscopy.
Chapter 4 describes the principles of Raman spectroscopy and X-ray diffraction.
Chapter 5 presents the experimental results obtained and the related discussion.
Chapter 6 presents the conclusions of this work.
References
1. F. A. Ponce, D. P. Bour, W. T. Young, M. Saunders, and J. W. Steeds, Determination of Lattice
Polarity for Growth of GaN Bulk Single Crystals and Epitaxial Layers, Appl. Phys. Lett. 69
(1996), 337.
2. V. Darakchieva, Strain-Related Structural and Vibrational Properties of Group-III Nitride Layers
and Superlattices, Ph.D. thesis, Linköping University (2004).
3. H. Amano, N. Sawaki, N. Akasaki, and Y. Toyoda, Metalorganic Vapor Phase Epitaxial Growth
of a High Quality GaN Film Using and AlN Buffer Layer, Appl. Phys. Lett. 48 (1986) pp. 353355.
4. R. Dingle, K. I. Shaklee, R. F. Leheny, and R. B. Zetterstrom, Stimulated Emission and Laser
Action in GaN, Appl. Phys. Lett. 19 (1971) pp. 5-7.
5. S. Nakamura, The Roles of Structural Imperfections in InGaN-based Blue Light Emitting Diodes
and Laser Diodes, Science 12 (1998) Vol. 281 no. 5379 pp. 956-961.
6. F. A. Ponce, J. S. Major Jr, W. E. Plano, and D. F. Welch, Crystalline Structure of AlGaN
Epitaxy on Sapphire using AlN Buffer Layers, Appl. Phys. Lett. 65 (1994) pp. 2302-2304.
7. T. Sasaki and T. Matsuoka, Substrate-Polarity Dependence of Metal Organic Vapor EpitaxyGrown GaN on SiC, J. Appl. Phys. 64 (1988), 4531.
8. S. Yoshida, S. Misawa, and S. Gonda, Improvements on the Electrical and Luminescent
Properties of Reactive Molecular Beam Epitaxially Grown GaN Films by Using AlN-coated
Sapphire Substrates, Appl. Phys. Lett. 42 (1983), 427.
9. S. Nakamura, GaN Growth Using GaN Buffer Layer, Jpn. J. Appl. Phys. 30 (1991) pp. L1705L1707.

8

10. C. Sasaoka, H. Sunakawa, A. Kimura, M. Nido, A. Usui, and A. Sakai, High-Quality InGaN
MWQ on Low-Dislocation-Density GaN Substrate Grown by Hydride Vapor-Phase Epitaxy, J.
Crystal Growth 189 (1998), 61.
11. C. Heinlein, J. K. Grepstad, S. Einfeldt, D. Hommel, T. Berge, and A. P. Grande, Preconditioning
of c-plane Sapphire for GaN Molecular Beam Epitaxy by Electron Cyclotron Resonance Plasma
Nitridation, J. Appl. Phys. 83 (1998), 6023.
12. A. M. Fisher, Study of Wide Band Gap Semiconductors Studied by Means of
Cathodoluminescence, Ph.D. thesis, Arizona State University (2009).
13. S. D. Lester, F. A. Ponce, M. G. Craford, and D. A. Steigerwald, High Dislocation Densities in
High Efficiency GaN-based Light Emitting Diodes, Appl. Phys. Lett. 66 (1995), 1249.
14. H. M. Manasevit, F. M. Erdmann, and W. I. Simpson, The Use of Metalorganics in the
Preparation of Semiconductor Materials. IV. The Nitrides of Aluminum and Gallium, J.
Electrochem. Soc. 118 (1971), pp. 1864-1868.
15. H. P. Maruska, W. C. Rhines, and D. A. Stevenson, Preparation of Mg-doped GaN-diodes
Exhibiting Violet Electroluminescence, Mat. Res. Bull. 7, 777 (1972).
16. O. Lagerstedt and B. Monemar, Luminescence in Epitaxial GaN:Cd, J. Appl. Phys. 45, (1974)
2266-2272.
17. H. Amano, M. Kito, K. Hiramatsu, and I. Akasaki, P-Type Conduction in Mg-doped GaN Treated
with Low Energy Electron Beam Irradiation (LEEBI), Jpn. J. Appl. Phys. 28 (1989) pp. L2112L2114.
18. S. Nakamura, T. Mukai, M. Senoh, N. Iwasa, Thermal Annealing Effects on P-type Mg-doped
GaN Films, Jpn. J. Appl. Phys. 31 (1992) pp. L139-L142.
19. Semiconductors on NSM. Available from:
<http://www.ioffe.rssi.ru/SVA/NSM/Semicond/index.html>. [07 October 2013].
20. Roditi International. Available from:
<http://www.roditi.com/SingleCrystal/Sapphire/Properties.html>. [10 October 2013].
21. Basic Properties and Applications of ZnO. Available from:
<http://lib.semi.ac.cn:8080/tsh/fwzn/newbookbulltin/200805/zinc/chap1.pdf>. [10 October 2013].
22. P. Vennegues, and B. Beaumont, Transmission Electron Microscopy Study of the Nitridation of
the (0001) Sapphire Surface, Appl. Phys. Lett. 75 (1999), 4115.
23. F. Bechstedt, Low-Dimensional Nitride Semiconductors, ed. by B. Gill, Oxford University Press,
p.15 (2002).
24. I. Gorczyca, N. E. Christensen, E. L. Peltzer y Blancá, and C. O. Rodriguez, Optical Phonon
Modes in GaN and AlN, Phys. Rev. B 51 (1995) pp. 11936-11939.
25. M. Schubert, Infrared Ellipsometry on Semiconductor Layer Structures: Phonons, Plasmons, and
Polaritons, Springer (2004).
26. K. Karch, and F. Bechstedt, Ab initio Lattice Dynamics of BN and AlN: Covalent versus Ionic
Forces, Phys. Rev. B 56 (1997) pp. 7404-7415.
27. Y. Miyamoto, M. L. Cohen, and S. G. Louie, Ab initio Calculation of Phonon Spectra for
Graphite, BN, and BC2N Sheets, Phys. Rev. B 52 (1995), pp. 14971-14975.
28. C. Bungaro, K. Rapcewicz, and J. Bernhole, Ab inito Phonon Dispersions of Wurtzite AlN, GaN,
and InN, Phys. Rev. B 61 (2000), pp. 6720-6725.
29. W. Han, Anisotropic Hexagonal Boron Nitride Nanomaterials Synthesis and Applications,
Technical Report, Brookhaven National Lab., Upton, NY.
9

30. M. Ueno, K. Hasegawa, R. Oshima, A. Onodera, O. Shimomura, K. Takemura, H. Nakae, T.
Matsuda, and T. Hirai, Room-Temperature Transition of Rhombohedral Boron Nitride under
High Static Pressure, Phys. Rev. B 45 (1992) pp. 10226-10230.
31. T. Oku, K. Hiraga, T. Matsuda, T. Hirai, M. Hirabayashi, Twin Structures of Rhombohedral and
Cubic Boron Nitride Prepared by Chemical Vapor Deposition Method, Diamond and Related
Materials, vol. 12, iss. 3-7 (2003), pp. 1138-1145.
32. T. Taniguchi, T. Sato, W. Utsumi, T. Kikegawa, O. Shinomura, In Situ X-Ray Observation of
Phase Transformation of Rhombohedral Boron Nitride Under Static High Pressure and High
Temperature, Diamond and Related Materials, vol. 6, iss. 12, pp. 1806-1815.
33. Y. Le Godec, D. Martinez-Garcia, V. L. Solozhenko, M. Mezouar, G. Syfosse, J. M. Besson,
Compression and Thermal Expansion of Rhombohedral Boron Nitride and High Pressures and
Temperatures, Journal of Physics and Chemistry of Solids, v. 61, iss. 12, pp. 1935-1938.
34. Mikhail Chubarov, Henrik Pedersen, Hans Högberg, Jens Jensen, and Anne Henry, Growth of
High Quality Epitaxial Rhombohedral Boron Nitride, Cryst. Growth Des., 2012, 12 (6), pp

3215–3220.
35. Y. Kobayashi, T. Akasaka, and T. Makimoto, Hexagonal Boron Nitride Grown by MOVPE, J.
Cryst. Growth v. 310, iss. 23, p. 5048-5052.
36. W. Han, Anisotropic Hexagonal Boron Nitride Nanomaterials Synthesis and Applications,
Technical Report, Brookhaven National Lab., Upton, NY.
37. Boron Nitride: Motivations and Applications. Available from:
<http://www3.nd.edu/~djena/ee87024/report1st_guowang_bill.pdf>. [10 October 2013].
38. S. Majety, J. Li, X. K. Cao, R. Dahal, B. N. Pantha, J. Y. Lin, and H. X. Jiang, Epitaxial Growth
and Demonstration of Hexagonal BN/AlGaN p-n Junctions for Deep Ultraviolet Photonics, Appl.
Phys. Lett. 100 (2012), 061121.
39. Y. Kobayashi and T. Akasaka, Hexagonal Boron Nitride Epitaxial Growth on (0001) Sapphire
Substrate by MOVPE, J. Cryst. Growth v. 310, iss. 23, pp. 5044-5047.
40. L. Q. Xu, J. H. Zhan, J. Q. Hu, Y. Bando, X. L. Yuan, T. Sekiguchi, M. Mitome, and D. Golberg,
High-Yield Synthesis of Rhombohedral Boron Nitride Triangular Nanoplates, Advanced
Materials, 19 16: 2141-2144.
41. L. Bourgeois, Y. Bando, and T. Sato, Tubes of Rhombohedral Boron Nitride, J. Phys. D: Appl.
Phys. 33 (2000) 1902.
42. X. J. Yang, L. L. Li, X. H. Zhang, P. Shi, Y. Tian, X. Li, C. C. Tang, The Rietvelt Refinement of
Thermal Synthetized Rhombohedral Boron Nitride Micro-Rods, Advanced Materials Research
vol. 631-632 (2013) pp. 78-81.

10

11

CHAPTER 2
CHARACTERIZATION TECHNIQUES - I
This chapter deals with the theory behind one of the characterization techniques employed in the
research presented in this thesis. A review of the definitions and principles presented here are
required for a good understanding of the discussion and analysis carried out on the experimental
results obtained with spectroscopic ellipsometry.
2.1 SPECTROSCOPIC ELLIPSOMETRY
2.1.1 Overview and principles
Ellipsometry is an optical characterization technique which is useful for the determination of the
spectral dependence of the index of refraction and the dielectric function, and for the
microstructural characterization [1] of the material being studied, by making it possible to
determine wavelength-independent parameters such as the layer thickness, temperature and
doping effects [2], composition and crystal orientation. The technique is widely used in the
academia and industry research for tasks such as the characterization of semiconductor
heterostructures, monitoring the nucleation and growth of thin films [3,4,5], and for the chemical
and structural analysis of solid-liquid interfaces [6], just to cite some examples.
Paul Drude developed the theoretical foundations for ellipsometry and used this technique to
determine the optical constants for eighteen metals and alloys [2] in the late 1800s. Nevertheless,
no further progress was made in the field of ellipsometry until the advent of affordable personal
computers in the 1970s and in particular, the first demonstration of automated ellipsometer
systems in the RAE configuration (see Section 2.1.9) was done by D. E. Aspnes in 1975 [7]. It
should be pointed out that this instrument was designed for obtaining data in the visible and
ultraviolet range. In 1981, Arnulf Röseler combined the Fourier-transform infrared spectroscopy
with the ellipsometry technique [8,9] and he later modified this instrument to include a rotating
compensator (see Section 2.1.10).
The technique of ellipsometry measures the change in the polarization state of a light beam after
its reflection from a surface, or after its transmission through a specimen. In other words, the
changes in the amplitudes and phases of the components of the incident electric field vectors, are
measured. The incident light can have any polarization state as long as it is known. It should be
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pointed out that only ellipsometry in the reflection-mode has been used in the research presented
in this thesis.
The basic quantity that is measured in ellipsometry is the ratio:

ρ

χr
χi

(2.1)

Where χ r and χ i are the complex number representations of the polarization states of the reflected
and incident light beams, respectively. These states can be defined as follows:
χβ 

E βp
E βs

,

β  r, i

(2.2)

On the other hand, the reflection coefficients in the directions parallel (p-polarization) and
perpendicular (s-polarization) to the plane of incident are defined as the ratio of the complexvalued components of the reflected and incident electric field in each of these directions,
respectively:
rα 

E αr
, α  p, s
E αi

(2.3)

By combining Eq. (2.1), Eq. (2.2) and Eq. (2.3), the following result is obtained:
ρ

E pr E si rp

 e iΔ tanψ
E sr E pi rs

(2.4)

In ellipsometry the quantities Δ and ψ are provided. The former represents the phase difference
between the reflected p- and s-polarization directions, and the latter represents the angle given
by the ratio between the amplitudes of the reflection coefficients in the aforementioned p- and spolarization directions, respectively [8,9]. These quantities are also known as “ellipsometric
angles” [1] and their mathematical definitions are given as follows:
Δ  δ rp  δ rs  arg ρ

(2.5)

 rp 
ψ  tan 1    tan 1  ρ 
r 
 s 

(2.6)

On the other hand, since the reflectances, which are proportional to the ratios of the reflected and
incident irradiances in each of the polarization directions, can be obtained from the reflection
coefficients in the following way:
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R p  rp

R s  rs

2

2





I rp

(2.7a)

I ip

I rs
I is

(2.7b)

Then it is possible to rewrite Eq. (2.6) in terms of Eq. (2.7a) and Eq. (2.7b) in order to give an
alternative definition of ψ . Therefore:
 Rp 
  tan 1  ρ 
ψ  tan 1 
 Rs 



(2.8)

Spectroscopic ellipsometry should usually be combined with other characterization techniques in
order to obtain valuable complementary information regarding the sample and the physics in the
material under study. The selection of a set of suitable complementary techniques is influenced
by the knowledge of the advantages and disadvantages of ellipsometry, summarized in Table 2.1.
Advantages






Disadvantages







Fast measurement (ranging from a few minutes to some
hours) with the ellipsometers designed to operate in the
visible-ultraviolet range.
The sample under analysis is not destroyed and the
preparation required for it in order to make a measurement
is minimal.
Databases with the optical properties of many materials
are already available.
It is a thickness sensitive technique and has a precision of
0.1 Å.
Low spatial resolution (in the order of mm). Nonetheless,
it is possible to use focusing probes which reduce the spot
size to 200 μm in diameter, approximately [10].
The characterization and subsequent analysis is difficult
when the surface roughness exceeds 30% of the probing
wavelength.
Depending on the complexity of the sample, the modeling
and subsequent analysis of the experimental results may
turn out to be very complicated.
It is difficult to carry out the characterization of absorption
in materials that have a low absorption coefficient.
A ellipsometer operating in the infrared range, may
require some days in order to provide the results for a
measurement. However, the time required depends on the
resolution specified for that particular measurement.

Table 2.1 The advantages and disadvantages of spectroscopic ellipsometry. Adapted from Ref. [8].
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2.1.2 The Brewster angle
The ellipsometric measurement in reflection mode must be carried out at an oblique angle of
incidence. Otherwise, the reflection coefficients in the p- and s-polarization directions will be
equal and thus it will not be possible to distinguish between the p and s contributions anymore.
In particular, it is a good idea to carry out the measurement at some angle where the difference
between these contributions is maximized and consequently the sensitivity of the measurement is
increased. This rule has been followed when the ellipsometric spectra of the boron nitride, the
material of interest in this thesis, were taken.
Such an angle exists and is called the Brewster angle, even though sometimes is also called the
“polarization angle”, because when a light beam is incident at the sample surface at this
particular angle, the p-component of the reflected beam is has a minimum. In other words,
unpolarized or partially polarized light becomes completely polarized in the s-direction after its
reflection from the surface. The Brewster angle is defined as follows:
n
θ B  tan 1  t
 ni





(2.9)

In Eq. (2.9) nt and ni are the indices of refraction of the sample and the ambient, respectively. On
the other hand, since rp vanishes for light reflected at the polarization angle, it can be seen from
Eq. (2.6) that ψ also vanishes.
It should me mentioned that the Brewster angle is defined for a bulk sample. In the case of a thin
film, the polarization angle is called "pseudo-Brewster angle".
2.1.3 Polarization of light
An electromagnetic wave propagating in the z-direction can be represented as:




E z  E x (z, t) u x  E y (z, t) u y

(2.10)



In Eq. (2.10) u x and u y represent the basis vectors in the Cartesian coordinate system and are

defined in the following way:

1
u x   
0

(2.11a)


0
u y   
1

(2.11b)

15

If the angular frequency, position and time dependences are written explicitly, the following
relation is obtained for a electromagnetic wave, with wave vector k, propagating along the z
direction:


i ωt-kzδ x 
ux  Ey e
Ez = Ex e



i ωt-kzδ y

 u

(2.12)

y

Therefore, with the aid of Eq. (2.11a) and Eq. (2.11b), Eq. (2.12) can be written in the following
matrix form:
 E x e i ωtkzδ x  
Ez  
i ωt kz δ y  
 E y e


(2.13)

In order to represent the wave the plane z = 0 is used at a time t = 0. This selection is arbitrary.
After replacing these values into Eq. (2.13) the following expression is attained:
 E x e iδ x 
Ez  
iδ 
 E y e y 

(2.14)

Eq. (2.14) represents two sinusoidal linear oscillations along two mutually perpendicular
directions . This representation is known as the Jones vector of the wave and is useful for the
representation of its polarization state, which depends on the phase difference δ x  δ y  . Below,
Table 2.2 summarizes the Jones vectors for different polarization states.
Polarization
state
Along the x-axis

Representation

Phase
difference
0o

Along the y-axis

0o

Linear
+45o

2π or 0

Linear
-45o

π

Circular
right handed

3π
2

Circular
left handed

π
2

Elliptically
right handed
+45o

7π
4
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o

Jones vector
1 
0 
 

(2.15)

0 
1 
 

(2.16)

1 1
1
 2
 1 1
 1
  2
1 1
i 
 2
 1 1
 i
  2
 i 7π 
e 4  1

 2
 1 

(2.17)
(2.18)
(2.19)
(2.20)
(2.21)

Elliptically
right handed
-45o
Elliptically
left handed
+45o
Elliptically
left handed
-45o

5π
4

 i 5π 
 e 4  1

 2
 1 

(2.22)

π
4

 iπ 
e 4  1
  2
 1 

(2.23)

3π
4

 i 3π 
 e 4  1

 2
 1 

(2.24)

Table 2.2 Jones vectors for different polarization states.

The degree of correlation between the components of the electric field vector in the directions
parallel to the basis vectors in the Cartesian system determines the type of polarization. If these
components are totally correlated then the light beam is fully polarized. However, if the
correlation is only partial then the light is partially polarized. On the other hand, if there is no
correlation whatsoever between these components then the light beam is unpolarized, and the
Jones formalism [11] is not useful to represent this latter case. The degree of polarization is
given by the following expression:
p

I pol

(2.25)

I tot

Eq. (2.25) represents the ratio between the irradiance of the polarized part of the wave to the total
irradiance.
2.1.4 The polarization ellipse
Polarized light can be represented with four parameters: the projections of the electric field
vector onto the basis vectors in the Cartesian coordinate system, and their phases (see Eq. 2.14).
Moreover, for the representation of partially polarized light, the degree of polarization must be
included as a fifth parameter.
A visual representation of the state of polarization is the polarization ellipse (see Figure 2.1),
which is described by the harmonically oscillating components of the electric field vector E(r,t)
around the origin (see Eq. 2.12), at some arbitrarily fixed plane perpendicular to the direction of
propagation (z = zi). In this new picture four parameters are needed for the representation of a
general state of polarization: the size A of the ellipse, its ellipticity ε , the azimuth θ which gives
the orientation of the ellipse in its plane, and the absolute phase δ which is the angle between the
major axis of the ellipse and the projection of the electric field vector at t =0 on a circle whose
radius is equal to the major axis of the ellipse.
The size of the ellipse is given by the following equation:
A  a 2  b2

(2.26)
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On the other hand, the ellipticity is given by:
ε

b
a

(2.27)

The ellipticity in Eq. (2.27) adopts the plus sign for the right-handed polarization case.
Otherwise, the negative sign is used.

Figure 2.1 The polarization ellipse. After [1]. Reprinted with permission of Prof. Hans Arwin.

2.1.5 The polarizing elements
The Jones matrix formalism provides a complete description for the ellipsometric analysis of
non-depolarizing samples such as those used in this thesis research. In particular, the electric
field of a light beam reflected from a sample, which fulfils this characteristic, can be connected
to the incident electric field vector via a Jones matrix, with the complex valued reflection
coefficients as its elements, for the sample. In the framework of standard ellipsometry this
relation can be expressed as:

E xr  rp
E   
 yr   0

0  E xi 
 
rs  E yi 

(2.28)

On the other hand, the Brewster condition (see Section 2.1.2) can be generalized in the following
way:
r
det  p
0

0
0
rs 

(2.29)
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It should be pointed out that Eq. (2.29) represents the polarizing condition. In this situation the
reflected beam will be polarized in the s-direction independently of the polarization state of the
incident light beam, as previously discussed.
An ellipsometric system consists of a light source (S), an optional monochromator, a
polarization-state generator (PSG), apertures, a polarization-state detector (PSD), a detector (D),
control electronics and a computer (see Figure 2.3). The PSG generates polarized light that can
be represented with a Jones vector [Ei], which after reflection from the sample is converted into
another polarization state represented with the Jones vector [Er]. The latter polarization state is
determined by the PSD and the relation between the input and output Jones vectors is determined
by the Jones matrix of the sample [Js] (see Figure 2.2), as follows:

E o   J s E i 

(2.30)

Eq. (2.30) is mathematically equivalent to Eq. (2.28) and in particular, for the case of a nondepolarizing sample under standard ellipsometry conditions, [Js] in the former equation is equal
to the Jones matrix in the latter one.

Fig 2.2 A general representation of an ellipsometric system whose components are the light source (S),
the polarization state generator (PSG), the sample which can be described by the Jones matrix Js, the
polarization state detector (PSD), and the detector (D), as well as the associated control and processing
electronics (not depicted here).

2.1.5.1 The polarizer/analyzer
A polarizer is used to extract linearly polarized light from a beam of unpolarized light and thus it
is located in front of a light source. It should be pointed out that this device is also known as the
analyzer when located at the entrance of the detector, with the purpose of determining the
polarization state of the light reflected or transmitted through a sample. In other words, the same
optical device receives different names depending on the task it has to perform.
In the case of ellipsometers designed to operate in the visible-ultraviolet range, the device
usually used for the aforementioned tasks is the Glan-Thompson polarizer, which consists of two
birefringent prisms commonly made of quartz or calcite since these materials posses different
electric polarizabilities in the ordinary and extraordinary directions, respectively. On the other
hand, in ellipsometers operating in the infrared range, the wire grid polarizer is preferred. This
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device consists of narrow metal wires grown on a substrate whose absorption is low in this
wavelength range. The component of the incident electric field, that is parallel to the wires,
brings about oscillatory motion of the electrons in the metal and consequently its inherent energy
is dissipated in this process. The electric field component perpendicular to the length of the wires
also causes the motion of the electrons in the metal, but since the dimension of the wires width is
much less than their length, the energy absorbed in this situation can be considered negligible.
Therefore, it can be concluded that the incident light is linearly polarized in the direction
perpendicular to the wires length, after its transmission through the wire grid polarizer.
2.1.5.2 The compensator
It is an optical device, made of birefringent material, capable of producing a phase shift between
the two mutually orthogonal components of the incident electric field. This shift is a function of
the wavelength used, the thickness of the device, and the indexes of refraction in the ordinary
and extraordinary directions, respectively. It can be calculated with the following expression [8]:
δ

2π
ne  no d
λ

(2.31)

In particular, a compensator that produces a phase shift equal to λ/4 is known as a “quarter-wave
plate”. This type of compensator combined with a polarized is used to obtain any state of
polarization desired.
2.1.6 Jones matrices for optical devices
The Table 2.3 summarizes the Jones matrices for the optical components mentioned in Sections
2.1.5.1 and 2.1.5.2, respectively, as well as for a sample measured on conditions of standard
ellipsometry.
Optical device
Polarizer/analyzer
Matrix notation: P/A
Compensator
Fast axis // p-polarization
direction
Matrix notation: C
Compensator
Fast axis // s-polarization
direction
Matrix notation: C
Sample
Matrix notation: S

Jones matrix
1 0


 0 0
1 0 


iδ 
0 e 

 e -i

 0


(2.32)
(2.33)

0 
1 

(2.34)

 e iΔ sinψ
0 

 0
cosψ 


(2.35)

Table 2.3 Jones matrices for optical devices. Adapted from [8].
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Fig 2.3 An optical device, such as those summarized in Table 2.3, can be described by its corresponding
Jones matrix J. The incoming and emergent electric fields can be represented with the vectors [E i] and
[Eo], respectively.

2.1.7 Rotation of optical devices
An optical device can experience rotation. Therefore, it is necessary to obtain a relation between
the Jones matrices in the fixed laboratory frame and some reference system fixed to the rotated
optical device, respectively. In particular, if the basis vectors of the Cartesian coordinate system,
considered being a reference frame of the former type, and those of some orthogonal pq-system,
considered to be a reference frame of the latter type, fulfill the following conditions:
   
 u x x u y // u p x u q 
       

(2.36)

      
  u p . u x  
 
1  
β  cos
   
 up .ux 



(2.37)

Then, in the case of a device rotated counterclockwise with respect to the laboratory system, the
relation between the Jones matrices in each of these reference frames is the following:
J xy  R  β J pq R β 

(2.38)

The rotator matrix R in Eq. (2.38) is written explicitly as:
 cosβ sinβ 
R β   

 sinβ cosβ

(2.39)

It should be indicated that in the case of a clockwise-rotated device, the rotation angle β is taken
to be negative.
On the other hand, the relation between the Jones vectors of the light incident and transmitted
through a rotated optical device, respectively, is given by:

E   J E 
xy
o

xy

xy
i

(2.40)
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2.1.8 Optical elements in cascade
The PSG and PSD of an ellipsometry system are composed of several optical devices placed in
cascade (see Figure 2.4). In particular, if the system comprises M optical components in total,
their combined effect can be described as follows:

E o   J M J M1J M2 ...Js ...J3J 2 J1 E i 

(2.41)

In Eq. (2.41), J1 makes reference to the first optical device encountered by the incident light
beam.

Fig 2.4 If the optical system is composed of M optical devices placed in cascade, then the whole system
can be described with a total Jones matrix that is just the product of the individual Jones matrices for each
of the devices.

2.1.9 The Rotating-Analyzer Ellipsometer (RAE)
In this configuration the polarizer is located inmediately after the light source and in this way the
incoming light is given a definite linear polarization. However, after reflection from the sample,
it becomes elliptically polarized. At the entrance of the PSD a rotating analyzer is located, which
is useful for tracing the polarization ellipse of the reflected beam. This setup can be described
with the Jones matrices (see Table 2.3) as follows:

E o   J A R(A)SR(-P)P. E i 
(2.42) In Eq. (3.42), A and P are the azimuth angles of the analyzer and polarizer, respectively.
On the other hand, in an ellipsometer system, what is detected at the PSD is the irradiance,
defined as:

I  Eo

2

(2.43)

If the matrix multiplication in Eq. (2.42) is carried out, the irradiance detected in the RAE system
is determined by [12]:
I  Eo

2

 I o 1  αcos2A  βsin2A

(2.44)

Since the analyzer is rotating, its azimuth can be expressed as:
A  ωt  A o

(2.45)
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In Eq. (2.44) Ao is a phase angle determined by the calibration procedure [1], α and β are Fourier
coefficients, which are related to the ellipsometric angles by the following equations:
α

cos2P  cos2ψ
1  cos2ψos2ψc

(2.46a)

β

sin2Psin2ψcosΔ
1  cos2ψos2ψc

(2.46b)

In the research presented in this thesis the Variable Angle Spectroscopic Ellipsometer (VASE),
based on the RAE configuration, has been used for measurements carried out in the visibleultraviolet range (see Figure 2.5).

Fig 2.5 Variable Angle Spectroscopic Ellipsometer (VASE), from J. A. Woollam Co, Inc. This
instrument operates in the VIS-UV range, Nebraska, USA. Reprinted with the permission of Prof. Hans
Arwin.

This instrument is capable of fully automated measurements within 190-2200 nm at incident
angles ranging from 15o to 90o, with a 0.01o accuracy [13]. The light source is a xenon arc lamp
and a monochromator is included to select the desired probing wavelength. The analysis of the
data was carried out with the WVASE-32 software (J.A. Woollam Co., Inc.).
2.1.10 The rotating Compensator Ellipsometer (RCE)
In this setup a rotating compensator is located at the entrance of the PSD. This configuration can
be described with the Jones matrices as follows:

E o  J A R(A)R(C)CR(C)SR( P)PE i

(2.47)

When the azimuths A of the analyzer, and P of the polarizer, are set to 0 o and 45o, respectively,
and the compensator is rotating with a velocity ωt , the following expression for the irradiance
detected is obtained [14,15]:
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I t   I o 1   2 cos 2t   2 sin 2t   4 cos 4t   4 sin 4t 

(2.48)

The Fourier coefficients in Eq. (2.48) are described as a function of the polarization ellipse
parameters as follows:
α2  0
β2  

(2.49a)
2sin2ε

(2.49b)

2  cos2ε cos2θ

α4 

cos 2ε cos 2θ 
2  cos2ε cos2θ

(2.49c)

β4 

cos 2ε sin2θ 
2  cos2ε cos2θ

(2.49d)

In the research presented in this thesis the IR (infrared)-VASE has been used (see Figure 2.6).
This instrument is based on the RCE configuration and is capable of covering a spectral range
spanning from 1700 to 30000 nm – 333 to 5900 cm-1 . The resolution of the measurement can be
selected from 1 to 64 cm-1 and the acquisition angle ranges from 26o to 90o [16]. The sample
holder includes a vacuum system for holding the sample.

Fig 2.6 Infrared Variable Angle Spectroscopic Ellipsometer (IR-VASE). After [16]. Reprinted with the
permission of J. A. Woollam., Inc. Nebraska, USA.

This instrument incorporates a Fourier transform infrared (FTIR) spectrometer that contains a
silicon carbide rod as the light source, and a Michelson interferometer that contains a
beamsplitter and a movable mirror. A helium-neon laser is used for the sample alignment.
The intensity of the light that comes out from the FTIR spectrometer measured as a function of
the distance traveled by the movable mirror is known as the interferogram, which after the light
is reflected off the sample is measured at a fixed azimuth of the compensator. After recording of
an interferogram, the compensator rotates by a certain angle and the process is repeated again
until one full revolution of the compensator is attained. The Fourier transform of the
interferogram provides the detected light intensity as a function of the wavenumber.
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The measurements taken with this instrument are insensitive to the ambient conditions as long as
these remain stable during one full revolution of the compensator. On the other hand, it should be
pointed out that the light intensity provided by the silicon carbide rod is low; and in general, the
absence of intense light sources emitting in the long-wavelength range poses a problem when
doing measurements. Efforts have been devoted to overcome this problem and in particular,
synchrotron light, whose intensity is about three orders of magnitude larger than conventional
light sources [9], has been used in the far-infrared range (15 um – 1 mm) [17].
2.1.11 Modeling procedure
A model must be constructed in order to obtain the optical and structural properties of the
material under analysis. In ellipsometry, this model can be constructed layer by layer by
assigning pre-defined optical models for taking account of the optical properties of each layer.
Additionally, other possible characteristics of the sample being investigated should be taken into
account (if present) such as anisotropy, roughness at the sample surface or at the interface
between two layers, and porosity. In particular, the last two effects can be modeled by making
use of the effective medium approximation.
A quantitative indicator of the goodness of the model is the Mean Square Error (MSE), shown in
the equation below:
1
MSE 
2N  M

N


i 1

 exp
mod
 ψ i  ψ i

σ iψ


2

  Δ exp  Δ imod
  i
 
σ iΔ
 






2





(2.50)

In Eq. (2.50) N is the number of ( ψ, Δ ) pairs, M is the number of fit parameters in the model,
ψ imod and Δ imod are calculated with the model, and σ i are the standard deviations of each data
points.

The iterative non-linear regression Levenberg-Marquart algorithm is used to obtain the unknown
parameters in the optical model by making a comparison between the generated and
experimentally obtained data, at each iteration. This process continues until a minimum value for
the MSE is obtained. Ideally, the MSE should be equal to one, or at least as close as possible to
this value. However, the actual MSE value obtained for the optical model employed depends not
only on how close the model represents the real sample structure but also on the quality of the
experimental spectra obtained. On the other hand, there are errors inherently associated with
experimental measurements whose effect is to deviate the generated model from the ideal one.
These are known as "systematic" errors and are summarized in Table 2.4. Moreover, the fitting
procedure done in the analysis of ellipsometry data is depicted in Figure 2.7.
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Source of error
Instrument








Sample

Ambient







Causes of error
Low spatial spatial resolution
Low intensity coming from the light source.
Inaccuracy of the angle of incidence.
Quality of the calibration routines.
Quality of the optical components of the
instrument: polarizers, compensators, etc.
Quality of the beam: intensity uniformity,
collimation, bandwidth.
Incorrect alignment of the sample (x- and y-tilt).
The sample may contain inhomogeneties.
The sample may be contaminated.
The surface of the sample may be too rough.
When the roughness is approximately 30% of the
incident wavelength, the error increases [8].
Stable atmospheric conditions during the
measurement.

Table 2.4: Sources of systematic errors.

Fig 2.7 The representation of the fitting procedure in the analysis of ellipsometric data. After [10].
Reprinted with the permission of J. A. Woollam Co., Inc. Nebraska, USA.

In order to verify the predictions of the ellipsometric model and to obtain valuable
complementary information regarding the material under study, other characterization techniques
should be used. In particular, in the research presented at this thesis, in addition to spectroscopic
ellipsometry, other techniques such as cathodoluminescence, scanning electron microscopy,
Raman spectroscopy and X-ray diffraction analysis, have been used. This complementary
characterization of the rhombohedral boron nitride thin film was important since the optical
constants and structure of this material, in this crystalline phase, were not known.
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2.1.12 Dielectric function models
The dielectric function of the material being studied has to be modeled in order to proceed with
the analysis of the data provided by ellipsometry.
2.1.12.1 The Cauchy model
This model is used when the material under analysis has no absorption. The dependence of the
index of refraction with the wavelength is given as follows:
n( )  A 

B
λ

2

C



(2.52)

λ4

In the research presented in this thesis, an isotropic Cauchy layer was used to model the sapphire,
aluminum nitride and boron nitride, respectively, in the visible-ultraviolet range.
2.1.12.2 The Lorentz model
The behavior of the infrared dielectric function of a material can be described with harmonic
oscillator functions based on the Lorentz model. This is described with the following equation :
εω  ε   4π

n

ω
i

2
2
FTOi
ω TOi
2
TOi

(2.53)

 ω 2  iω TOi

In Eq. (2.53) FTOi , ω TOi ,and γ TOi are the strength, resonance frequency and Lorentzian broadening
of the i-TO mode.
2.1.12.3 The TO-LO model
Eq. (2.53) can also be expressed as follows :
n

ε  ε

ω 2LOi  ω 2  iω LOi

ω
i 1

(2.54)

 ω 2  iω TOi

2
TOi

In this model the free parameters are ε  , ω LOi , ω TOi , and γ TOi . The parameter γ LOi can be derived
from the aforementioned parameters and with the following relation [9]:

 




ωIm ε 1 ω
ω

ωωLOi

0

(2.55)

In Eq. (2.55) ε 1 ω is the dielectric loss function defined by:
εω1  ε -1  4π

n

ω
i

2
FLOi
ω2LOi
2
LOi

(2.56)

 ω2  iω LOi

27

On the other hand, the static dielectric constant is related to the high frequency dielectric
constant via the Lyddane-Sachs-Teller equation [18]:
n

εo  ε

ω 2LOi

ω
i 1

(2.57)

2
TOi

The TO-LO model has been used to model the infrared dielectric functions of the sapphire,
aluminum nitride and boron nitride, respectively.
2.1.13 Kramers-Kronig relations
The Kramers-Kronig relations are based on the causality and locality of the response function
and they make it possible to calculate ε1 ω from ε 2 ω , if the latter is known, even in a small range
in ω , or vice versa.
ε1 ω  1 

ε 2 ω  

2
P
π



ω ι ε 2 (ω ι )

ω

dω ι

(2.58a)

ε ωι  1 ι
2ω
P 1ι2
dω
2
π
ω

ω
0

(2.58b)

ι2

0

 ω2

 





In the equations above P makes reference to the Cauchy principal value of the integrals. On the
other hand, an analogous relations also hold for the real and imaginary parts of the index of
refraction [19]:
n ω  1 

1
P
π

1
k ω   P
π



ω









  dω

k ωι
ι

ι

(2.59a)

ω

 

n ωι 1
ωι  ω

dω ι

(2.59b)

It should be pointed out that physically correct optical models are Kramers-Kronig consistent.
The derivation of these relations is done in Appendix B.
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CHAPTER 3
CHARACTERIZATION TECHNIQUES - II
This chapter continues with the theory behind the characterization techniques employed in the
research presented in this thesis. A review of the definitions and principles presented here are
required for a good understanding of the discussion and analysis carried out on the experimental
results obtained with cathodoluminescence and scanning electron microscopy, respectively.
3.1 CATHODOLUMINESCENCE IMAGING SPECTROSCOPY
3.1.1 Overview and Historical Development
Cathodoluminescence is the process of emission of photons as a consequence of the interaction
between an incoming beam of electrons and the specimen under study. Alternatively, it can be
understood as the process of conversion of the kinetic energy of the aforementioned electrons
into electromagnetic radiation above and below the blackbody radiation range [1]. Nevertheless,
it should be pointed out that, as a result of this interaction, cathodoluminescence is not the only
resulting product since the creation of electron-hole pairs, the production of X-rays, and the
lattice vibrations, are also some other possible results of the interaction. A classic example of the
cathodoluminescence process is the emission of light when luminescent phosphor is bombarded
by a beam of electrons, in the X-ray cathode tube used in the television screen.
The beam of electrons is produced in a scanning electron microscope and this is the reason why
cathodoluminescence is used in combination with this instrument (CL-SEM), thus turning it into
a powerful and versatile characterization technique in materials science due to its high-spatial
and high-spectral resolutions, which arise from the possibility to control the properties of the
electron beam in the SEM, such as its incident energy and consequently the penetration depth of
the beam in the specimen being investigated. Cathodoluminescence then makes it possible to
study the local optical properties of a particular sample, below the diffraction limit of light [2], of
a particular sample as a function of the position [3], thus being possible to correlate the results
obtained with, for example, the morphology of the sample surface [4]. Additionally, it is possible
to combine the angle-resolved capabilities of the technique with the high-spatial resolution of the
electron microscope [5]. Therefore, the power and advantage of the CL-SEM system over other
purely optical characterization techniques, such as photoluminescence and electroluminescence,
lies in first place, in the possibility to use it both as a microscopic and spectroscopic tool,
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simultaneously [6], and in second place, in the availability of complementary information from
the SEM modes such as the electron beam induced current (EBIC) and the electron probe
microanalysis (EPMA) [7]. Cathodoluminescence is regarded as a nondestructive
characterization technique, despite the possibility of ionization and the creation of defects in the
material, brought about by the incident electron beam, whose energy usually ranges between 1 to
30 keV [6].
Cathodoluminescence imaging and spectroscopy is used in a wide range of research topics such
as semiconductors materials, optoelectronics, dielectric and ceramics, geology, mineralogy,
forensics, and life sciences [2, 4, 8, 9, 10, 11]. In particular, in the fields of semiconductors and
optoelectronics, cathodoluminescence is useful for the characterization of materials ranging from
bulk samples to low-dimensional and photonic structures [12, 13], and provides information on
the composition of the material under study, crystal growth and the evolution of the formation of
defects [14], identification and analysis of point defects, phase distributions and transformations,
as well as texture, distribution, and shape of grains, in solids [15].
The scanning electron microscope (SEM) is, by itself, a widely used instrument in materials
science research, and its popularity arises from the fact that it makes it possible to obtain threedimensional-like images from sample surfaces of a wide range of materials, which is its primary
function. The basic components of the SEM are the electron gun, the lens system, the electron
and X-ray detectors, and the associated electronics [16].
It worth to mention that the concept of the SEM was introduced in 1935 [17], and in 1938, the
first scanning transmission electron microscope (STEM) was built, after laying the theoretical
foundations required by that instrument [18]. In 1942, the electron multiplier tube was
introduced as a preamplifier for the secondary electrons ejected from the specimen being
investigated, and for the first time a spatial-resolution of 50 nm was achieved [19]. In 1956, a
stigmator was introduced in the SEM for the first time, and the first procedures for the signal
processing of the photographs obtained with the instrument, were introduced [20]. On the other
hand, in 1960, the electron multiplier tube was replaced by a scintillator, as a detector of
secondary electrons, in order to maximize the collected signal and in this way increase the
signal-to-noise ratio [21]. The resulting system is nowadays known as the Everhart and Thorney
secondary electrons detector. In 1963 an instrument known as the SEM V was built, which
included magnetic lenses and the Everhart and Thorney detector [6, 22]. This particular
instrument was the prototype for the first commercial instrument available on the market: the
“Cambridge Scientific Instruments Mark I Stereoscan” [6, 23, 24], in 1965. Moreover, the first
studies involving the combination of CL and SEM were carried out in 1971 [14].
3.1.2 Introduction to Cathodoluminescence
Different excitation processes, which can be classified as either intrinsic or extrinsic, are brought
about by the incident electron beam, in the material. The former processes make reference to the
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radiative recombination of electron-hole pairs that are generated when the solid is excited by the
incident electrons. These charge carriers are kept together by the Coulombic attraction force and
are free to move together in the material. Therefore, these pairs, known as excitons, are not
spatially localized but highly localized in the reciprocal space [3], and in order to produce a
radiative recombination, the electron and hole must have the same translational velocity. It
should be pointed out that the energy released by this radiative recombination is not exactly
equal to the band-gap of the material, but slightly lower, due to the energy required to keep both
charge carriers together.
On the other hand, it may be possible that an interband transition, involving the ground levels of
the conduction and valence bands, respectively, takes place. If this is the case, the resulting
emission at room temperature forms a nearly Gaussian-shaped band of energies with its peak
located at the position of the fundamental band-gap of the material [7], and if the emission takes
place at lower temperatures, as low as 4K in a CL-SEM by using liquid helium, a more intense
and sharper emission is obtained, which is more useful for the study and determination of the
carrier recombination properties in the material. It may also be possible that the transition is
mediated by a phonon, in which case the material under study is known as an indirect band-gap
semiconductor. Nevertheless, the probability of occurrence of such a transition and its intensity,
are lower in comparison to direct transitions. Therefore, indirect transitions are weaker than
direct transitions, as well as transitions activated by lattice defects and impurities present in the
material, which are known as extrinsic emission processes that arise as a consequence of the
probability for one of the carriers, in the electron-hole pair, to bind to an impurity atom in the
material while its counterpart orbits around it. When the radiative recombination, in this
situation, takes place, the energy released is lower than the fundamental band gap by an amount
equal to the sum of the electron-hole pair binding energy and the energy required for this pair to
bind to the impurity atom in the material. Finally, there are also recombination processes that are
non-radiative in nature, such as those caused by surface states, the Auger effect, and multiple
phonon emissions.
The incident electron beam is usually used in the raster mode, which in turn consists of the areascan, the line-scan, and the spot-scan modes. The area-scan mode is useful for the study of the
averaged optical properties of a particular area of the specimen, at a certain magnification. On
the other hand, the line- and spot-scan modes are used when local information of a particular
region of the specimen is required. The combination of scan modes, as well as the possibility to
modify the energy of the incident electron beam, its current, and consequently its diameter which
usually ranges between 1 and 10 nm [12], as well as the magnification, provides valuable
information about the specimen, and is particularly useful in the study and analysis of complex
semiconductor structures such as for example those of the light emission diodes (LEDs), where
variations in the composition, presence of impurities, or the presence of polarization fields can be
detected [25, 26, 27].
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It worth to mention that a single incident electron under normal operating conditions in the SEM,
such as an acceleration potential of 5 kV, with a corresponding beam current of 400 pA, at 300
K, and with a magnification in the range 1000 – 300000x, can generate a number of electronhole pairs that is usually in the range 109 – 1012 per cm3; and even though only a small fraction of
them undergo radiative recombination processes, thus making the quantum efficiency low, the
electron detectors in the instrument are still sensitive to them. Therefore, cathodoluminescence is
a suitable technique for the study of wide band gap semiconductor materials.
3.1.3 Scanning Electron Microscopy Characterization
There are also other possible interactions caused by the incident electrons, which move in a
zigzag and randomized pattern inside the material, undergoing elastic and inelastic collisions,
until they are absorbed, scattered out of the specimen, or transmitted through it (see Figure 3.1).
Moreover, the shape and size of the volume of interaction depends on factors such as the energy
of the incident beam, the beam current, the atomic number of the target material, and the angle of
incidence of the primary beam.
The incident electrons are elastically scattered when their trajectories are modified by the
Coulombic interaction with the nuclei of the atoms present in the specimen. These highly
energetic scattered electrons are known as backscattered electrons, and are used in the SEM for
obtaining contrast in areas of different chemical composition, because the fraction of
backscattering electrons increases with an increasing atomic number of the target atoms, and vice
versa [28], as well as for a topographic mapping.

Fig 3.1 (a) Representation of the possible interactions between the incident electron beam and the
specimen and (b) representation of the interaction volume.

On the other hand, the incident electrons are inelastically scattered when they suffer an energy
loss due to their interaction with the orbital electrons of the target atoms in the specimen.
Eventually these electrons, which are not responsible for the cathodoluminescence, after
undergoing tens or hundreds of inelastic collisions, will overcome the work function of the
material and be scattered out of the specimen, although with a lower energy than that of the
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backscattered electrons. In practice, a threshold limit of 50 eV is used to separate both types of
electrons, for the electrons with energies ranging below this limit are considered secondary, and
all the electrons with energies above it are considered backscattered [29]. It should be pointed
out that the secondary electrons are produced throughout the interaction volume, but due to their
low energy, only those electrons that are scattered close to the surface can be ejected from the
specimen into the vacuum, after a penetration of a few nanometers. Consequently, the secondary
electrons are useful for surface imaging purposes [30].
As a particular example, the penetration range of the incident electrons before they are
inelastically scattered out of the specimen is around 5 nm in metals and deeper in dielectrics,
with a range of 20 nm in SiO2 [31]. Other types of inelastic interactions experienced by the
incident electrons are the generation of X-rays and the Auger electron emission, due to the
interactions with the core electrons of the target atoms, the Brehmsstrahlung radiation due to
primary electrons being slowed down, the cathodoluminescence, and lattice vibrations. These
processes are depicted in Fig. 3.1(a) and Fig. 3.1 (b).
3.1.4 Interaction of the Electron Beam with the Specimen
It is important to understand the interaction between the incident electron beam and the specimen
from a mathematical point of view, since this will lead to a better understanding of the different
physical interactions that take place inside the material, and will make it possible an adequate
analysis.
As it has already been mentioned, the two possible scattering mechanisms for the primary
electrons are classified into either elastic or inelastic ones. In particular, if the interaction belongs
to the former category, it can be described with the Rutherford model, whose scattering cross
section can be obtained with the following expression [6]:
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In Eq. (3.1) E is the energy of the primary electrons in units of keV, mo is the rest mass of the
electron, Z is the atomic number of the target material, c is the speed of light, and δ is known as
the screening parameter, defined by:
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From Eq. (3.1) it can readily be seen that the probability for the elastic scattering decreases with
the increasing energy of the incident electron beam, and increases with an increasing atomic
number of the target material. These statements can be understood by the dependence of the
cross section on E-2 and Z2, respectively. On the other hand, the cross section can be related to
the mean free path of the electrons in the material according to [32]:
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In Eq. (3.3) A is the atomic weight in units of g/mol, No is the Avogadro number, ρ is the layer
density in units of g/cm3, and σ is the Rutherford cross section, in cm, defined in Eq. (3.1).
Since the trajectories of the electrons inside the material are of a probabilistic nature, in order to
carry out simulations that allow a more precise determination of the shape and dimensions of the
interaction volume, the iterative Monte Carlo method is used, and Eq. (3.3) is a key input
parameter in such calculations [33].
On the other hand, the continuous power loss per unit length suffered by primary electrons inside
the specimen can be described with the Bethe equation, formulated in 1930, as follows:
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In Eq. (3.4) dE is the incremental energy loss in a unit length of penetration dS in the solid, ρ is
the density of the material in g/cm3, Z is the atomic number, E is the mean energy of the electron,
A is the atomic weight in g/mol, e is the electron charge, and J is the mean ionization potential
given by the following expression, for Z > 13 [1]:
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The Bethe equation provides a good match with the experimental data only in the energy range
between 5 to 100 keV. On the other hand, at energies below 5 keV and higher than 50 eV, the
slope of the Bethe stopping power becomes more negative, implying that the electron is gaining
energy from the solid, which is not physically possible. Therefore, Eq. (3.4) is no longer valid in
the aforementioned energy range, and consequently the Rao-Sahib and Wittry equation has to be
used [34]:
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In the case of much lower energies, ranging from 0 to 50 eV, Eq. (3.4) is modified by
introducing the mean modified ionization potential defined by [35]:
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Where k is a constant calculated as follows:
k  0.731  0.0688logZ

(3.8)
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On the other hand, the total path length of the electron, with initial kinetic energy Eo, until it
comes to rest, is known as the Bethe range, and is calculated by integrating the inverse of the
stopping power, as follows [6]:
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As the energy of the primary beam is increased, the incident electrons are able to penetrate
deeper into the solid. This can be readily seen by the dependences of the stopping power on 1/E
in Eq. (3.4) and 1/ E in Eq. (3.6), respectively. On the other hand, the energy loss increases in
materials with a high atomic number, and the penetration depth is thus reduced.
The vertical distance from the sample surface up to the point where the incident electron stops
inside the material is known as the beam penetration range, which is calculated with empirical
equations. One of these models is the Everhart-Hoff expression, which is useful in an energy
range from 5 to 25 keV and for materials with an atomic number ranging between 10 and 15
[14]:
 0.0398  1.75
E o [ μm ]
R e  
 ρ 

(3.10)

On the other hand, a model that agrees well with the experimental data for inorganic solids upon
a wide range of atomic numbers, thus being more useful for the quantitative SEM analysis, is the
Kanaya-Okayama expression for the beam penetration range, which in the case of a sample
surface perpendicular to the incident beam is given by [7]:
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In Eq. (3.11) A is the atomic weight in units of g/mol, the density of the material is expressed in
units of g/cm3, Z is the atomic number, and Eo is the electron beam energy in keV. The
penetration range at different incident energies, calculated with the Kanaya-Okayama expression,
for some metals, is shown in Table 3.1.
Kanaya-Okayama range [um]
Primary beam energy
2.5
5
[keV]
Copper
0.05
0.15
Gold
0.03
0.09

10

15

0.47
0.28

0.90
0.54

Table 3.1 Penetration range calculated with the Kanaya-Okayama model for some metals, at various
primary electrons energies. Adapted from Ref. [36].
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The number of electron-hole pairs, generated by the primary electron in the material, is known as
the generation factor and is calculated according to the following expression [6]:
G
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In Eq. (3.12), γ is a parameter that represents the fraction of energy lost, by the primary beam,
due to the production of backscattered electrons; whereas Ei is the energy required for the
generation of an electron-hole pair in the material, and is known as the ionization energy. It is
related to the band gap of the material, and to a parameter M whose value ranges, depending on
the material, from 0 to 1, according to the following expression:
E i  2.8Eg  M
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It may happen that the sample surface is tilted with respect to the incident beam. If this is the
case, the penetration range is reduced and thus Eq. (3.11) has to be modified in order to explicitly
depend on the tilt angle, as follows:
Rθ  R e cosθ

(3.14)

It is useful to define the backscatter coefficient as the ratio between the number of primary
electrons no, and the number of backscattered electrons nb. This coefficient can also be expressed
in terms of currents, as the ratio between the beam current injected into the specimen io, and ib,
which makes reference to the current going out of the specimen due to the backscattered
electrons. In particular, if the specimen is perpendicular to the incident beam, this coefficient can
be defined as follows:
η

nb ib
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On the other hand, the backscatter coefficient defined in Eq. (3.15), is indeed a function of the
atomic number Z. This dependence can be expressed according to the following expression [37]:
η  0.0254  0.016Z  1.86x104 Z 2  8.3x107 Z3

(3.16)

If the specimen is tilted with respect to the incident beam, then the backscatter coefficient can be
calculated as follows [16]:
ηθ  

1

1  cosθ  9
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Z

The secondary electron coefficient is defined as the ratio of the number of secondary electrons ns
to the number of primary electrons no. This coefficient can also be expressed as the ratio between
the current resulting from secondary electron emission is to the injected beam current io, in a
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manner that is analogous to Eq. (3.15) for a sample surface perpendicular to the primary beam,
according to:
δ

n s is

n o io

(3.18)

Generally, the secondary electron coefficient increases as the primary beam energy is lowered
[16], as well as with an increased tilt angle of the specimen. The latter statement can be
mathematically described as follows:
δθ  δsecθ

(3.19)

As a rule of thumb the lateral dimension of the interaction volume roughly equals the penetration
depth [38], which in turn increases with increasing primary beam energy. In materials possessing
a high atomic number, the interaction volume has a bulbous-like shape, whereas in materials
with a low atomic number, its shape is pear-like. On the other hand, the shape of the interaction
volume does not change significantly with increasing primary beam energy. The tilt of the
specimen also has an influence on the shape of the interaction volume, for the latter becomes
smaller and asymmetric when the former increases.
3.1.5 Image Formation in the Scanning Electron Microscope
The primary function of the SEM is to obtain images, and the microscopist should be aware of
the effects brought about on them by the choice of certain beam parameters, or their
modification.
Four beam parameters are defined at the point where the primary beam strikes the specimen
surface. These are the beam probe diameter dp, which is the diameter of the final beam at the
sample surface; the probe beam current ip, which is the current that generates the various signals
in the SEM; the convergence angle α p , which is the half angle of the cone of the incident electron
beam; and the primary beam acceleration voltage Vo. These factors limit the sharpness and
feature visibility of the SEM images [16]. The four beam parameters are depicted in Figure 3.2.
There are two equations of high importance for the microscopist to develop an understanding of
the electro-optical limitations of the SEM images, and they are known as the brightness equation,
and the threshold equation, respectively. The former is defined as follows:
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The brightness, defined in Eq. (3.20), represents the beam current per solid angle per unit area.
Not only this parameter is conserved along the beam, but it is also the most important indicator
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of the performance of the electron gun. Furthermore, since it increases linearly with the probe
current, it also increases linearly with the primary beam acceleration voltage.
On the other hand, the latter equation is defined as follows [39]:
ib 
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Eq. (3.21) defines the minimum beam current that is required in order to see a defined level of
contrast C under certain operating conditions. DQE is the detector quantum efficiency for
secondary electrons, and tf is the time required to scan one full frame of the image. For an image
of good quality 106 pixels are usually required [16]. The contrast is in turn defined as:
C

S2  S1 
S2

, S2  S1

(3.22)

In Eq. (3.22) S2 is a signal detected at a certain point of interest, and S1 is a signal collected in the
surroundings. The contrast is positive by definition, and its value ranges between 0 and 1.

.
Fig 3.2 Representation of the four beam parameters of the primary electron beam.

The spatial resolution depends on the beam probe diameter at the sample surface, the diffusion of
secondary carriers generated inside the specimen, and the spreading of the electrons in the
sample [38]. A high beam acceleration potential may provide a better resolution, but decreases
the signal to noise ratio and thus the smoothness of the image, and may potentially damage the
sample. On the other hand, the resolution is maximized when the specimen is tilted 45 degrees
with respect to the primary electron beam. Nevertheless, at higher tilt angles, what is gained in
resolution due to the increased electron emission, is lost due to the increased mean free path of
the electrons which makes the carriers more likely to be affected by the local internal electric
fields in the specimen [30].
3.1.6 Elimination of Charging in non-Conducting Specimens
The specimen in the SEM can be considered as an electrical junction across which the beam
current is incident. As a consequence of the elastic and inelastic interactions suffered by the
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primary electrons inside the specimen, secondary and backscattered electrons are produced. The
flows of these electrons can be considered as currents going out of the specimen. On the other
hand, ideally a fraction of the incident electrons must go through the specimen in order to avoid
charge accumulation at the surface. Therefore, if the sample is properly grounded, the balance of
currents can be established as follows:

i

in



i

(3.23)

out

Eq. (3.25) can be written explicitly as:
i b  i bse  i se  i s

(3.24)

In Eq. (3.24) ib is the beam current, while ibse, and ise represent the currents produced by the
backscattered and secondary electrons, respectively, and is is the current that goes through the
specimen.
Nevertheless, it may happen that the specimen is non-conducting and there is an accumulation of
surface charge. If that happens to be the case, then Eq. (3.23) is no longer valid. Local
electrostatic potentials are raised at the point where the primary beam interacts with the specimen
and negative charge is accumulated close to the surface, thus reducing the energy of the incident
beam, or reflecting it off in an extreme case. Therefore, the quality of the SEM images decreases
due to the unexpected brightening or darkening of them brought about by the charging-up
process. A special care has to be taken when primary beams with energies above 5 keV are used,
for at this range of energies, generally more electrons are injected into the sample than those that
escape from the specimen as secondary or backscattered electrons [16], thus increasing the
charging-up effect. Eventually, the accumulated charge will reduce the energy of the incoming
beam, and if its energy happens to be reduced below the 5 keV limit, the emission of secondary
electrons is increased and thus locally bright regions can be observed in an image obtained with a
secondary electron detector.
In order to overcome the charging-up effect a thin layer of metal can be deposited on the sample
surface with the aim of increasing the electrical conductivity and favoring the heat dissipation in
the specimen [28]. This process can be carried out with the plasma magnetron sputter coating
method, by using a gold-palladium alloy as the target material, in routine SEM. On the other
hand, it is also possible to use a pure gold target for low magnification studies or a pure platinum
target for medium- to high-resolution studies [16].
3.1.8 Setup of the Instrument used in the Research
The SEM used in the research presented in this thesis was a JEOL 6300 with a single-crystal of
lanthanum hexaboride, LaB6, with around 100 um wide and 0.5 mm long, as the electron emitter.
Its brightness value ranges between 5x105 and 5x106 A/cm2-sr, which on average is 5 to 10 times
brighter than a tungsten filament [41], at a primary beam acceleration potential of 20 keV, and
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supporting a current ranging between 0.5 to 15 nA [14]. The lifetime of the LaB6 emitter is
greater than 1000 hours, on average, and the vacuum in the emitter chamber must be better than
10-4 Pa [16]. The setup of the instrument is shown in Figure 3.3.

Fig 3.3 Photo of the CL-SEM setup at the Goldwater Center, Arizona State University. Reprinted with the
permission of Dr. Alec M. Fisher.

Inside the sample chamber, a parabolic mirror, made of aluminum, is used in order to collect the
luminescence from the sample and convey it to the spectrometer. The mirror contains a hole
through which the electrons pass, and the sample is located at the focal point, usually 1 mm
below the mirror [2], for a more efficient collection. The position of the mirror can be controlled
by four piezoelectric stepped motors [12]. On the other hand, its parabolic shape reduces the
undesired reflections from the mirror onto the specimen, thus reducing the distortions [6].
The spectrometer used was a Gatan monoCL which includes a Czerny-Turner grating. The light
that is reflected from the parabolic mirror is collected by a silver-coated mirror and then
dispersed by a grating, with a groove density of 1200 lines/mm, a dispersion of 2.7 nm/mm, and
a blazed wavelength of 250 nm [6]. The grating equation is the following:

sinα  sinβ  ndλ

(3.25)

In Eq. (3.25) α and β are the angles of incidence and diffraction, respectively, n is the order of the
diffraction, d is the groove density, and λ is the wavelength of the light emerging from the grating
which rotates in order to select a particular one.
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The light reflected from a second silver-coated mirror in the Czerny-Turner configuration goes to
a pre-cooled photomultiplier tube (PMT), where it strikes on a photocathode, generating a
current. In particular, the detector used was a Hamamatsu GaAs photocathode. A current-tofrequency converter is used in order to obtain a spectrum; and a charged coupled device (CCD)
is also included in the setup. On the other hand, the X-rays generated in the specimen are
detected with a lithium-drifted silicon crystal connected to a liquid helium reservoir inside the
dewar.
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CHAPTER 4
CHARACTERIZATION TECHNIQUES - III
This chapter continues with the theory behind the characterization techniques employed in the
research presented in this thesis. A review of the definitions and principles presented here are
required for a good understanding of the discussion and analysis carried out on the experimental
results obtained with Raman Spectroscopy and X-Ray Diffraction, respectively.
4.1 RAMAN SPECTROSCOPY
4.1.1 Introduction
The phenomenon of the inelastic scattering of light by molecular vibrations was theoretically
proposed by A. Smekal in 1923 [1], and experimentally verified by C. V. Raman in 1928 [2,3],
who used benzene (C6H6) and a mercury vapor discharge lamp as the light source for his
experiment [4], which led him to obtain the Nobel Prize in Physics in 1930 [5]. On the other
hand, the aforementioned phenomenon was also observed in solids by G. S. Landsberg and L. I.
Mandelstam in 1928 [2]. Nowadays Raman spectroscopy is a standard optical characterization
technique employed in the semiconductors research carried out in the laboratories of the
academia and the industry. Furthermore, the technique is also used in other research fields such
as biology, chemistry, and environmental science, among others.
4.1.2 Macroscopic Approach to the Raman Scattering
An oscillating electromagnetic wave, described with a frequency ω i and a wave-vector ki,
incident on an infinite isotropic medium, with susceptibility χ ωi  , can be described as follows:
E i r, t   E i ωi e iki r ωi t 

(4.1)

The electromagnetic field will bring about a certain oscillatory polarization in the medium, with
the same frequency and wave-vector as the incident wave. The aforementioned macroscopic
polarization can, in turn, be represented as:
Pr, t   Pωi e iki r ωi t 

(4.2)
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On the other hand, the atomic vibrations, which happen in the material at any temperature, are
quantized into phonons which have associated the following atomic displacements:

  ik rω t 

Qr, t   Q ω p e

p

(4.3)

p

At this point, it should be pointed out that the adiabatic approximation can be used, for the
frequencies that determine the susceptibility are larger than the frequencies of the atomic
displacements [5]. Therefore, it is possible then to consider the susceptibility to be also a
function of these displacements:
χ  χ ωi , Q 

(4.4)

Since the amplitudes of the atomic displacements are less than the lattice constant of the crystal,
it is possible to expand Eq. (4.4) in Taylor series, around χ o , the susceptibility of the material
unaltered by thermal fluctuations, as follows:
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(4.5)

For the purposes of the research presented at this thesis, it is only necessary to consider the
expansion in Eq. (4.5) up to the first derivative of the susceptibility, since induced polarizations
with frequencies different from the excitation frequency, a phenomenon known as two-phonon
Raman scattering, are considered negligible in this research.
On the other hand, the incident electromagnetic field and the induced polarization can be related
as follows:
Pω i 
 χ ω i , Q
E i ω i 

(4.6)

After replacing Eq. (4.1) and Eq. (4.5) in Eq. (4.6), and replacing the resulting Pωi  into Eq.
(4.2), it can be shown that the induced polarization will also be a function of the atomic
displacements, given by Eq. (4.3), and have the following dependence [5]:



 





 



Pr, t, Q  cos k i  k p r  ωi  ω p t  cos k i  k p r  ωi  ω p t

(4.7)

Therefore, the induced polarization depends on a wave with frequency ωi  ω p  and another
wave with frequency ωi  ω p  , respectively. The former is known as anti-Stokes scattered light
and the latter is known as Stokes scattered light, respectively. Moreover, since the energy is
conserved in the process, the frequency of the atomic vibration is given by:
ω R  ωi  ω p

(4.8a)
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ω R  ωi  ω p

(4.8b)

In Eq. (4.8a) ω R is known as the Stokes Raman shift, and in Eq. (4.8b) ω R is known as the antiStokes Raman shift, respectively.
4.1.3 Microscopic Approach to the Raman Scattering
The inelastic scattering of light by phonons is mediated by the electrons in the crystal. These
electrons remain unchanged after the process, and couple with the electromagnetic field via the
following interaction Hamiltonian:
H e- R 

e
Ar, t .p
mc

(4.9)

In Eq. (4.9) A and p are the magnetic vector potential operator and the momentum operator for
the electron in the crystal, respectively.
The scattering process can be considered to take place in three steps, and before it occurs the
material is in the quantum state represented by i . First, the incident radiation field creates an
electron-hole pair, and consequenly the material is excited into an intermediated state
represented by a . The aforementioned pair is then scattered into another intermediate state b by
emitting or abosrbing a phonon. This interaction can be described with the Hamiltonian He-ion.
Finally, the electron and hole recombine radiatively by emitting a photon whose frequency is
shifted with respect to that of the incident electromagnetic field, and the semiconductor acquires
the final state f . In particular, the transitions involving electrons are considered virtual [6] (see
Appendix C) and thus the wave-vectors, and not the energy, is conserved in these transitions.
On the other hand, the probability of anti-Stokes scattering from the initial state
state

f

i

to the final

, which is the situation in the research of this thesis, can be calculated with the Fermi

golden rule according to:
 2π 
Pωi , ω R    
  


a, b

i H e  R ω R  b b H e  ion a a H e  R ωi  i
ωi  E a  E i  ωi  ω p  E b  E i 
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.δ ωi  ω p  ω R



(4.10)

The delta function in Eq. (4.10) ensures the conservation of energy. The Stokes and anti-Stokes
scattering processes are depicted in Figure 4.1.
The efficiency of the process is between 10-6 and 10-7 [sr.cm]-1 [7] , and the value of the phonon
wave-vector is in the order of 106 cm-1, which is very small when compared to the dimensions of
the Brillouin zone. Therefore, the technique is used to determine the frequencies of zone-center
phonon modes.
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Fig 4.1 Schematic representations of the Stokes scattering process (upper picture) which involves a
phonon generation, and the anti-Stokes scattering process (lower picture) which involves a phonon
annihilation.

4.1.4 The Raman Tensor and Selection Rules
The intensity of the inelastic scattered light is given by:
I s  e i .R.es

2

(4.11)

In Eq. (4.11) ei and es are the polarization directions of the incident and scattered light,
respectively; and R is the Raman tensor, defined as follows [5]:

 

R  χ/Qo u ω p

(4.12)

The derivative of the susceptibility, in Eq. (4.12), is a third-rank tensor; and u is an unit vector in
the direction of the atomic displacement. The Raman tensor is a second-rank tensor with
complex components.
On the other hand, the intensity of the scattered radiation vanishes for certain choices of
polarization directions ei and es. That is known as the Raman selection rules. In particular, a
notation for describing the scattering configuration also require the wave-vectors of the incident
and scattered light, ki and ks, respectively, and is expressed as ki(ei,es)ks.
4.1.5 Setup of the Raman Spectrometer
The instrument used in the research was an in-house built Raman spectrometer that belongs to
the Leroy Eyring Center for Solid State Science, at Arizona State University, in the United States
of America. The system included a laser with a wavelength of 532 nm in order to excite the
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transitions in the material, and was capable of delivering a maximum power of 110 mW at the
sample. The spatial resolution possible to achieve was 0.5 um, with a spectral resolution of
around 2 cm-1 , and with a lower detection limit of 25 cm-1. The setup included an Acton
monochromator from Princeton Instruments, and a PL liquid nitrogen cooled detector [8]. The
instrument is shown in Figure 4.2.

Fig 4.2 In-house made Raman Spectrometer at the Leroy Eyring Center for Solid State Science, Arizona
State University, USA. After Ref. [8]. Reprinted with the permission of Dr. Emmanuel Soignard.

4.2 X-RAY DIFFRACTION
4.2.1 Principles and Definitions
The X-rays scattered by the atoms in the crystal lattice are partially coherent and partially
incoherent, respectively. In particular, the incoherent, or Compton, scattering involves a
frequency shift, in comparison to that corresponding to the incident radiation, and is independent
of the crystal lattice [9]. Thus it is of no further interest. On the other hand, the coherent
scattering is produced by the oscillation of the electronic density belonging to each atom in the
lattice, brought about by the incident wave, and is responsible for the interference effects that
ultimately give rise to the X-ray diffraction spectra.
The crystal lattice can be considered to be made of interatomic planes separated a distance d. In
particular, the conditions for a constructive interference between X-rays scattered from
successive planes is given by the Bragg law:
nλ  2dsinθ

(4.13)
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In Eq. (4.13) θ , n, and λ , are the incidence angle, the order of the diffraction, and the wavelength
of the incident radiation, respectively. On the other hand, since the lattice points that compose
the crystal lattice can be described by linear combinations of the Bravais lattice vector R, the
condition for constructive interference in real space can also be expressed as [10]:
     
exp i R . k i  k s   1

 

(4.14)

In Eq.(4.14) ki and ks are the wave-vectors of the incident and scattered radiation, respectively.
On the other hand, for the reciprocal lattice vector G to belong to the Bravais lattice, the
following relation has to be fulfilled:
  
exp i G . R   1



(4.15)

By comparing Eq. (4.14) with Eq.(4.15) the condition for constructive interference is obtained:






G  ks  ki

(4.16)

The separation between the interatomic planes can be related to the reciprocal lattice vector as
follows:
λ
1

2sinθ G

d hkl 

(4.17)

On the other hand, the intensity of the scattered radiation has the following proportionality:
I  SG

2

(4.18)

In Eq. (4.18) SG is the structure factor and can be calculated according to:
SG 



 

f j .ei G . r i

(4.19)

j

In Eq. (4.19) f is the atomic scattering power of the atom and is defined as follows [9]:
 

f  ρr .ei q . r dv



(4.20)

In Eq. (4.20) r defines the positions of the electrons in the atom, and q is the momentum transfer
vector which is equal to the reciprocal lattice vector only in the case of constructive interference.
On the other hand, the density ρ is given by:
ρr  

 σ r 

(4.21)

j

j

52

In Eq. (4.21) σ1...σ j are the distribution functions that represent the motion of the electrons. In
particular, σ jdv represent the probability to find the electron j in the differential volume element
dv.
It is possible to represent graphically the condition for the occurrence of constructive
interference. This representation is known as the Ewald sphere, whose radius is 1/λ , which is
drawn in reciprocal space and is centered at the tip of the wave-vector of the incident X-ray
radiation, So, and if it happens that the sphere described by this vector intersect lattice points in
the reciprocal space, constructive interference will take place since the Bragg condition is
satisfied. The Ewald sphere is depicted in Figure 4.3.

Fig 4.3 Representation of the Ewald sphere. Shkl makes reference to SG, in the notation used in this thesis.
After [12]. Reprinted with the permission of Prof. Alan J. Jircitano.

4.2.3 Setup of the Instrument
The instrument used in the research was a High resolution X-ray diffractometer Panalytical
X´Pert Pro Materials Research that belongs to the Leroy Eyring Center for Solid State Science, at
Arizona State University, in the United States of America. The instrument uses CuKα radiation
and was capable of doing measurements at temperatures ranging from 21 oC to 900 oC. The
instrument is shown in Figure 4.4.
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Fig 4.4 X-Ray diffractometer at the Leroy Eyring Center for Solid State Science, Arizona State
University, USA. After Ref. [13]. Reprinted with the permission of Dr. Emmanuel Soignard.
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CHAPTER 5
EXPERIMENTAL RESULTS AND DISCUSSION
In this chapter, the experimental results obtained with the characterization techniques X-ray
diffraction, Raman spectroscopy, IR- and VIS/UV spectroscopic ellipsometry, and
cathodoluminescence imaging spectroscopy, as well as the related discussion about these results,
are presented. For details regarding the theory behind these techniques, the reader is referred to
Chapters 2, 3, and 4, respectively.

5.1 X-Ray Diffraction
5.1.1 Introduction
sp2-hybridized boron nitride was epitaxially grown on aluminum nitride nucleation layer, by
using the hot-wall chemical vapor deposition method (hot-wall CVD), with ammonia and triethyl
boron (TEB) as precursors, with H2 as the carrier gas, since it was experimentally verified that
there were not chemical reactions between the precursors in an atmosphere of nitrogen or argon
as the carrier gases [1] (see Figure 5.1 and 5.3). On the other hand, the sapphire substrates were
cut into pieces of 1x1 cm2 with the (0001) crystallographic planes parallel to the sample surface.
The precursors were kept separately to avoid parasitic reactions and were mixed just before
entering into contact with the graphite susceptor which was coated with silicon carbide. The
growth was initiated by the introduction of TEB, and the desired N/B ratios were obtained by
adjusting the ammonia flow rate. On the other hand, the aluminum nitride nucleation layer was
formed by nitridation of the sapphire substrate. It was only possible to do the characterization of
two samples (BN114-1 and BN095-1), and the growth parameters are shown in Table 5.1 below,
and the structure of the samples is depicted in Figure 5.2.
Growth Parameters for the Samples Received
Sample BN114-1
Values
Temperature
1500 oC
Time
120 min
Pressure
70 mbar
N/B
700
B Concentration
0.014%
Sample BN095-1
Values
Temperature
1500 oC
Time
240 min
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Pressure
N/B
B Concentration

100 mbar
614
0.02%

Table 5.1 Growth parameters for the samples characterized.

Figure 5.1 Schematic representation of the hot-wall CVD reactor used for the growth of the samples
studied in this thesis.

Figure 5.2 The samples consisted of a sapphire substrate, an aluminum nitride buffer layer grown on top
of it by nitridation, and sp2-hybridized boron nitride.

5.1.2 Experimental Results and Discussion for the XRD
The h-BN and r-BN have similar lattice parameters, provided by transmission electron
microscope (TEM), equal to 2.5 Å, as well as similar spacing between the basal planes of 3.32 Å
and 3.33Å, respectively, which makes it not possible to distinguish these crystalline phases just
by the analysis of the diffractogram obtained in the Bragg-Brentano configuration. Therefore, in
this thesis the term sp2-hybridized BN has been used to account for both polytypes
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simultaneously. The diffractograms for the samples BN095-1 and BN114-1 (Figure 5.4 and
Figure 5.5) prove that sp2-hybridized boron nitride grows epitaxially on top of the aluminum
nitride buffer layer grown by nitridation on the (0001) basal plane of sapphire. The
diffractograms for the aforementioned samples are shown in Table 5.2 and Table 5.3, and in
particular, the signature for the presence of boron nitride in the samples analyzed can be seen by
identifying the peaks located at 26.72o and 26.04o, for the samples BN095-1 and BN114-1,
respectively. Furthermore, the intensity of the peak is much higher in the former sample than in
the latter. Therefore, this serves as a further verification that sample BN095-1 has a better crystal
quality than sample BN114-1.
In particular, the results obtained from infrared spectroscopic ellipsometry showed that in the
latter sample the grains are tilted with respect to the sample normal. This may be the explanation
for the low intensity of the diffracted peak in this sample, as well as the presence of amorphous
boron nitride. Since the grains in this sample will not have a definite texture, there will be
microstrain between the grains, whose effect is to further broaden the peak. On the other hand,
the boron nitride peak in the diffractogram for sample BN095-1 is slightly asymmetric on the left
side. This may be due to the presence of t-BN close to the interface with aluminum nitride [1]. In
the diffractogram for sample BN114-1, it can be seen that there is a broad peak located at 15 o,
approximately, and this may be due to the formation of boric acid B(OH)3 by the reaction of the
boron nitride with the ambient moisture.

Figure 5.4 XRD diffraction spectra for the sample BN095-1.
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Peak
1
2, 3, 4, 9, 10,
11, 12
5
6, 7
8

Material
Boron Nitride
Forbidden
Reflections of
Sapphire
Sapphire
Sample
Holder
Boron Nitride

Angle
26.72o
Not relevant

Plane
h-BN (0002),
r-BN (0003)
-

41.66o
Not relevant

(0006)
-

55.05o

h-BN (0004),
r-BN (0006)

Table 5.2 Peak identification for the sample BN095-1.

Figure 5.5 XRD diffraction spectra for the sample BN114-1.
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Peak
1

Material
Boron Nitride

Angle
26.04o

2,4,7,8,10,11,12

Forbidden
Reflections in
Sapphire
Aluminum Nitride
Aluminum Nitride
Sapphire
Aluminum Nitride
Aluminum Nitride

Not Relevant

Plane
h-BN (0002),
r-BN (0003)
-

36.02o
38.83o
41.71o
59.33o
76.35o

(0002)
(101)
(0006)
(110)
(0004)

3
5
6
9
13

Table 5.3 Peak identification for the sample BN114-1.

5.2 Raman Spectrometry
5.2.1 Experimental Results and Discussion for the Raman Spectrometry
The samples BN095-1 and BN114-1 were studied by Raman scattering spectroscopy, and a
comparison of the obtained spectra is shown in Figure 5.6. The measurements were carried out in
the backscattering configuration with z-direction oriented along the c-axis. It can be seen that
only one Raman active phonon mode is present and is located at 1364 cm-1, approximately.
Therefore, it is not possible to distinguish between the hexagonal and the rhombohedral phases
of boron nitride, but it is possible to conclude that the grains in the former sample have a
preferred orientation with the c-axis parallel to the sample normal, whereas the grains in the
latter sample, may be tilted with respect to the sample normal, or it may also be possible that the
amorphous phase of boron nitride is present inside this particular sample.
On the other hand, the symmetry of the peak in the case of the sample BN095-1 (Figure 5.7)
indicates a uniform distribution of strain. Therefore, based on the experimental results presented
here, it is possible to conclude that the sample BN095-1 has a better crystalline quality than the
sample BN114-1 (see the spectra in Figure 5.8). On the other hand, it should be pointed out that
there is no TO-LO splitting for this Raman active mode, because the boron and the nitrogen
atoms in each plane, in the sp2-hybridized boron nitride, move in opposite directions. Moreover,
the atomic displacements of two planes are combined asymmetrically and thus these
contributions cancel each other [2].
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Figure 5.6 In this figure both Raman spectra, corresponding to the samples BN095-1 (top) and BN114-1,
are shown, for comparison. The orange arrows indicate the Raman mode for the sp2-boron nitride.

Figure 5.7 Raman spectra for the sample BN095-1. The orange arrow indicates the Raman active phonon
mode for the sp2-boron nitride.
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Figure 5.8 Raman spectra for the sample BN114-1. The orange arrow indicates the Raman active phonon
mode for the sp2-boron nitride.

5.3 VIS-UV Spectroscopic Ellipsometry
5.3.1 Introduction
In the research presented in this thesis, spectroscopic ellipsometry in the reflection mode was
used to measure the change in polarization of a light beam reflected from a sample under study.
The aforementioned change in polarization depends on factors such as the layer thickness and
optical constants. Therefore, by constructing and appropriate mathematical optical model
containing some known parameters such as the angle of incidence and probing wavelength, and
on the other hand some unknown parameters representing the structural and optical properties of
the material being investigated, numerical values for the unknown parameters can be obtained
within a certain confidence limit, by using a fitting procedure based on the Levenberg-Marquardt
regression algorithm. After the mathematical procedure is carried out by finding a set of
parameters that closely resembles the experimental data, it must be established whether the
numerical values predicted by the model are physically reasonable. The latter can be done, in
part, by examining some statistical quantities that make it possible to evaluate the precision of
the fitting procedure.
The modeling procedure is divided into three parts: the modeling of the dielectric function, the
construction of a suitable optical model, and finally the fitting to the experimentally obtained
data. In particular, ellipsometry is a technique that allows the determination of the variables ψ and
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Δ , which represent the ratio and the phase difference between the p- and s-polarization

directions, respectively. In order to carry out the modeling of the dielectric function, it is required
to select the appropriate mathematical model according to the optical behavior of the material
being investigated. In particular, the Cauchy model including an Urbach tail, have been used to
model the dielectric function of the boron nitride in the spectral range where this material is
transparent to the light, as well as to model the onset of interband transitions. Moreover, a
Lorentz oscillator was used to describe the electric polarization in the ultraviolet range.
Nevertheless, sometimes the MSE value resulting from the fitting procedure is not low. This can
be attributed to factors such as an inaccurate experimental data, an inadequate optical model used
in the data analysis, or because the sample has a depolarization effect. If this is the case, other
characterization techniques should be used to verify the predictions of the optical model in
ellipsometry.
5.3.2 Experimental Details
In the research presented in this thesis, the ellipsometer used for measurements in the VIS-UV
spectral range was a Variable Angle Ellipsometer (VASE) manufactured by J. A. Woollam Co.,
Inc. This instrument is based on the rotating analyzer configuration and is capable of fully
automated measurements within 193 to 3200 nm, at incident angles ranging from 15o to 90o. The
setup includes a monochromator for the selection of a single wavelength at a time, and the light
source was a Xe arc-based lamp. On the other hand, the analysis and modeling of the
experimental data was done with the WVASE-32 software. In particular, the measurement
presented in this thesis was carried out for a 1-6.5 eV spectral range, with an energy resolution of
0.01 eV. The incidence angles of 50o, 60o, and 70o were considered as optimal. On the other
hand, the number of revolutions per measurement was set to 30, whereas the maximum number
of revolutions was set to 100. The sample was considered as isotropic plus depolarization. The
polarizer tracking, as well as the polarizer zone averaging, were activated and the tracking
tolerance was set to 5, and the maximum monochromator slit width was set to 1700 micrometers.
The sample was placed on a glass slide, and the measurement was carried out at room
temperature.
The monochromator in the RAE ellipsometer from Woollam Co., Inc. is placed with the light
source, and in this way the contribution from the ambient light is rejected at the solid-state
detector of the instrument, because the ambient light would be split into its frequency
components, with lower intensities than those provided by the Xe-lamp and therefore, the VASE
instrument is insensitive to residual light source polarization. On the other hand, the RAE
configuration provides more accurate experimental ellipsometry values when the light entering
the detector is circularly polarized ( Δ  90 o ), and less accurate when the reflected light is linearly
polarized ( Δ  0 o ,180 o ). Nevertheless, by adding an adjustable compensator after the input
polarizer, before the light beam reaches the sample, any polarization state can be generated and
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consequently it is possible to adjust that state to provide a reflected light beam with circular
polarization.
The instrument must be calibrated before doing any measurement, and to do so, a sample that
does have neither anisotropy nor depolarization must be mounted and aligned in the ellipsometer.
The sample routinely used in the standard calibration procedure is a 20 nm thermal oxide on
silicon. The selected probing wavelength is 500 nm and the angle of incidence is set to 75 o. In
the calibration procedure, the Fourier coefficients of the detector are measured as a function of
the relative attenuation of the ac signal relative to the dc component of the detector signal due to
the signal processing electronics [3], the dial position of the analyzer, denoted by As, and the
difference between the dial position of the polarizer, denoted by Ps, and its real position, given as
a calibration parameter and denoted by P. The Fourier coefficients are given by the following
expressions:





α

1 '
α cos2A s   β ' sin 2A s 
η

β

1 '
α sin 2A s   β 'cos(2As )
η



(5.1a)



(5.1b)

Where:

α' 

tan 2 ψ  tan 2 (P  Ps )
tan 2 ψ  tan 2 P  Ps 

(5.2a)

β' 

2tancostan P  Ps 
tan 2 ψ  tan 2 P  Ps 

(5.2b)

On the other hand, the residual quantity is given by the following expression:

ξ  1  α2  β2

(5.3)

The above equations are then fitted to the measured Fourier coefficients and residual function, by
regression analysis, and in this way the values of these three calibration parameters are
determined.
5.3.3 Experimental Results and Discussion
The boron nitride is transparent up to 5 eV, approximately, which means that the absorption
coefficient is nearly zero for wavelengths higher than that corresponding to the aforementioned
energy value. In particular, when the incidence angles are 50 o and 60o, respectively, the values of
o
Δ in both cases is nearly 180 (see Figure 5.10), with a small splitting between the spectra for
these two angles in the energy range below 2 eV, approximately, and maintaining a nearly
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constant behavior up to nearly 5 eV. Moreover, for higher energy values, the curves split again
and the values of Δ slightly decrease. On the other hand, for an angle of incidence of 70o, which is
close to the pseudo-Brewster angle, the value of Δ is zero below 4 eV, approximately, and begins
to increase up to an energy of 5 eV due to a continuous change in the phases of the p- and spolarization directions in this energy interval. After 5 eV, the value of Δ , for this angle of
incidence, stabilizes.
It can be seen that for an incident angle of 70o, which is close to the pseudo-Brewster, there is a
loss of p-reflectance, as can be seen in the obtained ψ spectra for the sp2-hybridized BN, and the
minimum in reflectance is attained at 4.7 eV, approximately (see Figure 5.9). Ideally, at this
position only s-polarized light should be reflected from the sample, but this is not the case
because there is a slight light absorption at this energy position, and from this point the
absorption coefficient will begin to increase more abruptly. The sensitivity of the measurement is
increased at the polarizing angle and on the other hand, the p-reflectance, in the case of lower
angles of incidence, increase. The loss of p-reflectance at the pseudo-Brewster angle can be
understood by considering the behavior of the electric dipoles generated by the electric light
beam inside the material, for if the incidence angle of the primary light beam is different from
the polarizing angle, then the angle between the direction of propagation of the reflected light
beam and the oscillatory direction of the electric dipoles will be different from zero. Therefore,
both p- and s-polarized light will be reflected. Nevertheless, when the incidence angle coincides
with the pseudo-Brewster angle, the propagation direction of the reflected light beam will
coincide with the oscillatory direction of the electric dipoles inside the material, and
consequently the p-polarized reflection will be suppressed.
It can be seen that the measurement errors increase for Δ  180 o in the intervals from 1 to 1.2 eV
and after 5.5 eV, approximately, in Δ . This fact can be understood by considering that in the
RAE configuration the Stokes parameter S3 cannot be measured, and that cos( Δ ) is obtained
instead, from the Fourier coefficients which are obtained, in turn, after the calibration procedure.
The measurement errors are proportional to the absolute value of cos( Δ ), and considering that its
relation with Δ is not linear, a small error in the former comprises a large error in the latter. In
particular, the measurement errors maximize when cos( Δ )  1 , a relation that is fulfilled when Δ
= 180o. On the other hand, at Δ = 90o the measurement sensitivity is maximum [4]. The increase
of the measurement error in Δ  180 o can also be explained with the aid of the Poincaré sphere,
since in the RAE configuration only the S1 and S2 Stokes parameters, which represent totally
polarized light, can be determined. Thus the value of Δ is determined by assuming that the light
incident on the detector does not have a component for the elliptical polarization and
consequently, the value of Δ can be determined by the orthogonal projection of the area
determined by the measurement errors in S1 and S2, on the sphere. Therefore, the projection of
this area close to the equator of the Poincaré sphere ( Δ  180 o ) will be larger than the projection
of the same area close to the poles ( Δ  90 o ), in spite of the fact that the measurement errors in
the Stokes parameters are the same for both cases.
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It can also be seen that there is noise in the experimentally obtained spectra for ψ above 5.5 eV
and ψ  45o , approximately, but the magnitude of this noise is less than that present in the spectra
for Δ . This fact can be explained by considering that the measurement errors in ψ and Δ are in
turn a function of the measurement errors in the Fourier coefficients obtained after the calibration
procedure, and can be obtained with the following expressions:

δψ  

1  cos2Pcos2ψ2 δα

(5.4a)

δΔ  

1  cos2Pcos2ψ δβ

(5.4b)

2sin 2 2Psin2ψ

sin2Psinsin2ψ

According to the above equations, it can be seen that the measurement error in Δ increases when
Δ  180 o , as seen in the experimental spectra. On the other hand, the precision of the
measurement can be increased by making the values of the Fourier coefficients smaller, which is
possible to attain by adjusting the polarizer in such a way that the light incident on the detector is
circularly polarized. Furthermore, if the azimuth of the polarizer is set to coincide with ψ  45o ,
the following relation between the measurement errors in ψ and Δ is obtained:
δψ 

δΔ
2

(5.5)

The above equation indicates that in the RAE configuration the measurement error in ψ is two
times smaller than the corresponding measurement error in Δ , ideally, and this tendency is
reproduced in the experimental spectrum for the ellipsometric angles. This fact can be explained
by considering that in this instrument configuration what is obtained are cos(2 ψ ) and sin(2 ψ )
with respect to ψ , and cos( Δ ) with respect to Δ , respectively. Therefore, the measurement error
in Δ is two times larger than the measurement error in ψ . On the other hand, the noise can be due
to the thermal fluctuation around the Xe lamp, with the consequent fluctuation in the light
intensity it provides. Nonetheless, the noise generated by this fluctuation can be decreased by
decreasing the integration time of the light intensity during the measurement [5], but since the
intensity provided by the lamp decreases at the short wavelengths, it is expected that the quality
of the measurement will naturally degrade at this spectral range.
The noise can also be brought about by the depolarization effect caused by the sample, due to the
variation in the thickness of the boron nitride layer and the presence of surface roughness. This
effect generates different polarization states upon light reflection from the sample, and since in
the RAE configuration totally polarized light is assumed, the measurement errors in the
ellipsometric angles will naturally increase. In the short-wavelength range, the light scattering on
the surface occurs easily, and thus if the surface roughness of the boron nitride thin film is large,
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as verified by the SEM, the light reflected on its surface will become partially polarized because
it will suffer multiple reflections at the rough specimen surface. Additionally, there are also other
factors that are capable of causing depolarization, such as the non-ideality of the
monochromator, and a possible weak collimation of the light provided by the Xe lamp.
Furthermore, it should be pointed out that there is noise between 4 - 5 eV in the case of the
spectra for ψ measured at the angle of incidence of 70o. This can be due to backscattering
reflections from the substrate, since the boron nitride is still transparent at the aforementioned
energy range. This effect can be explained by recognizing that the light coming out of the
monochromator has a finite bandwidth, and that it can be described by the continuous variation
of the phase of its frequency components with time, and since the thickness of the substrate is
larger than the thicknesses of the epilayers, the optical path length traversed by the light reflected
from the sapphire substrate will be larger, and consequently, the phase of the wave will no longer
depend only on the time, but on the path length. Therefore, the light reflected upon the sample
surface will be only partially polarized since the optical interference between the light beams
reflected from the boron nitride layer and the substrate, respectively, will be subject to the
incoherent interference condition.
The model considers the optical properties of the sp2-hybridized BN as isotropic, since the small
thickness of the thin film makes the model insensitive to variations of these properties along the
direction parallel to the sample surface. In particular, the dielectric function of the material was
described with a Cauchy layer, including an Urbach tail to account for the onset of interband
absorption due to the exponential tail of the density of states inside the band gap, and a classical
Lorentz oscillator to describe the optical properties of the material in the ultraviolet region. The
fitting parameters in the model were the boron nitride layer thickness, the Cauchy parameters
describing the optical constants of the material in the range where it is transparent, between 1 – 4
eV, approximately, as well as the broadening and the amplitude of the classical oscillator
describing the absorption at room temperature. On the other hand, the fitting procedure was
carried out with the Levenberg-Marquardt regression algorithm, which provided a MSE of 1.573.
The numerical values for the fitted parameters are shown in Table 5.4.
At this point, it should be pointed out that besides the sample (BN095-1), whose experimental
results are presented in this thesis, it was not possible to align any other boron nitride sample in
the VASE ellipsometer. This was most likely due to the surface roughness of these layers, as
well as to the thickness inhomogeneties of each of these samples. Furthermore, the thickness of
the aluminum nitride nucleation layer in the sample BN095-1 was different from that of the
received sample consisting only on pure aluminum nitride on top of a sapphire substrate, which
was used first to obtain the optical properties of the aluminum nitride epilayer. The thickness of
the aluminum nitride buffer layer was directly obtained from the dependence of the E1(TO)
phonon mode in the infrared spectra for ψ , with the thickness of the buffer layer, for this
particular sample. This spectra was considered not suitable to be included in this thesis due to its
low quality, for the reflection band of the sp2-hybridized BN is absent due to the small thickness
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of the boron nitride thin film in this sample. Therefore, the aforementioned numerical value for
the thickness of the nucleation layer was introduced as an input parameter in the optical model
describing the dielectric function of the boron nitride. This is a limitation of the presented model.
It is not possible to ensure that the band gap of the material at the Γ point of the Brillouin zone
has been obtained, since the optical models capable of delivering that information, such as the
Tauc-Lorentz and the Forouhi and Bloomer, are reliable only to study amorphous
semiconductors, which is not the case for the sample BN095-1. All that it is possible to say is
that the onset for the absorption starts at 4 eV, approximately (see Figure 5.12), and that the band
gap should be higher than 5 eV, although it is not possible to specify its exact location on the
energy axis, or whether the band gap is of direct or indirect nature at the Γ point. On the other
hand, it should be mentioned that it has not been possible to provide a definite answer to the
question of whether the h-BN has a direct or indirect band gap, at the centre of the Brillouin
zone, yet. The results obtained by the studies carried out on this topic put the band gap of this
crystalline phase in the interval 3.20 – 5.97 eV [6,7,8,9]. On the other hand, the average value
obtained for the refractive index with the model, for the sp2-hybridized BN, below 5 eV, is 1.88.
This value is in good agreement with that previously obtained, for the h-BN, in the same spectral
range [10,11].

Figure 5.9 ψ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, as well as
the experimental data, for the sp2-boron nitride. This spectrum corresponds to the sample BN095-1.
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Figure 5.10 Δ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, as well as
the experimental data, for the sp2-boron nitride. This spectrum corresponds to the sample BN095-1.

Figure 5.11 The real (n, in red) and imaginary (k, in blue) components of the index of refraction for the
sp2-boron nitride as obtained by the optical model, as well as the experimental data. This spectrum
corresponds to the sample BN095-1.
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Figure 5.12 The real (n, in red) and imaginary (k, in blue) components of the index of refraction for the
sp2-boron nitride as obtained by the optical model.

Figure 5.13 The real (e1, in gold) and imaginary (e2, in green) components of the dielectric function in the
VIS/UV range, as well as the experimental data. This spectra corresponds to the sample BN095-1.
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Figure 5.14 The real (e1, in gold) and imaginary (e2, in green) components of the dielectric function in the
VIS/UV spectral range.

Fitting Parameters VIS/UV
model
Thickness [nm]
7.81
An
1.24
Bn
0.06
Ak
1.57
Bk
0.36
Amp [eV2]
7.81
En [eV]
5.82
Br [eV]
1.22
Table 5.4 Numerical values obtained for the fitted parameters in the VIS/UV optical model. The MSE is
1.573.

5.4 IR Spectroscopic Ellipsometry
5.4.1 Experimental Results and Discussion for Sapphire
Sapphire (Al2O3) is a wide band gap material, with a rhombohedral crystal structure, which is
transparent for energies ranging from the far-infrared (0.12 eV) to the deep-ultraviolet spectral
range (9 eV), and is an insulator with a high thermal conductivity. This material is a common
choice as a foreign substrate for the epitaxy of group-III nitride semiconductor heterostructures.
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According to group theory, there are four infrared phonon modes Eu with dipole moments
oscillating perpendicular to the c-axis, and two phonon modes A2u with dipole moments
oscillating parallel to the c-axis [11]. On the other hand, each of these modes is split into TO-LO
components due to the Coulomb interaction, and for the determination of these splitting, the
corresponding vibration frequencies, and the dielectric constants, the standard ellipsometry
approach is suitable, for no conversion between the p- and s-polarizations take place after the
light is reflected from the sample.
It can be seen that the p-reflection increases between 437 and 483 cm-1, giving rise to the
reststrahlen band in ψ (see Figure 5.15). On the other hand, Δ is shown in Figure 5.16. The
former frequency corresponds to the TO-component of the E1u phonon mode, whereas the latter
frequency is related to the LO-component of this mode. After this first reflection band, there is a
dip in ψ that is brought about by a decrease in the reflectivity in the s-polarization direction, and a
simultaneous increase in the reflectivity in the p-polarization direction, which begin to increase
to give rise to the next reststrahlen band located between 569 and 629.7 cm-1. Nevertheless,
there is a sharp resonance within the aforementioned dip, which is caused by total p-reflection.
This narrow structure is located between 510.8 and 515.5 cm-1 indicating an overlapping with the
A2u1 phonon mode band. On the other hand, there is a large reststrahlen band between 633.42
and 1021 cm-1, but there is loss in p-reflectivity between 881 and 908 cm-1 due to an overlapping
with the A2u2 phonon band. Furthermore, approximately at 1000 cm-1 there is a derivative-like
feature and a sharp resonance. The former is caused by a simultaneous loss in p- and sreflectivity, and the latter is a consequence of the uniaxial anisotropy of sapphire. The shape of
the high-energy side of the reststrahlen band for sapphire depends on the particular angle of
incidence. On the other hand for purposes of a better visualization, the spectra for ψ and Δ at each
incidence angle are shown separately in Figures 5.19, 5.20, 5.21, 5.22, 5.23, and 5.24. The MSE
for the fitting was 483.6, a value which is attributed to the presence of noise in the spectra, which
in turn is attributed to backscattering reflections. The fitted parameters are shown in Tables 5.5,
5.6, 5.7, 5.8, and 5.9, respectively. On the other hand, the obtained spectrum is consistent with
the model of bands of total reflection for sapphire (see Appendix D).

Room Temperature Dielectric Constants[12]
Dielectric Constant
Lineshape Analysis
Reference Value
ε o
9.30
9.38
ε o//
12.0
11.6
ε 
3.1 (calculated with
3.0
the LST-relation)
ε //
3.8 (calculated with
3.0
the LST-relation)
Table 5.5 Dielectric constants predicted by the IR-optical model, and calculated with the LST relation.
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Room Temperature Transverse Optical Phonon Frequencies
(Eu) for Al2O3 in units of cm-1
Mode
Lineshape Analysis
Reference Value
ω TO1
384.5 (not included in
384.9
the experimental data)
ω LO1
389.0 (not included in
387.6
the experimental data)
ω TO2
437.0
439.1
ω LO2
483.0
481.6
568.5
569.0
ω TO3
ω LO3
ω TO4
ω LO4

628.6
633.4
905.0

629.5
633.6
906.6

Table 5.6 Frequencies for the Eu modes obtained with the IR-optical model.

Room Temperature Longitudinal Optical Phonon Frequencies (A2u) for Al2O3 in units of
cm-1
Mode
Lineshape Analysis
Reference Value
ω TO1
400.0
397.5
ω LO1
508.0
510.8
ω TO2
584.0
582.4
ω LO2
879.0
881.1
Table 5.7 Frequencies for the A2u modes obtained with the IR-optical model.

Room Temperature Transverse Optical Phonon Broadenings γ (Eu) for Al2O3 in units of cm-1
Mode
Lineshape Analysis
Reference Value
γ TO1
3.5
3.3
γ LO1
2.9
3.1
γ TO2
3.3
3.1
γ LO2
1.7
1.9
4.9
4.7
γ TO3
γ LO3
5.7
5.9
γ TO4
5.2
5.0
γ LO4
13.7
14.7
Table 5.8 Broadenings for the Eu modes obtained by lineshape analysis.
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Room Temperature Longitudinal Optical Phonon Broadenings
-1
γ -(A2u) for Al2O3 in units of cm
Mode
Lineshape Analysis
Reference Value
γ TO1
5.1
5.3
γ LO1
1.3
1.1
γ TO2
2.7
3.0
γ LO2
16.4
15.4
Table 5.9 Broadenings for the A2u modes obtained by lineshape analysis.

Figure 5.15 ψ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the IR-optical model, as well
as the experimental data, for the sapphire. The modes Eu and A2u are indicated by the orange arrows. The
modes start, from left to right, with Eu2 and A2u2, respectively.
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Figure 5.16 Δ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, as well as
the experimental data, for the sapphire. The modes Eu and A2u are indicated by the orange arrows. The
modes start, from left to right, with Eu2 and A2u2, respectively.

Figure 5.17 ψ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the IR-optical model, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.
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Figure 5.18 Δ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.

Figure 5.19 ψ at 50o predicted by the IR-optical model, and the experimental data, for the sapphire. The
modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right, with E u2 and
A2u2, respectively.
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Figure 5.20 Δ at 50o (in red), predicted by the optical model, as well as the experimental data, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.

Figure 5.21 ψ at 60o (in green), predicted by the IR-optical model, and the experimental data, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.
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Figure 5.22 Δ at 60o (in green) predicted by the optical model, and the experimental data, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.

Figure 5.23 ψ at 70o (in blue), predicted by the IR-optical model, and the experimental data, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.
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Figure 5.24 Δ at 70o (in blue), predicted by the optical model, and the experimental data, for the
sapphire. The modes Eu and A2u are indicated by the orange arrows. The modes start, from left to right,
with Eu2 and A2u2, respectively.

5.4.2 Experimental Results and Discussion for Aluminum Nitride
The pre-requisite for the analysis of the infrared spectra of the aluminum nitride, is the modeling
of the sapphire dielectric function, which was successfully done in the previous section. On the
other hand, the infrared spectrum is dominated by the total reflection bands of the sapphire
substrate. The parameters that were allowed to vary during the fitting procedure were the
frequencies of the E1(TO), and the A1(LO) phonon modes, the corresponding broadening
parameters, and the dielectric constant at the high-frequency limit. The broadening parameters
were assumed equal (see Appendix A). The thickness of the nucleation layer was input as a fixed
parameter during the modeling procedure. Nevertheless, ellipsometry is not sensitive to the
A1(TO) phonon mode, and consequently a fixed frequency of 611 cm-1 [13] was used as an input
parameter during the calculation. The spectra for the experimental data for ψ and Δ , as well as
the generated model, are shown in Figure 5.25 and Figure 5.26, respectively. On the other hand,
for purposes of a better visualization of the model, only the generated data for the ellipsometric
angles are shown in Figure 5.27 and Figure 5.28.
The contribution of free carriers to the optical response of aluminum nitride is considered
negligible, and thus only the phonon contribution to the dielectric function of the aluminum
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nitride nucleation layer was considered. On the other hand, since the aluminum nitride is grown
on a foreign substrate, it will experience a built-in compressive strain due to the difference in
thermal expansion coefficients and lattice parameters between the buffer layer and the sapphire
substrate. As a consequence of the compressive strain, the E1(TO) phonon mode will experience
a blueshift, by being displaced towards longer wave numbers (see Section 1.4), and the
magnitude of the displacement is proportional to the amount of residual strain in the aluminum
nitride film [14]. The MSE for the model is 561.4. The numerical values obtained for the
parameters in the model are shown in Table 5.10.
Fitting Parameters – Aluminum Nitride
Parameter
Value
E1(TO) phonon mode
685 cm-1
E1(LO) phonon mode
885 cm-1
3.2 cm-1
γ - E1 phonon mode
ε
17
Layer Thickness (fixed
20 nm
parameter)
Table 5.10 Numerical values, obtained by lineshape analysis in the case of the sample received, for the
parameters in the IR-optical model, for the aluminum nitride nucleation layer.

Figure 5.25 ψ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the IR-optical model, as well
as the experimental data, for the aluminum nitride. The modes E1(TO) is indicated with an orange arrow.
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Figure 5.26 Δ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, as well as
the experimental data, for the aluminum nitride. The position of the mode E1(TO) is indicated with an
orange arrow.

Figure 5.27 ψ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the IR-optical model, for the
aluminum nitride. The mode E1(TO) is indicated with an orange arrow.
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Figure 5.28 Δ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, for the
aluminum nitride. The position of the mode E1(TO) is indicated with an orange arrow.

5.4.3 Experimental Results and Discussion for sp2-hybridized Boron Nitride
According to group theory, sp2-hybridized BN has two infrared phonon modes denoted by Eu
and A2u, representing oscillations in the directions perpendicular and parallel to the c-axis,
respectively [15]. The Eu TO-LO frequencies are 1372 and 1610 cm-1, and the A2u TO-LO
frequencies are 746 and 819 cm-1, respectively. On the other hand, in an analogy to graphite, the
B and N atoms are more tightly bound in the basal planes that along the c-direction [16], and
thus a larger TO-LO splitting is expected for the in-plane vibration mode, due to the electrostatic
Coulomb interaction.
The strong reststrahlen band for the sp2-hybridized BN is an indicator of an ionic compound, as a
result of the difference in electronegativity between the B and N atoms. On the other hand, the
damped-oscillator modeling of this reststrahlen band was carried out with a regression analysis,
and a reasonable agreement between the experimental and calculated data was obtained (see
Figure 5.29 and Figure 5.28). It can also be seen that after the Eu(LO) phonon mode, ψ decreases
as a consequence of the reduction in p-reflectance (see Figures 5.31, 5.33 and 5.35). This
phenomenon is known as the Berreman effect [17], and the position of the minimum in ψ varies
as a function of the incidence angle.
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On the other hand, the sp2-BN layer of sample BN114-1, whose IR-spectra is included in this
thesis, behaves isotropically as a consequence of the small thickness of the layer, and thus the
out-of-plane vibration is almost negligible, due to the lack of sensitivity to the extraordinary
direction. Therefore, the Euler angle θ is included as a parameter in the model in order to account
for the tilt of the BN crystals with respect to the c-axis. Furthermore, the TO-LO broadening in
each band are taken to be equal (see Appendix A).
It should also be pointed out that the difference in the experimental and calculated data, for the
reststrahlen band, is most likely due to the incorporation of moisture into the film, since the
water absorption band is located at 1640 cm-1 and thus interferes with the Eu(LO) resonance [18].
The sensitivity to detect the Eu(LO) mode increases with increasing angle of incidence, because
the pseudo-Brewster angle is being approached, and there is also a reststrahlen band next to the
minimum in ψ , after the in-plane LO resonance. The MSE for the model is 228.9, and the
numerical values for the fitted parameters are shown in Table 5.11.
Fitting Parameters – sp2 hybridized boron nitride
Parameter
Value
Layer Thickness
40 nm
Eu(TO) phonon mode
1362 cm-1
Eu(LO) phonon mode
1592 cm-1
ε
4.3
37.3 cm-1
γ - Eu phonon mode
24o
Euler Angle θ
3.2 cm-1
γ - A2u phonon mode
A2u(LO) phonon mode
823 cm-1
Table 5.11 Numerical values, obtained by lineshape analysis in the case of the sample BN114-1, for the
parameters in the IR-optical model, for the sp2 boron nitride layer.
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Figure 5.29 ψ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the IR-optical model, as well
as the experimental data, for the sp2 boron nitride. The modes Eu and A2u(LO) are indicated by orange
arrows.

Figure 5.30 Δ at 50o (in red), 60o (in green), and 70o (in blue), predicted by the optical model, as well as
the experimental data, for the sp2 boron nitride. The positions of the modes Eu and A2u(LO) are indicated
by orange arrows.
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Figure 5.31 ψ at 50o predicted by the IR-optical model (in red), and the experimental data, for the sp2
boron nitride. The positions of the modes Eu(TO,LO) and A2u(LO) are indicated by orange arrows.

Figure 5.32 Δ at 50o (in red), predicted by the optical model, as well as the experimental data, for the sp 2
boron nitride. The approximate positions of the modes Eu(TO,LO) and A2u(LO) are indicated by orange
arrows.
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Figure 5.33 ψ at 60o predicted by the IR-optical model (in green), and the experimental data, for the sp 2
boron nitride. The positions of the modes Eu(TO,LO) and A2u(LO) are indicated by orange arrows.

Figure 5.34 Δ at 60o (in green), predicted by the optical model, as well as the experimental data, for the
sp2 boron nitride. The positions of the modes Eu(TO,LO) and A2u(LO) are indicated by orange arrows.
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Figure 5.35 ψ at 70o predicted by the IR-optical model (in blue), and the experimental data, for the sp2
boron nitride. The positions of the modes Eu(TO,LO) and A2u(LO) are indicated by orange arrows.

Figure 5.36 Δ at 70o (in blue), predicted by the optical model, as well as the experimental data, for the
sp2 boron nitride. The approximate positions of the modes Eu(TO,LO) and A2u(LO) are indicated by
orange arrows, respectively.
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5.5 Cathodoluminescence Imaging Spectroscopy
5.5.1 Experimental Results and Discussion
The samples were covered with a 20 Å layer of Au by reactive sputtering, and the measurements
were carried out with the photomultiplier tube (PMT), since it has more sensitivity to low
luminescence than the charged coupled detector (CCD) The broad emission band located at 375
nm and 310 nm for the samples BN095-1 and BN114-1 (see Figure 5.37 and Figure 5.38), is
originated by boron vacancies, which create acceptor levels inside the band gap, interacting with
the conduction band and thus serving as a recombination center. When silicon is introduced
inside the reactor, the intensity of the broad band reduces (personal communication with Prof.
Anne Henry, at Linköping University, Sweden). This fact can be explained by considering that
the silicon, in this case a donor, will occupy the sites of the boron vacancies, passivating them in
this way and consequently reducing the probability of radiative recombination between the
acceptor levels and the electrons in the conduction band. On the other hand, a smaller band,
centered around 280 nm, appears in the CL spectra for the sample BN095-1. This fact may be
explained by considering that oxygen act as a donor because if it substitutes the nitrogen, it can
donate an extra electron [20]. Therefore, it may be possible to conclude that this emission peak
arises from nitrogen vacancies, but this is only a tentative explanation, since the peaks originate
from unintentional doping. It was not possible to carry out luminescence studies on more
samples.
On the other hand, it can be seen that the band related to the boron vacancies is slightly broader
in the case of sample BN114-1 than in the case of sample BN095-1. This is so because in the
case of the former sample, the grains are tilted with respect to the sample normal and thus they
exhibit a less preferred orientation. Therefore, there will be some residual microstrain at the
grains borders. This strain field will originate electric fields inside the material, and thus, the
energy level of the acceptors will split. Since the sample BN095-1 has a better crystalline
quality, the electric fields generated inside this sample will have a lower electric field intensity,
and thus, the splitting of the acceptor levels will also be lower, resulting in a narrower band. On
the other hand, since the in-plane lattice parameter of the sp2-hybridized boron nitride is lower
than the in-plane lattice parameter of the wurtzite aluminum nitride, which is the buffer layer, the
boron nitride film will experience tensile macrostrain, and since the thickness of the sample
BN095-1 is less than that corresponding to the sample BN114-1, the film of the former sample
will experience a higher stress along its structure. Therefore, it is expected that the emission
peaks of the former sample will be redshifted in comparison to the emission peak of the latter
sample. The redshift of the luminescent emissions under tensile strain is a universal property of
materials, applicable not only to the sp2-hybridized boron nitride. Thus, this further verifies that
the thickness of sample BN095-1 is less than the corresponding thickness for sample BN114-1, a
result that does not agree a priori with the growth parameters for these samples, but it should be
considered that the samples present thickness nonuniformity, and that the growth temperature
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was not uniform along the reactor chamber. On the other hand, the roughness of the samples
surfaces has been verified by SEM.
On the other hand, in Figure 5.37, CL monochromatic images at three points A, B, and C (see
Figures 5.40, 5.41 and 5.42) for the sample BN095-1, and at point D (see Figure 5.43) for the
sample BN114-1, were taken. On the other hand, Figure 5.39 represents the area from which the
CL was collected for the sample BN095-1. It can be seen that the luminescence originates from
inside the sample, or in other words, the boron vacancies (in the case of the dominant
recombination) may be located inside the BN layer. Tentatively it may be argued that these
vacancies are located close to the interface region with the buffer layer, thus being subject to
considerable strain, which would explain the high dependence of the emissions with respect to
the thicknesses of the layers, in case of both samples. The rough morphology of the surface for
the sample BN095-1 can be seen in Figures 5.44, 5.49 and 5.50, respectively. The bubbles in the
figures are due to the gold coating, and it can be seen that there are regions that are raised and
their sizes are around 250-500 nm in the case of the sample BN114-1. The latter can be seen in
Figures 5.45, 5.46, 5.47 and 5.48.

Figure 5.37 CL spectra at 4K, for the sample BN095-1, taken at an acceleration potential of 10 kV.
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Figure 5.38 CL spectra at 4K, for the sample BN114-1, taken at an acceleration potential of 10 kV.

Figure 5.39 Region of sample BN095-1 used for the cathodoluminescence measurements, in a scale of 10
um.
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Figure 5.40 Panchromatic cathodoluminescence image, for the sample BN095-1, at a wavelength of 287
nm.

Figure 5.41 Panchromatic cathodoluminescence image, for the sample BN095-1, at a wavelength of 380
nm.
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Figure 5.42 Panchromatic cathodoluminescence image, for the sample BN095-1, at a wavelength of 475
nm.

Figure 5.43 Panchromatic cathodoluminescence image, for the sample BN114-1, at a wavelength of 312
nm.
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Figure 5.44 SEM image of the top view for the sample BN095-1, at a 100000x magnification.

Figure 5.45 SEM image of the top view for the BN114-1, at a 50000x magnification.
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Figure 5.46 SEM image of a portion of the cross section for the sample BN114-1, at a 80000x
magnification.

Figure 5.47 A closer look at a portion of the cross section of sample BN114-1, at a 150000x
magnification.
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Figure 5.48 SEM image of the top of sample BN114-1, at a 100000x magnification.

Figure 5.49 SEM image of the top part of sample BN095-1, at a 25000 x magnification, in a 1 um scale.
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Figure 5.50 SEM image of the top part of sample BN095-1, at a 8000x magnification, at a scale of 2 um.

Figure 5.51 SEM image of the top part of sample BN114-1, at a 8000x magnification, at a scale of 2 um.
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CHAPTER 6
CONCLUSIONS
The experimental results and related discussion presented in Chapter 5, makes it possible to draw
some conclusions regarding the optical properties of the material analyzed, and to discuss the
reliability and limitations of the optical models developed and the experimental data obtained, in
relation to the number and quality of the samples that were received for their characterization.
The thickness of the sp2-hybridized boron nitride layers received was inhomogeneous across
each sample, and their surfaces were rough. Therefore, the layers of boron nitride caused the
depolarization effect that resulted in a very noisy experimental data obtained by spectroscopic
ellipsometry. Furthermore, most likely the backscattering reflections also contributed to the
noise, particularly in the measurement taken in the infrared range. On the other hand, not only
the thickness of the boron nitride layers was different between samples, and in each sample
itself, but also the thickness of the aluminum nitride buffer layers was different, not only
between samples, but also different to the thickness of the aluminum nitride layer that was used
in order to extract the optical parameters of this material, in order to proceed with analysis and
fitting procedure for the boron nitride layers. No information regarding the thickness of the
nucleation layers was provided by the grower. Due to the presence of surface roughness in the
boron nitride layers, only two samples could be aligned and measured on with the ellipsometers.
Thus with such a small number of samples analyzed, and considering the fact that the thickness
of the aluminum nitride layers had to be manually varied before attempting to model and do the
fitting procedure when analyzing the boron nitride layers, the results and accuracy of the optical
models developed may not be very reliable. This study did not allow to determine the band gap
of the material with ellipsometry because the experimental data was very noisy above 5 eV.
Nevertheless, it is reasonable to conclude that the band gap should be located above this energy
value, based on the behavior of the absorption coefficient, even though it is not possible to
conclude whether the material is a direct or an indirect band gap semiconductor, with the
information obtained.
The X-ray diffraction analysis showed that in fact the sp2-hybridized boron nitride grown
epitaxially on the (0001) oriented aluminum nitride buffer layers. Furthermore, it was possible to
conclude that the crystalline quality of the samples was different, since the diffraction peak of
sample BN095-1 was more intense and narrow than its counterpart from the sample BN114-1.
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Nevertheless, it was not possible to conclude which crystalline phase (h-BN or r-BN) was
present in the samples, and a quantitative analysis of the diffraction spectra would have not
provided any answer either, because the position of the diffraction peak for both crystalline
phases coincide. Only a pole measurement could give a definite answer regarding this issue, but
this type of measurement is not included in this thesis. On the other hand, the Raman spectra
further confirmed that sp2- boron nitride is present in the samples, as well as it was possible to
conclude that the strain was uniformly distributed in the sample BN095-1, which indicated that
the grains are c-oriented, whereas in the case of sample BN114-1 the grains were deviated with
respect to the direction of the surface normal, resulting in a broader and less intense Raman peak.
The images obtained with the scanning electron microscopy (SEM) confirmed the presence of
surface roughness in the samples, thus providing a confirmation to the proposed explanation to
the presence of noise in the ellipsometry experimental data. On the other hand, the
cathodoluminescence (CL) spectra revealed the emission coming from native defects in the
layers such as the boron vacancies, in both samples, but luminescence peaks that could be related
to a free-exciton emission, could be observed. This may be due to the fact that the grating used
during the measurements was not optimized for measurements above 5 eV. Nevertheless, even
though this is true up to some extent, the luminescence should have been detectable, although
with low quantum efficiency. However, no luminescence emission above 5 eV could be detected
for any of the samples analyzed in this study. This result makes it possible to tentatively
conclude that the material has an indirect band gap, because the recombination is mediated by a
phonon in the crystal, which takes most of the energy. Furthermore, it makes it possible to
tentatively conclude that the dominant phase in the samples is the rhombohedral polytype,
because if it was the hexagonal phase, a relatively strong luminescence, due to the free-exciton
recombination, could have been detected. In summary, the limited number of samples studied, as
well as the limited information regarding previous studies on the optical properties of sp2hybridized boron nitride, particularly in the rhombohedral phase, make the results obtained in
this thesis not fully reliable.
*

*
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APPENDIX A
Further Comments on the TO-LO model
The lineshape analysis of the infrared dielectric function for a material with α phonon modes, at
the center of the Brillouin zone, can be done with the harmonic oscillator approximation (HOA),
according to Eq.(A.1):
α

ε  ε   4π
i

2
2
ωTO,
i FTO, i

(A.1)

2
2
ωTO,
i  ω  iωωTO, i

The dielectric response of the material given by Eq.(A.1) can also be expressed into a factorized
form with a Lorentzian broadening [1], according to Eq.(A.2), as follows:
α

ε  ε 
i

ω 2LO, i  ω 2  iω LO, i

(A.2)

2
2
ω TO,
i  ω  iω TO, i

In particular, in the case of a material with a single phonon band ( α  1 ), Eq.(A.3) is obtained by
matching Eq.(A.1) and Eq.(A.2):
2
2
 ω2LO, i  ω2  iω LO 


ωTO
FTO
ε   4π  2

  ε  2
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 ωTO  ω  iω TO 
 ωTO  ω  iω TO 

(A.3)

After some algebra Eq. (A.3) can be rearranged to give:

ε





2
2
 4FTO
ωTO
 iω  γTO  εω2LO  iω  γLO

(A.4)

Therefore, the following two equalities are provided by Eq.(A.4):
2
FTO


2

ε   ω2LO  ωTO


2
4π  ωTO 

(A.5)

γ LO  γTO

(A.6)

The oscillator strength FTO in Eq.(A.5) is proportional to the amount of TO-LO splitting, which
in turn is a measure of the polar strength of the optical phonon band. On the other hand, the
approximation given by Eq.(A.6) was used for the lineshape analysis of the aluminum nitride and
boron nitride layers, respectively. However, in the case of materials with multiple phonon bands,
Eq.(A.6), within the HOA, is no longer valid, since the coupling between the multiple bands may
cause anharmonic effects, and the Lowes condition must then be generalized to take the
following form:
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α

 γ

LOi

 γ TOi   0

i

(A.7)
Eq. (A.7) ensures the physical meaning of the dielectric function, i.e., Imεωω  0 [2].
Moreover, it should be pointed out that Eq. (A.7) is fulfilled in the case of the c-plane oriented
sapphire, which was used as a substrate in the samples studied in this thesis, since this material
has multiple optical phonon bands along the ordinary and extraordinary polarization directions,
in the laboratory reference frame, respectively. Nevertheless, in the case of some individual
phonon bands it may happen that γ LOi  γ TOi , but without altering the Lowes condition.
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APPENDIX B
Derivation of the Kramers-Kronig Relations
The general optical response function of the material to a certain stimulus, in this case the
electrical polarization, at some position r in real space, and at some time t, respectively, is a
function of the electric field at all the other real space coordinates and times, according to
Eq.(B.1) as follows [1]:
 

1
P(r, t)    χ r, r, t, t.Er, tdrdt
εo
 

(B.1)
Since the wavelength of the incident radiation field is long in comparison to the lattice parameter
of the crystal, the homogeneity in space can be assumed, i.e., the response function will depend
on the difference in space coordinates only. Furthermore, the homogeneity in time can also be
assumed. These assumptions are taken into account in Eq.(B.2):
 

1
P(r, t)    χ r  r , t  t .Er , t dr dt 
εo
  

(B.2)

As a consequence of spatial dispersion, the polarization is a function of the electric field at all the
spatial coordinates. However, the model can be further simplified by assuming the locality of the
response function, to give:


1
P(t)   χ t  t.E(t)dt
εo


(B.3)

On the other hand, the instantaneous electrical polarization can be expressed in terms of the
instantaneous electric field and displacement field, according to:
P(t)  D(t)  ε o E(t)

(B.4)

The Fourier transform of the electrical displacement field is defined as:


D(t) 

1
ε oεω.Eω.e-it dω

2π  

(B.5)

Whereas the inverse and direct Fourier transforms of the electric field are defined by Eq.(B.6)
and Eq.(B.7), respectively, as:
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E(t) 

1
Eω.e-it dω

2π  

Eω 

1
Et.eit dt

2π  

(B.6)



(B.7)

After replacing Eq.(B.5) and Eq.(B.6) into Eq.(B.4), the following expression is attained:


1
P(t) 
ε o εω  1.Eω.e-it dω
2π 

(B.8)

Then Eq.(B.7) is inserted into Eq.(B.8) to produce Eq.(B.9) [2]:
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  ε o εω  1.ei t - t dω .Etdt
Pt  



2π     


(B.9)

After the comparison of Eq.(B.3) and Eq.(B.9), an explicit expression for the optical response
function is obtained:


ε
χ t  t  o  εω  1.e-i t - t  dω
2π  

(B.10)

The causality must be invoked here. This principle establishes that the response in a physical
system cannot precede the stimulus:

χ t  t  0, if t  t

(B.11)


ε
If χ t - t  0  o  εω  1.ei t t  dω  0
2π  

(B.12)

On the other hand, the integrand in Eq.(B.12) is a complex function:
f * ω  εω  1.e-i t - t  

(B.13)

The function in Eq.(B.13) fulfills the residue theorem:

 f ωdω  2i  Resf ω
*

*

(B.14)

Cr  R

The integration in complex space for the closed path integral in Eq.(B.14) can then be written
explicitly as:
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(B.15)

The integration over Cr is zero. This can be verified, for example, by considering the dielectric
function provided by the Lorentz model at the high frequency limit. On the other hand, the
second integral is also zero according to Eq. (B.12). Therefore, the Cauchy theorem is fulfilled:

 f ωdω  0
*

(B.16)

Cr  R

Taking into account Eq. (B.16), the integral in Eq.(B.14) can be written more explicitly as
follows [3]:
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(B.17)

In order to evaluate the second integral in Eq.(B.17), a change of variables to the polar
coordinate system can be done:
ω  ω  δeiθ  dω  i .ei d

(B.18)

By considering the limit δ 0 in the aforementioned integral, and Eq. (B.10), the following result
can be obtained:
εω  1  

iP εω  1
dω
π  ω  ω


(B.19)

Considering χ  χ 1  iχ 2 , ε  ε1  iε 2 , and ε  1  χ , then:

χ1  ε1  1
(B.20a)
χ 2  ε2

(B.20b)

Consequently, Eq.(B.20a), Eq.(B.20b), and Eq.(B.19) provide the following result for the second
integral in Eq.(B.17):

ε1 ω  1
ε ω
dω  iP  2
dω


ω

ω
ω

ω




 πε 2 ω  iπε1 ω  1  P 

Therefore, the following equalities can be made:
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(B.21)


P ε 2 ω
dω
π  ω  ω

(B.22a)

P ε1 ω  1
dω
π  ω  ω

(B.22b)

ε1  1 



ε2  

Nonetheless, ω must be positive number. Thus the integration limits in Eq.(B.22a) and
Eq.(B.22b) should be changed by considering the following relations:

ε 1  ω  ε 1 ω

(B.23a)

ε 2  ω  ε 2 ω

(B.23b)

After taking into account the effect of Eq.(B.23a) and Eq.(B.23b) on Eq.(B.22a) and Eq.(B.22b),
the following expressions are obtained:

ε1  1 


2P ωε 2 ω
dω
π 0 ω2  ω2

(B.24a)


ε ω  1
2ω
ε2  
P 1 2
dω
π ´0 ω  ω 2

(B.24b)

Finally, Eq.(B.24a) and Eq.(B.24b) are recognized as the Kramers-Kronig relations.
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APPENDIX C
Some Comments on the Topic of Virtual Excitations
The virtual excitation is a process that allows the creation of a certain state with the same
eigenstate as the excited state, but with a different energy. It can be understood by considering
the uncertainty principle in Quantum Mechanics, defined for the energy and time as follows:

ΔEΔt  

(C.1)

In other words, Eq.(C.1) states that it is possible to violate the principle of energy conservation
during a time interval Δt , producing an emission with a certain bandwidth according to:
ΔωΔt  1

(C.2)

If electromagnetic radiation of energy ω interacts with the atoms in the material, the electrons
will be excited and remain in this state for a certain maximum time, which is a function of the
fundamental energy for the electronic interband transition, and is given by:

Δt 


E g  ω

(C.3)

After the time interval given by Eq.(C.3) elapses, the excited state will collapse by emitting a
photon that has some phase delay with respect to the incident energy quanta. On the other hand,
it may be possible that the de-excitation takes place by involving the creation or annihilation of a
phonon of frequency Ω in the process. If this is the case, the energy conservation can be stated as
follows [1]:

ω Raman  ω   phonon

(C.4)

The Raman scattering process is thus expressed by Eq.(C.4), where the “+” sign, and the “-“
sign, are used for the Stokes emission and the anti-Stokes emission, respectively.
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APPENDIX D
Model of Bands of Total Reflection for Sapphire
Considering the dielectric constant of the ambient ε a  1 , the reflection coefficient for the case of
the p-polarized light can be expressed as a function of the incidence angle θ and the dielectric
constants along the ordinary and extraordinary directions for the case of c-plane oriented
sapphire, according to:
ε

sin 2θ
1  sin θ  1 
ε //

ε

sin 2θ
1  sin 2θ  1 
ε //

2

rp 

ε* 1  sin 2θ  1 
rp* 
ε

(D.1)

sin 2θ
ε*//

(D.2)

sin 2θ
1  sin θ  1  *
ε //

*


2

The modulus of the reflection coefficient is normalized to one:
2

rp .rp*  rp  1

(D.3)

After replacing Eq.(D.1) and Eq.(D.2) into Eq.(D.3), the following equality is obtained:

ε // ε  ε*//  sin 2θ  ε*// ε* ε //  sin 2θ  0

(D.4)

From Eq.(D.4) the following condition for total reflection of p-polarized light arises:


sin 2θ 


Re ε* 1 
0
ε


//



(D.5)

It is convenient to define the frequencies ω*LO as a function of the incidence angle and the wave
vector q (dimensionless) [1]:

 

ε σ ω LO*  q 2  sinθ 

2

(D.6)

j

It can be seen that Eq.(D5) is fulfilled in the following two cases:
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 sin 2θ 

  1, and ε   0
 ε // 

(D.7a)

 sin 2θ 

  1, and ε   0
ε
 // 

(D.7b)

The case given by Eq. (D.7a) is fulfilled for ω  ω LO , ω LO* //,i except when ω  ωTO , ωLO ,i ,
whereas the case given by Eq (D.7b) is fulfilled when ω  ωTO , ωLO ,i , except ω ωLO , ωLO* //, j [2].
All in all, the frequencies for which there will be total p-reflection will be:
α,β

ω   ωTO , ωLO ,i \ ω LO , ω LO* //, j

(D.9)

i, j

On the other hand, the reflection coefficient for the s-polarized light is given by:
1  sin 2θ  ε  1 
rs 
1  sin 2θ  ε 

1  sin 2θ  ε*

(D.10a)

sin 2θ
1
ε

1  sin 2θ  ε* 1 
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sin 2θ
ε

sin 2θ
ε*

(D.10b)

sin 2θ
1 *
ε

The normalization condition is similar to that of Eq.(D.3):
rs .rs*  rs  1
2

(D.11)
After replacing Eq.(D.10a) and Eq.(D.10b) into Eq.(D11), the following equality is obtained:

ε  ε*  sinθ  ε* ε   sinθ  0

(D.12)

The condition for total s-reflection, obtained from Eq.(D.12), is expressed as:

sin 2θ 


Re ε  1 
0
εy 




(D.13)
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Similarly to the case of p-polarization, Eq.(D.13) is fulfilled in the following two cases:

 sin 2θ 

  1, and ε   0
ε
  

(D.14a)

 sin 2θ 

  1, and ε   0
 ε 

(D.14b)

In the case the sets ωTO , ωLO ,i and ω LO , ω LO* ,i do not share common elements [1]. Therefore, in
this case, the frequencies that allow the total s-reflection are given by:
φ



ω   ωTO , ω*LO



(D.15)
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i

*

* *

References
1. M. Schubert, Infrared Ellipsometry on Semiconductor Layer Structures: Phonons, Plasmons and
Polaritons. Springer (2004).
2. M. Schubert, T. E. Tiwald, and C. M. Herzinger, Infrared Dielectric Anisotropy and Phonon
Modes of Sapphire, Physical Review B Vol. 61 No. 12 (2000).

115

116

Linköping University Electronic Press

Upphovsrätt
Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – från
publiceringsdatum under förutsättning att inga extraordinära omständigheter
uppstår.
Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för ickekommersiell forskning och för undervisning. Överföring av upphovsrätten vid
en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns lösningar av teknisk och administrativ art.
Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan form
eller i sådant sammanhang som är kränkande för upphovsmannens litterära eller
konstnärliga anseende eller egenart.
För ytterligare information om Linköping University Electronic Press se förlagets hemsida http://www.ep.liu.se/.

Copyright
The publishers will keep this document online on the Internet – or its possible
replacement – from the date of publication barring exceptional circumstances.
The online availability of the document implies permanent permission for
anyone to read, to download, or to print out single copies for his/her own use
and to use it unchanged for non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional upon the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.
According to intellectual property law the author has the right to be
mentioned when his/her work is accessed as described above and to be protected
against infringement.
For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity,
please refer to its www home page: http://www.ep.liu.se/.

© Eduardo Antúnez de Mayolo De la Matta

