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ABSTRACT

Development of silicon based electronics have revolutionized our every day life during the
last five decades. Nowadays silicon based devices operate close to their theoretical limits
that is becoming a bottleneck for further progress. In particular, for the growing field of
high frequency and high power electronics, silicon cannot offer the required properties.
Development of materials capable of providing high current densities, carrier mobilities
and high breakdown fields is crucial for further progress in state of the art electronics.

Epitaxial graphene grown on semi-insulating silicon carbide substrates has a high
potential to be integrated in current planar device technologies. High electron mobilities
and sheet carrier densities make graphene extremely attractive for high frequency analog
applications. One of the remaining challenges is the interaction of epitaxial graphene
with the substrate. Typically, much lower free charge carrier mobilities, compared to free
standing graphene, and doping, due to charge transfer from the substrate, is reported.
Thus, a good understanding of the intrinsic free charge carriers properties and the factors
affecting them is very important for further development of epitaxial graphene.

Group III-nitrides have been extensively studied and already have proven their high
efficiency as light emitting diodes for short wavelengths. High carrier mobilities and
breakdown electric fields were demonstrated for group III-nitrides, making them attractive
for high frequency and high power applications. Currently, In-rich InGaN alloys and
AlGaN/GaN high electron mobility structures are of high interest for the research com-
munity due to open fundamental questions such as free charge carrier properties at high
temperatures and wavefunction hybridization in AlGaN/GaN heterostructures.

Electrical characterization techniques, commonly used for the determination of free
charge carrier properties, require good ohmic and Schottky contacts, which in certain cases
can be difficult to achieve. Access to electrical properties of buried conductive channels
in multilayered structures requires modification of samples and good knowledge of the
electrical properties of all electrical junctions within the structure. Moreover, the use of
contacts to electrically characterize two-dimensional electronic materials, such as graphene,
can alter their intrinsic properties. Furthermore, the determination of effective mass
parameters commonly employs cyclotron resonance and Shubnikov-de Haas oscillations
measurements, which require long scattering times of free charge carriers, high magnetic
fields and low temperatures.

The optical Hall effect is an external magnetic-field induced birefringence of conductive
layers due to the free charge carriers interaction with long-wavelength electromagnetic
waves under the influence of the Lorentz force. The optical Hall effect can be measured
by generalized ellipsometry and provides a powerful method for the determination of
free charge carrier properties in a non-destructive and contactless manner. The optical
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Hall effect measurements can provide quantitative information about free charge carrier
type, concentration, mobility and effective mass parameters at temperatures ranging from
few kelvins to room temperature and above. It further allows to differentiate the free
charge carrier properties of individual layers in multilayer samples. The employment of
a backside cavity for transparent samples can enhance the optical Hall effect and allows
to access free charge carrier properties at relatively low magnetic fields using permanent
magnet.

The optical Hall effect measurements at mid-infrared spectral range can be used to
probe quantum mechanical phenomena such as Landau levels in graphene. The magnetic
field dependence of the inter-Landau level transition energies and optical polarization
selection rules provide information about coupling properties between graphene layers
and the electronic band structure.

Measurement of the optical Hall effect by generalized ellipsometry is an indirect
technique requiring subsequent data analysis. Parameterized optical models are fitted to
match experimentally measured ellipsometric spectra by varying physically significant
model parameters. Analysis of the generalized ellipsometry data at long wavelengths for
samples containing free charge carriers by optical models based on the classical Drude
formulation, augmented with an external magnetic field contribution, allows to extract
carrier concentration, mobility and effective mass parameters.

The development of the integrated FIR and THz frequency-domain ellipsometer at
the Terahertz Materials Analysis Center in Linköping University was part of the graduate
studies presented in this dissertation. The THz ellipsometer capabilities are demonstrated
by determination of Si and sapphire optical constants, and free charge carrier properties of
two-dimensional electron gas in GaN-based high electron mobility transistor structures.
The THz ellipsometry is further shown to be capable of determining free charge carrier
properties and following their changes upon variation of ambient conditions in atomically
thin layers with an example of epitaxial graphene.

A potential of the THz OHE with the cavity enhancement (THz-CE-OHE) for determi-
nation of the free charge carrier properties in atomically thin layers were demonstrated by
the measurements of the carrier properties in monolayer and multilayer epitaxial graphene
on Si-face 4H-SiC. The data analysis revealed p-type doping for monolayer graphene with
a carrier density in the low 1012 cm−2 range and a carrier mobility of 1550 cm2V−1s−1.
For the multilayer graphene, n-type doping with a carrier density in the low 1013 cm−2

range, a mobility of 470 cm2V−1s−1 and an effective mass of (0.14± 0.03)m0 were extracted.
Different type of doping among monolayer and multilayer graphene is explained as a
result of different hydrophobicity among samples.

Further, we have employed THz-CE-OHE to determine for the first time anisotropic
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mobility parameter in quasi-free-standing bilayer epitaxial graphene induced by step-like
surface morphology of 4H-SiC. Correlation of atomic force microscopy, Raman scattering
spectroscopy, scanning probe Kelvin probe microscopy, low energy electron microscopy
and diffraction analysis allows us to investigate the possible scattering mechanisms and
suggests that anisotropic mobility is induced by varying local mobility parameter due to
interaction between graphene and underlaying substrate.

The origin of the layers decoupling in multilayer graphene on C-face 4H-SiC was stud-
ied by MIR-OHE, transmission electron microscopy and electron energy loss spectroscopy.
The results revealed the decoupling of the layers induced by the increased interlayer
spacing which is attributed to the Si atoms trapped between graphene layers.

MIR ellipsometry and MIR-OHE measurements were employed to determine the
electron effective mass in a wurtzite In0.33Ga0.67N epitaxial layer. The data analysis
revealed the effective mass parameters parallel and perpendicular to the c-axis which can
be considered as equal within sensitivity of our measurements. The determined effective
mass is consistent with linear dependence on the In content.

Analysis of the free charge carrier properties in AlGaN/GaN high electron mobility
structures with modified interfaces showed that AlGaN/GaN interface structure has a
significant effect on the mobility parameter. A sample with a sharp interface layers exhibits
a record mobility of 2332± 73 cm2V−1s−1. The determined effective mass parameters
showed an increase compared to the bulk GaN value, which is attributed to the penetration
of the electron wavefunction into the AlGaN barrier layer.

Temperature dependence of free charge carrier properties in GaN-based high electron
mobility transistor structures with AlGaN and InAlN barrier layers were measured by
terahertz optical Hall effect technique in a temperature range from 7.2 K to 398 K. The
results revealed strong changes in the effective mass and mobility parameters. At tem-
peratures below 57 K very high carrier mobility parameters above 20000 cm2V−1s−1 for
AlGaN-barrier sample and much lower mobilities of ∼ 5000 cm2V−1s−1 for InAlN-barrier
sample were obtained. At low temperatures the effective mass parameters for both samples
are very similar to bulk GaN value, while at temperatures above 131 K effective mass
shows a strong increase with temperature. The effective masses of 0.344 m0 (@370 K) and
0.439 m0 (@398 K) were obtained for AlGaN- and InAlN-barrier samples, respectively. We
discussed the possible origins of effective mass enhancement in high electron mobility
transistor structures.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

Utvecklingen av halvledarbaserade elektroniska och optoelektroniska enheter har visat
enorma framsteg under de senaste tre årtiondena. Nu-mera fungerar kiselbaserade elek-
troniska enheter nära deras teoretiska gränser när det gäller temperatur, volymetrisk
effekttäthet, driftsfrekven-ser och dimensioner. På grund av dessa begränsningar börjar
tillväxten av kiselteknik att avstanna. Dessutom har utvecklingen av högeffektselekt-ronik
visat mycket långsammare framsteg och ligger långt efter lågeffek-telektronik. För att
driva utvecklingen av enheter som arbetar med höga frekvenser och höga effekter är
utvecklingen av nya material nödvändig. Grundläggande förståelse av materialegen-
skaper är en nyckelfaktor i materialvetenskap och kräver nya karakteriseringstekniker som
kan till-handahålla fundamentala materialparametrar. Den optiska Hall-effekten är en
magnetfältinducerad optisk ani-sotropi i ledande skikt orsakad av rörelsen hos de fria
laddningsbärarna under påverkan av Lorentz-kraften och motsvarar den elektriska Hall-
effekten vid optiska frekvenser. Den optiska Hall-effekten kan mätas genom generaliserad
ellipsometri i de spektrala områdena medelinfrarött, bortre infrarött och terahertz och
tillhandahåller en kraftfull metod för bestämning av egenskaper för fria laddningsbärare
på ett icke-destruktivt och kontaktfritt sätt. I princip kan en enda optisk Hall-effektmätning
till-handahålla kvantitativ information om typer av fria laddningsbärare, kon-centrationer,
mobilitet och effektiva massparametrar vid temperaturer från några få kelvin upp till
rumstemperatur och däröver. Den optiska Hall-effekten tillåter vidare att differentiera
de fria laddningsbäraregen-skaperna hos enskilda skikt i flerskiktsprover. Dessutom kan
den medel-infraröda optiska Hall-effekten användas för att undersöka kvantmeka-niska
fenomen som Landau-nivåer i grafen. Utvecklingen av en ellipsometer för frekvenser
i bortre infraröda- och terahertzområdet vid Terahertz Materials Analysis Center vid
Linkö-pings universitet har varit en del av de doktorandstudier som presenteras i denna
avhandling. Avhandlingen omfattar beskrivningen av den integre-rade infraröda och
terahertz-ellipsometern samt tillämpningen av optiska Hall-effekten i medelinfraröda- och
terahertzområdet, för att studera de fria laddningsbäraregenskaperna hos epitaxialgrafen,
indiumgalliumnitrid, galliumnitridbaserade transistorstrukturer med hög elektronmo-
bilitet och koppling av skikt i flerlager-grafen.





vii

PREFACE

The dissertation is based on knowledge and research results accumulated during the

graduate studies of Nerijus Armakavicius at the Terahertz Materials Analysis Center

(THeMAC), the Department of Physics, Chemistry and Biology in the Linköping University

from October 2014 to January 2019. The dissertation contains two main parts: the first part

provides a brief introduction to the research field and the second part presents the main

research results summarized in the seven scientific papers.

The graduate studies and research were supported by the Swedish Foundation for

Strategic Research (SSF) via grants FL12 − 081 and RIF14 − 055. Additional support

was provided by the Swedish Research Council (VR) under Grant No. 2013− 5580 and

2016− 00889, the Swedish Governmental Agency for Innovation Systems (VINNOVA)

under the VINNMER international qualification program, Grant No. 2011− 03486 and the

competence center program, Grant. No.2016− 0519, the Swedish Government Strategic

Research Area in Materials Science on Functional Materials at Linköping University,

Faculty Grant SFO Mat LiU No. 2009− 00971.





ix

ACKNOWLEDGEMENT

At first I would like to express my sincere gratitude to my supervisor
Prof. Vanya Darakchieva. I am very thankful for giving me an opportunity to join
her research group and her trust in me over the last few years. I always felt her encourage-
ment and support to move forward that have been very important for me. Her patience
in guiding me through the graduate studies and sharing her knowledge with me was of
great importance. Being a friend and an authority figure at the same time is something I
always admire in Vanya. Thank you!

Next I would like to thank for my co-supervisor and friend Dr. Philipp Kühne. It
has been my pleasure to work with Philipp and have a chance to learn from him. His
scientific point of view in everyday life and critical thinking have had a great influence
on my personal development as a scientist. His uncountable advices and extensive help
have kept me moving over my graduate studies up to the point I stand today. Our long
discussions have always motivated me and rise my curiosity in learning new things.

I am also very grateful to my colleagues Prof. Mathias Schubert and Dr. Vallery
Stanishev for their help and support. It have been my pleasure to work with you and
learn from you. Our discussions have a great value for me.

I am thankful to Dr. Jr-Tai Chen and Prof. Olle Kordina for providing me with their
excellent group III-nitride samples and sharing their opinion on my results.

Many thanks to my friends and colleagues Dr. Chamseddine Bouhafs, Ingemar Pers-
son and Sean Knight. Your help and advices were important for me. Our discussions
always helped to refresh my mind.

I would like to express my gratitude to Prof. Rositsa Yakimova for her help and
support in my activities related with epitaxial graphene.

I am very grateful to dr. Justinas Palisaitis, prof. Ivan Gueorguiev Ivanov and dr. Jens
Eriksson for sharing their expertise with me and proofreading of my thesis.

I am very grateful to all co-authors for their contribution and help, which was very
important for completing this dissertation.

I am also thankful to Prof. Per Olof Holtz for taking care of me as a PhD student and
giving an opportunity to take part in the Agora Materiae graduate school.

Big THANKS also goes to my Lithuanian friends at the LiU. I am very grateful for
your kind help, advices and nice discussions at lunch table.

I would like also thank to everyone I been in touch at the LiU. All people here have
been very nice to me, it was my great pleasure to meet you.



x

Last but far from the least, my gratitude words go to my family:
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Jūsų, didelį palaikymą ir meilę, kas man visuomet buvo labai svarbu. Esu nuoširdžiai dėkingas už
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Part I

1.1 Introduction

The development of semiconductor based electronic and optoelectronic devices have shown
a tremendous progress during the last three decades that have significantly affected our
everyday life. Nowadays, silicon (Si) based electronic devices operate close to their theoreti-
cal limits in terms of the device temperatures, power densities, operational frequencies and
dimensions. Due to these limitations the growth rate of Si technologies starts to level out.
Moreover, the development of high power electronics has shown much slower progress
and is far behind the low power electronics. To push the progress of devices operating at
high frequencies and high powers, the development of new materials is crucially needed.
Fundamental understanding of material properties is a key factor in materials science and
requires new characterization techniques capable of providing access to the fundamental
materials parameters.

Optimization of the free charge carrier (FCC) properties of materials is crucial for
the improved performance of electronic devices. High FCC mobility parameters of the
channel materials in transistors structures are needed to achieve high frequency operation.
Understanding of scattering mechanisms and factors affecting FCC mobility parameters
is important for improving the performance of high frequency devices. Knowledge of
FCC effective mass parameter and its dependence on FCC concentration is important for
understanding of material electronic and optical properties, and it is needed for device
design and modeling.

Contact-based electrical methods, such as Hall effect and capacitance voltage mea-
surements, are commonly used to access FCC mobility and concentration parameters in
semiconductor materials. However, they require good ohmic and Schottky contacts which
in certain cases are problematic to achieve. Electrical characterization of buried conduc-
tive channels in multilayered structures requires sample modification and deposition of
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contacts, that might alter the intrinsic material properties. Moreover, it is problematic to
assess the FCC properties in carrier type inversion and concentration graded layers.

Cyclotron resonance and Shubnikov-de Haas oscillations measurements are typically
employed to determine effective mass parameters. Both methods require low temperatures
and relatively high mobility parameters, and are limited to high quality materials with long
scattering times. The determination of the effective masses at temperatures comparable to
device operation conditions like room temperature or higher is still a challenging task.

The optical Hall effect (OHE) is a new contactless method capable of overcoming the
previously mentioned shortcomings for the commonly used electrical characterization
techniques [1, 2]. The OHE is an external magnetic-field induced birefringence of con-
ductive layers due to the FCCs interaction with long-wavelength electromagnetic waves
under the influence of the Lorentz force. The method was first proposed and demon-
strated for GaAs [1], and subsequently applied to Si, graphene, InN, GaN, AlGaN, InAlN,
GaN-based high electron mobility transistor (HEMT)s and Ga2O3 [3–10]. Measurements of
the OHE employ generalized ellipsometry (GE) at long wavelengths (mid-infrared (MIR) to
terahertz (THz)) and can provide access to the free charge carrier properties of different
conductive channels in multilayered samples in a non-destructive and contactless manner.
The OHE provides quantitative information about FCC type, concentration, mobility and
effective mass parameters at sample temperatures from a few kelvins to room temperature
and above. The OHE is also highly sensitive to the anisotropy of the FCC properties,
capable of providing directionally resolved information.

Moreover, MIR-OHE can be used to probe quantum mechanical phenomena such as
quantized carriers at Landau levels (LL) in graphene. The magnetic field dependence of the
inter-LL transition energies and optical polarization selection rules provide information
about electronic band structure and coupling properties between graphene layers [2, 11, 12].

The development of the integrated far infrared (FIR) and THz frequency-domain ellip-
someter at the Terahertz Materials Analysis center in Linköping University was part of the
graduate studies presented in this dissertation. The scope of the dissertation covers the de-
scription of the integrated FIR and THz ellipsometer and application of the MIR and THz
OHE to study the FCC properties of epitaxial graphene (EG), indium gallium nitride (InGaN),
GaN based HEMT structures, and coupling of layers in multilayer graphene.

1.2 Ellipsometry at long wavelengths

FIR and MIR spectroscopic ellipsometry (SE) was introduced in the 90’s and has nowadays
become a well-established technique capable of performing standard ellipsometry and
generalized ellipsometry (GE) measurements. The development of SE at the THz frequen-
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cies has been more challenging. The main difficulties for the implementation of THz
ellipsometry comes from a lack of good quality and high intensity THz sources, a strong
black-body background radiation and limited choices of polarizing optical elements [5, 13].
Moreover, the wavelength of the THz radiation is in the range of milimeters, therefore the
optical elements and samples with limited sizes commonly used in SE measurements can
cause diffraction [13]. For highly coherent light sources, standing waves can form in the
optical system which can have detrimental effects on the performance of the ellipsometer.
However, despite the challenges, THz ellipsometry is a rapidly developing field due to its
potential for characterization of optical and electronic properties of various novel materials.
The THz ellipsometry has a broad field of applications to study different physical phe-
nomena, such as spin-transitions, collective modes in biological molecules and local-FCC
oscillations [5].

Two different types of THz ellipsometers could be distinguished: time-domain and
frequency-domain [13]. The first time-domain ellipsometer were demonstrated by Na-
gashima and Hangyo by employing bow-tie-type and dipole-type photoconductive an-
tenna excited by a pulsed femtosecond laser [14]. The authors obtained complex dielectric
function of highly doped Si wafer in a frequency range of 0.05 − 1.5 THz. THz el-
lipsometry in the frequency domain using a synchrotron radiation was introduced by
Hofmann et al. [15, 16]. The authors have employed the synchrotron radiation based THz
OHE measurements to study free charge carrier properties in ZnMnSe. These results
demonstrated the potential of THz ellipsometry for probing free charge carriers in semi-
conductor materials using continuous wave THz sources. The first benchtop style THz
frequency domain ellipsometry instrument was demonstrated in 2010 using a compact
tunable frequency backward-wave oscillator (BWO) source operating in a frequency range of
0.2− 1.5 THz [17, 18]. A few year later, an integrated FIR, MIR and THz ellipsometer based
on Fourier-transform infrared spectroscopy (FTIR) and BWO sources was reported [19]. The
system was equipped with a superconducting magnet and provided capabilities of GE and
OHE measurements in extremely wide frequency range from 0.1 THz up to 210 THz. The
main concepts presented in the latter work were adopted in the integrated FIR and THz
ellipsometer developed during the graduate studies presented in this dissertation. Impor-
tant to mention that recently, the J. W. Woollam Co, the leading producer of ellipsometry
equipment, has introduced the first commercial THz ellipsometer [20].
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1.3 Materials

1.3.1 Epitaxial graphene

The experimental demonstration of graphene sparked a new research field of two-
dimensional materials with graphene remaining as a core material. Graphene is an
atomic layer of sp2-hybridized carbon atoms covalently bonded in a honeycomb lattice via
three in-plane σ-bonds and a remaining dangling π-bond perpendicular to the sheet. The
electronic structure of the π-band has unique linear dispersion which in two-dimensions
has a form of the well-known Dirac cones formed at the K̄ points of the first Brillouin
zone (see Figure 1.1). Electrons in graphene behave as massless Dirac fermions having an
effective speed of ∼ 106 m/s and very high mobility parameters. For bilayer graphene
the band structure changes significantly, at the Dirac point it looses its linear character
and becomes parabolic with well defined effective mass parameter (see Figure 1.1). For
energies well below or above the Dirac point the band structure again approaches the
linear dispersion. It was demonstrated that tunable band gap can be induced in bilayer
graphene by applying external electric field [21, 22].

Silicon carbide (SiC) is a wide band gap semiconductor consisting of the stacked polar
hexagonal planes. When SiC is heated to high temperatures the Si atoms sublimate from
its surface and leave a carbon-rich layer which reconstructs into a graphene layer, typically
named as epitaxial graphene (EG). The growth of graphene on SiC provides high quality
monolayer and bilayer graphene at a wafer scale [23–25]. Moreover, the graphene grown
on semi-insulating SiC can be directly used for the device fabrication via lithography
processes without need of any further graphene transfer to other substrates. Prototype
devices based on the EG have been demonstrated [26–29].

To this day the most well-studied EG is grown on 6H- and 4H-SiC substrates. The
surface polarity of the SiC substrate affects the EG properties significantly. Graphene
grows epitaxially on the Si-face (0001) of SiC and demonstrates a self consistent nature,
when after the formation of monolayer (ML) or bilayer (BL) graphene a subsequent growth
is greatly suppressed. The Si-face provides high quality, homogenous ML graphene layers
at a wafer scale. A schematic of the atomic arrangement for the monolayer EG on Si-
face (0001) is depicted in Figure 1.2 (a). Growth of EG on SiC is always accompanied
with the formation of a (6

√
3× 6

√
3)R30◦ surface reconstructed layer of carbon atoms

below the graphene which is commonly termed as buffer layer [23, 30]. The buffer layer
does not show a Dirac-like dispersion and is electrically inactive. EG interaction with
the substrate significantly affects its electronic properties. Typically, much lower FCC
mobility parameters than for exfoliated graphene and doping are reported for EG. Intrinsic
as-grown EG is n-type doped, but exposure to the ambient environment can affect its
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Figure 1.1: Electronic band structure of monolayer and bilayer graphene at the K-points of
the first Brillouin zone.

doping significantly due to adsorption of p-type dopants [23, 31].
Hydrogen intercalation of Si-face EG reduces the interaction with the substrate and

produces so-called quasi-free-standing (QFS) EG. During the intercalation, the buffer layer
rearranges into an additional EG layer and the remaining SiC surface becomes hydrogen-
terminated (see Figure 1.2 (b)) [32]. The intercalation process transforms as-grown n-layer
EG into (n + 1)-layer QFS EG. Intercalation of as-grown-ML EG, exhibiting a Dirac cone
dispersion, produces a QFS-BL EG which is decoupled from the substrate and has a
modified band structure. Typically, QFS EG shows higher FCC mobility parameters than
as-grown EG, and it exhibits a p-type doping commonly attributed to the effect of the
substrate spontaneous polarization [30, 33]. Hydrogen intercalation is a reversible process.
It was shown that annealing of intercalated QFS EG samples at temperatures above 700 ◦C
in vacuum can remove the intercalated hydrogen and restore the initial state of EG [32, 34].

Sublimation of Si atoms from C-face SiC is a much faster process providing thick
multilayer EG. Typically, C-face graphene has a broad distribution in the number of
graphene layers over the SiC surface which can range from 0 layers to more than 100
layers. The graphene layers on the C-face SiC tend to decouple from each other and the
underlying substrate. Such decoupling grants the C-face graphene with very high carrier
mobilities, in range of 5000− 18000 cm2V−1s−1, that is almost by one order of magnitude
higher than typical mobility values for the Si-face graphene [35, 36].
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Figure 1.2: As-grown monolayer (a) and quasi-free-standing bilayer (after hydrogen
intercalation) (b) epitaxial graphene on Si-face 4H-SiC(0001).

1.3.1.1 Landau levels in graphene

When graphene is subjected to an external magnetic field perpendicular to the graphene
sheet the motion of electrons becomes quantized. The electronic band structure of graphene
splits into Landau levels (LL) where the spacing between levels depends on the band
structure. The LL energies observed in ML, decoupled multilayer or coupled multilayer
graphene with an odd number of layers can be calculated from

ELL
SLG = sgn(n)vF

√
2h̄e|Bn| , (1.1)

where n is LL quantum number (n=0,±1,±2,±3,...), vF is the Fermi velocity, e and h̄ are
the unit charge and Plank constant, respectively, and B is the magnetic field component
perpendicular to the graphene sheet. As it can be seen from Eq. 1.1, the energies of the LLs
have a square root dependence on the magnetic field strength. The calculated LL energies
for different magnetic fields (Eq. 1.1) are shown in Figure 1.3 (a). Electron transitions
between energy levels can be induced optically and are typically observed in the FIR
and MIR spectral ranges for moderate magnetic fields. Inter-LL transitions follow optical
selection rules which can be written as

|n′| = |n| ± 1 , (1.2)

with n′ and n as LL quantum numbers for the excited and initial states, respectively.
For multilayer graphene with coupling between layers, an additional set of LLs can be

observed. The energies of these additional LLs, assuming only coupling between adjacent
layers, can be approximated by [11, 37]
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Figure 1.3: Energy of the Landau levels dependence on magnetic field strength (perpendic-
ular to graphene sheets) for (a) monolayer and (b) bilayer graphene.

ELL
MLG = sgn(n)

1√
2

[
(αNγ)2 + (2|n|+ 1)E2

0

+µ
√
(αNγ)4 + 2(2|n|+ 1)E2

0(αNγ)2 + E4
0

]1/2

,
(1.3)

here γ is the inter-layer coupling constant, αN is a layer parameter [37], E0 is defined
as E0 = vF

√
2h̄e|B| and µ = −1,+1 corresponds to the higher and lower sub-bands in

the limit of zero magnetic field, respectively [11, 37]. The LL energy dependence on the
magnetic field strength calculated using Eq. 1.3 is shown in Figure 1.3 (b).

Besides the differences in the LLs energy dependencies on the magnetic field strength,
these two different sets of LL follow different polarization selection rules. Kühne et al.
studied multilayer EG on C-face 6H-SiC by MIR-OHE and observed two types of inter-LL
transitions: 1) polarization preserving and 2) polarization mixing [11]. The first type of
transitions occur in ML, decoupled multilayer or coupled multilayer graphene with an
odd number of layer and show a square root dependence of the transitions energies on
the magnetic field strength (Eq. 1.1), which is a characteristic of the Dirac-type electronic
band structure. These inter-LL transitions exhibit isotropic optical response of the EG.
The polarization mixing inter-LL transitions exhibit anisotropic optical response with LL
energies described by Eq. 1.3 and they only appear in multilayer graphene with interlayer
coupling. [11]
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1.3.2 Group III-nitrides

Wide-band gap semiconductors, such as group III-nitrides and SiC, are the materials of
choice for novel electronic and optoelectronic device applications. Their high electric break-
down fields, good thermal conductivity and chemical stability, high electron mobilities
and saturation electron drift velocities make them attractive for high frequency and high
power applications where conventional semiconductors, such as Si, group III-arsenides
and phosphides are inferior. A great deal of efforts in the field of the wide-band gap
semiconductors is devoted to development of (Al, Ga, In)N compounds (group III-nitrides)
and their ternary and quaternary alloys. Alloying group III-nitrides allows to tune their
direct band gap energy from the near-infrared (InN - Eg = 0.65 eV) to the deep-ultraviolet
(AlN - Eg = 6.2 eV) completely covering the entire visible range (see Figure 1.4). Moreover,
for the quaternary alloys, the band gap energy and the lattice parameters can be tuned
independently, allowing lattice matched epitaxial growth. These advantages and support
of a heterostructure technology make group III-nitrides based structures a good platform
for electronic and optoelectronic applications, such as UV light emitting diodes, lasers,
detectors and high power transistors.

GaN (Eg = 3.4 eV) is the best studied of all three group III-nitride binary compounds.
Ga-rich InGaN based light emitting devices are nowadays widely used in blue and white
solid state lightning. AlN is also a relatively well-established material often used in
group III-nitride heterostructures as a nucleation layer. InN and In-rich alloys are less
understood and remain active research areas. Challenges in the development of In-rich
group III-nitrides mostly come from difficulties in the growth process, due to the low
dissociation temperature of InN and high equilibrium vapor pressure of N2 that impose
requirement of low growth temperatures [38]. Even though FCC mobility parameters
reaching 3000 cm2V−1s−1 were reported and p-type doping was achieved, development of
InN and In-rich InGaN alloys is still lagging behind GaN and AlN [7, 39].

Commonly, group III-nitrides are grown on foreign substrates such as sapphire and
SiC. The wurtzite crystal structure is the most thermodynamically stable for all group
III-nitrides. The lack of an inversion symmetry of the wurtzite structure give rise to
strong polarization fields along the polar c-axis. The main material parameters for group
III-nitride binary compounds with wurtzite crystal structure are given in Table 1.1.

(Al, Ga, In)N binary compounds with a wurtzite structure have nine optical phonon
modes which belong to the irreducible representation at the Γ point of the Brillouin
zone [41, 42]

Γopt = 1A1 + 2B1 + 1E1 + 2E2 . (1.4)

A1 and E1 are infrared (IR)- and Raman-active polar phonon modes which split into
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Figure 1.4: Band gap energy dependence on the in-plane lattice parameter for group
III-nitride (Al,Ga,In)N binary compounds and ternary alloys. Adapted from Ref. [40]

Table 1.1: The main structural and optical parameters for hexagonal structure group
III-nitride binary compounds.

AlN GaN InN

Lattice constant, a (@300 K) [nm] 0.3112 0.3189 0.3533
Lattice constant, c (@300 K) [nm] 0.4982 0.5185 0.5693
Relative static permittivity, εs/ε0 8.5 8.9 10.5
Relative high frequency permittivity, εs/ε0 3.8d 5.03a 6.7c

Bandgap (@300 K) [eV] 6.14 3.43 0.64
Electron effective mass m/m0 0.376e 0.232a 0.044b

E1(TO) phonon [cm−1] 669d 560a 477c

E1(LO) phonon [cm−1] 913d 742a 593
A1(TO) phonon [cm−1] 611 532 443c

A1(LO) phonon [cm−1] 890 732a 586
a Ref. [41], b Ref. [43], c Ref. [44], d Ref. [45], e Ref. [8], otherwise Ref. [46]

transverse optical (TO) and longitudinal optical (LO) modes [E1(TO), E1(LO) and A1(TO),
A1(LO), respectively]. A1 phonon mode corresponds to the material polarization along the
c-axis, while E1 mode corresponds to the polarization along the hexagonal lattice planes.
E(1)

2 and E(2)
2 modes are non-polar and only Raman-active, while B1 modes are IR- and

Raman-inactive.

1.3.3 High electron mobility transistor structures

The potential for high frequency applications of group III-nitrides is exploited in high
electron mobility transistor (HEMT) structures which proved to be a promising route to
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achieve operation at gigahertz (GHz) and THz frequencies. GaN based HEMT devices
operating at 200− 600 V are already commercially available. However, GaN HEMTs still
have not reached their full potential with remaining unresolved fundamental questions [47–
50].
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Figure 1.5: Schematic of an AlGaN/GaN interface with electronic band diagram and
carrier concentration distribution.

A basic HEMT structure contains nominally undoped GaN channel and AlGaN or
InAlN barrier layers. Difference in spontaneous and piezoelectric polarizations between
GaN and pseudomorphically grown barrier layers cause strong electric field at the inter-
face. Figure 1.5 shows the AlGaN/GaN heterostructure where AlGaN is used as barrier
layer. A two-dimensional electron gas (2DEG) forms in the potential well formed due to
the offset between conduction bands and piezoelectric field induced band bending (see
Figure 1.5). The 2DEG channel at the interface exhibit high electron concentration and
mobility parameters. Surface donor-like states are generally believed to be the source of
electrons [50].

Source Drain

Gate

Substrate

GaN

AlGaN

2DEG

Figure 1.6: Schematic of an AlGaN/GaN high electron mobility transistor structure.

Figure 1.6 depicts a schematic of a conventional AlGaN/GaN HEMT. Typical substrates
used for the AlGaN/GaN HEMT are SiC and Si. SiC is superior over Si in terms of the
mismatch between crystal lattice parameters and thermal expansion coefficients with GaN.
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Moreover, SiC has a very high thermal conductivity that provides good heat dissipation
needed for high power applications. An AlN layer is typically employed as a nucleation
layer for the growth of a GaN layer which is followed by an AlGaN barrier layer on top.
A thin AlN interlayer is often added beneath the barrier layer in order to improve 2DEG
confinement in the GaN. As a result the electron mobility is enhanced due to reduced
alloy disorder scattering. Moreover, a thin dielectric layer can be incorporated between the
gate electrode and the AlGaN barrier (not shown in Figure 1.6) in order to reduce the gate
leakage and the memory effects caused by surface traps. AlGaN is typically strained due
to lattice mismatch and different thermal expansion coefficients compared to GaN layer. At
higher device operation temperatures the AlGaN can be relaxed restricting the high power
operation. An attractive choice for the barrier layer is InAlN, which can be lattice matched
to GaN, offering thermal stability at temperatures reaching 1000

◦ [51, 52]. Furthermore,
high polarization discontinuity at InAlN/GaN interface can provide very high 2DEG
densities [52]. However, 2DEG mobility parameters in InAlN-barrier HEMTs are typically
lower than those for AlGaN-barrier HEMTs due to high alloy disorder scattering and
difficulties in growth leading to higher density of structural defects [53, 54]. Search
for lattice matched materials for barrier layer in GaN HEMTs also draw the attention
to InAlGaN quaternary alloy providing additional degrees of freedom to tune lattice
parameters and the band gap energy [53, 55].

The 2DEG mobility is a very important parameter for the final device performance.
A prototype power amplifier based on AlGaN/GaN HEMT with a 2DEG mobility above
2000 cm2V−1s−1 has demonstrated a record power-gain cutoff frequency of 300 GHz [56].
However, typically, room-temperature mobilities in the range of 1300− 1600 cm2V−1s−1

are reported for AlGaN/GaN HEMTs [57, 58]. Charge carrier scattering by phonons, alloy
disorder and interface roughness are the main factors limiting the mobility in AlGaN/GaN
HEMT structures. It was shown that the inclusion of an AlN interlayer at the AlGaN/GaN
interface improves the 2DEG mobility to values above 2000 cm2V−1s−1 as a result of
reduced alloy disorder scattering [59, 60]. However, the addition of the AlN interlayer at
the AlGaN/GaN interface causes difficulties in obtaining good ohmic contacts. In order
to achieve higher transistor frequencies it is necessary to further increase 2DEG mobility
parameters and optimize device design that requires good understanding of the factors
affecting the 2DEG properties.

1.4 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) measures the frequency dependent change of the polarization
state of electromagnetic waves upon interaction with a sample. It provides quantitative
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information about the complex dielectric function (DF) of layered sample constituents and
their thicknesses. SE measures the ratio between intensities of different polarization states
and not pure intensities. Therefore, it is less sensitive to imperfections of measurement,
such as background radiation and power fluctuations of the source.

1.4.1 Standard ellipsometry

Sample

Incident medium

Ep

in

Es

in

Ep

out,r

Es

out,r

θi

θm Ep

out,t

Es

out,t

θr

Figure 1.7: Schematic representation of s- and p-polarized light reflection (transmission)
from (through) a single interface.

Standard ellipsometry is commonly used for isotropic samples when no conversion
among s-polarized (electric field perpendicular to the plane of incidence) and p-polarized
(electric field in the plane of incidence) modes appears. The electric fields of the incoming
s- and p-polarized electromagnetic waves Ein

s,p and the respective electric fields after
interaction with a sample Eout

s,p (see Figure 1.7) are connected through the complex reflection
(transmission) coefficients rs and rp (ts and tp), that account for the change in phase and
amplitude of the electric fields upon reflection (transmission) from (through) sample

Eout,r
s = rsEin

s

(
Eout,t

s = tsEin
s

)
, (1.5a)

Eout,r
p = rpEin

p

(
Eout,t

p = tpEin
p

)
. (1.5b)

Standard ellipsometry data is then expressed as a ratio between the complex reflection
(transmission) coefficients

rp

rs
= tan(Ψr) exp(i∆r)

(
tp

ts
= tan(Ψt) exp(i∆t)

)
. (1.6)

In case of bulk isotropic and nontransparent sample, the complex reflection coefficients rs
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and rp only depend on the DF of the material ε and the ellipsometry parameters Ψr and ∆r

can be derived using the Fresnel equations, describing reflection (transmission) coefficients
r∗s , r∗p (t∗s , t∗p) for a single interface between two media. The Fresnel equations for reflection
(transmission) for the interface between air (εair = 1) and a material with DF ε are

r∗s =
cos(θi)−

√
ε cos(θm)

cos(θi) +
√

ε cos(θm)

(
t∗s =

2 cos(θi)

cos(θi) +
√

ε cos(θm)

)
, (1.7a)

r∗p =

√
ε cos(θi)− cos(θm)

cos(θm) +
√

ε cos(θi)

(
t∗p =

2 cos(θi)

cos(θm) +
√

ε cos(θi)

)
, (1.7b)

where θi and θm are angles between the incoming and the refracted beams, and the surface
normal, respectively (see Figure 1.7). When the substrate is transparent and backside
reflections occur, or in case of transparent multilayered samples, the parameters Ψr and ∆r

cannot be simply derived from the Fresnel equations (Eqn. 1.7) and the DFs together with
thicknesses of all sample constituents have to be taken into account.

1.4.2 Generalized ellipsometry

For samples with an in-plane optical anisotropy, conversion of s-polarized light into p-
polarized light and vice versa occurs upon reflection (transmission). In such case, the
relations between the outcoming and incoming electric fields become

Eout,r
s = rssEin

s + rpsEin
p

(
Eout,t

s = tssEin
s + tpsEin

p

)
, (1.8a)

Eout,r
p = rspEin

s + rppEin
p

(
Eout,t

p = tspEin
s + tppEin

p

)
, (1.8b)

where the four complex reflection (transmission) coefficients rss, rps, rsp, rpp (tss, tps, tsp, tpp)
describe the interaction with the sample. In such a case, the two parameters Ψr and ∆r

(Ψt and ∆t) cannot fully describe the optical response of the sample and the standard
ellipsometry is not sufficient.

Generalized ellipsometry (GE) must be used for anisotropic samples in order to fully
describe their optical response. Typically, the GE employs the Jones matrix or Mueller
matrix (MM) formalism. In this dissertation the latter approach was employed. The MM
formalism uses the Stokes vector ~S, which describes the polarization state of light by four
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real valued Stokes parameters

~S =


S1

S2

S3

S4

 =


Ip + Is

Ip − Is

I+45 − I−45

Iσ+ − Iσ−

 , (1.9)

where Is, Ip are the intensities of the s- and p-polarized modes, I+45, I−45 are the intensities
of the +45◦ and the −45◦ rotated (with respect to the plane of incidence) linearly polarized
light modes, and Iσ+, Iσ− are the intensities of left-hand and right-hand circularly polarized
light modes. MM ellipsometry measures the 4× 4 transformation matrix M which relates
the Stokes vector of the outcoming beam ~S

out
with the Stokes vector of the incoming beam

~S
in

~S
out

= M~S
in
=


M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44




Sin

1

Sin
2

Sin
3

Sin
4

 =


Sout

1

Sout
2

Sout
3

Sout
4

 . (1.10)

Since the Stokes vector contains real-valued parameters, the MM elements
(Mi,j, where i, j = 1, 2, 3, 4) are also real numbers. The MM is commonly normalized
by the M11 element, which carries the information about the total reflection/transmission
of a sample. For in-plane isotropic samples measurements of the MM provide redundant
information and standard ellipsometry is sufficient.

1.4.3 Dielectric function in the infrared and terahertz spectral ranges

Charged particles subjected to electric and magnetic fields varying in time are displaced
from their equilibrium positions which results in a polarization of the material. For most
crystalline materials the magnetic field can be neglected (magnetic permeability is 1) and
it is enough to consider only the effect of the electric field. Assuming a linear material
response the external electric field ~E is related to the displacement field ~D through the
material polarization ~P as

~D = ε0~E + ~P = ε0(I +χ)~E = ε0ε~E , (1.11)

where I is the unit matrix and the polarization of the material depends on the electric field
~E through the relation

~P = ε0χ~E , (1.12)
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where χ is the electric susceptibility tensor. The external electric field ~E is transformed
into the displacement field in the material ~D by the dielectric function (DF) ε, which in
the general case takes the form of a second rank tensor with non-vanishing off-diagonal
elements

ε = I +χ =

εxx εxy εxz

εyx εyy εyz

εzx εzy εzz

 . (1.13)

The total polarization of the material is generally a superposition of all possible contribu-
tions, thus the DF tensor can be written as

ε = I + ∑
i
χi . (1.14)

When a bound particle with charge q and mass tensor m is exposed to an alternating
electric field ~E, its movement can be derived from the classical equation of motion

md2~r
dt2 = q~E−mγ d~r

dt
−mω2

0~r , (1.15)

where~r is the position vector, γ = τ−1 is the broadening tensor which is inverse of the
scattering time tensor τ , ω0 is the resonance frequency tensor. Using a time-harmonic
electric field ~E = (Ex, Ey, Ez)eiωt and assuming a time harmonic response of the charged
particles~r = (x, y, z)eiωt, Eqn. 1.15 describes a well-known harmonic Lorentz oscillator.
Plugging in the solution of Eqn. 1.15 for~r into the expression for the polarization vector
~P = qn~r (n is the number of oscillators per unit volume), and using Eqn. 1.12, the electric
susceptibility tensor can be derived

χ =
nq2m−1

ε0
(ω2

0 −ω2I− iωγ)−1 . (1.16)

Phonon contribution

The dielectric response of polar crystalline materials in the IR spectral range is governed by
the contribution from IR-active polar phonon modes. For materials with a single IR-active
phonon mode or materials that possess several phonon modes that are not coupled, the
electric susceptibilities χL are well described by the harmonic Lorentz oscillator model
(Eqn. 1.16), which are often expressed in the form

χL = ∑
i

Ai(ω
2
0,i −ω2I− iωγi)−1 , (1.17)
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where the sum runs over all active phonon modes and Ai represents the oscillator strength
of i-th phonon. When anharmonic coupling between phonon modes is present, the
dielectric response cannot be well-described as a simple sum of harmonic oscillators with
independent broadening parameters (Eqn. 1.17). It was shown that for polar multi-phonon
materials, such as sapphire or group III-nitrides, a factorized four-parameter semi-quantum
model, for the dielectric response, provides a much better match to the experimentally
determined results [61, 62]. The factorized model allows for different broadenings of LO
and TO phonon modes. For uniaxial polar semiconductors, such as wurtzite structure
group III-nitrides, the factorized model DF tensor in the Cartesian coordinates has the
following form

εL = I +χL =


εL
⊥ 0 0
0 εL

⊥ 0
0 0 εL

‖

 , (1.18a)

εL
j = ∏

i

ω2
LO,i,j −ω2 − iωγLO,i,j

ω2
TO,i,j −ω2 − iωγTO,i,j

(j = ⊥, ‖) , (1.18b)

where ⊥ and ‖ stands for polarization perpendicular and parallel to the c-axis, respectively.
The factorized DF tensor elements contain LO and TO phonon frequencies denoted as
ωLO and ωTO, respectively, and corresponding broadening parameters as γLO and γTO,
respectively. Note that the DF described by the harmonic Lorentz oscillator (Eqn. 1.17) is a
partial fraction decomposition of the factorized DF (Eqn. 1.18) with the equal broadening
parameters of the LO and TO modes (γLO = γTO). To keep a physical meaning of the
factorized model DF tensor (Eqn. 1.18), i.e. =m [ε i] ≥ 0, the first generalized Lowndes’s
condition must be satisfied [63]

∑
i
(γLO,i − γTO,i) ≥ 0 . (1.19)

Free charge carrier contributions (non magnetic case)

Contribution to the DF tensor from unbound charged particles, such as FCCs, can be easily
obtained from the DF tensor, derived from the classical equation of motion (Eqn. 1.16), by
assuming that there is no restoring force that implies ω0 ≡ 0. The electric susceptibility
tensor then reads

χFCC = −∑
i

niq2
i mi

−1

ε0
(ω2I + iωγi)

−1 , (1.20)

which resembles the well-known Drude model. For bipolar conductivity the sum can run
over two constituents: holes (p-type conductivity) and electrons (n-type conductivity). The
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broadening tensor γi can be shown to depend on FCCs mobility µi and effective mass mi

tensors
γi = qmi

−1µ−1
i . (1.21)

When the material possesses only one type of conductivity, the electric susceptibility tensor
for FCCs (Eqn. 1.20) can be written as

χFCC = −ω2
p(ω

2I + iωγ)−1 . (1.22)

It has two independent parameters, the plasma broadening tensor γ (Eqn. 1.21) and the
plasma frequency tensor defined as

ω2
p = nq2m−1/ε0 . (1.23)

High frequency contributions

Inter-band electronic excitations at higher frequencies (Vis-UV range) also contribute to
the dielectric response at lower wavelengths. In the IR spectral range it is observed as an
offset in the DF tensor elements. The high frequency contribution is included by adding a
frequency independent parameter ε∞, which in general is also a tensor quantity. Then the
DF tensor including the phonon and the FCC contributions for uniaxial polar crystals can
be written as

ε j = ε∞,j + χL
j + χFCC

j = ε∞,j

∏
i

ω2
LO,i,j −ω2 − iωγLO,i,j

ω2
TO,i,j −ω2 − iωγTO,i,j

−
ω∗p,j

2

(ω2 + iωγj)

 , (1.24)

where j = ⊥, ‖ and ω∗p,j =
√

nq2/(ε0,jε∞,jmj) is the screened plasma frequency. Eqn. 1.24

assumes that the optical axes of the phonon and the FCC electric susceptibilities are
collinear.

1.4.4 Optical Hall effect

The OHE describes the magnetic field-induced optical birefringence of conductive ma-
terials, at IR and THz frequencies, due to the motion of FCCs under the influence of
the Lorentz force. In such case the external magnetic field modifies the off-diagonal
elements in the DF tensors, which results in conversion between s- and p-polarized modes
upon reflection and transmission. The electrical Hall effect could be considered as a low
frequency case (ω → 0) of the OHE.

The external magnetic field has a negligible effect on the optical phonons since lattice
ions have much higher masses compared with electrons and holes. In IR-THz spectral
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range the DF tensor of conductive materials, when exposed to an external magnetic field,
can be written as a sum of three terms: (i) the magnetic field independent high frequency
tensor ε∞, (ii) the lattice electric susceptibility tensor χL and (iii) the magneto-optic FCC
electric susceptibility tensor χFCC−MO,

ε = ε∞ +χL +χFCC−MO . (1.25)

The magneto-optic FCC contribution χFCC−MO can be derived from the classical equation
of motion (Eqn. 1.15) for unbound charged particles (ω0 ≡ 0) with an additional term for
the Lorentz force contribution

md2~r
dt2 = q~E−mγ d~r

dt
+ q

(
d~r
dt
×B

)
. (1.26)

Using the solution of Eqn. 1.26 the magneto-optic electric susceptibility tensor can be
derived

χFCC−MO = −ω2
p

ω2I + iωγp − iωωc

 0 −bz by

bz 0 −bx

−by bx 0



−1

, (1.27)

where the magnetic field vector is defined as ~B = |~B|(bx, by, bz) and ωc = q|~B|m−1 is
the cyclotron frequency tensor. The FCC response under the influence of the magnetic
field is non-time-reciprocal which results in an antisymmetric magneto-optic FCC electric
susceptibility tensor χFCC−MO (Eqn. 1.27), and as a result in an antisymmetric DF tensor ε
(Eqn. 1.25). For isotropic materials, the magneto-optic FCC electric susceptibility χFCC−MO

contains three independent parameters: the plasma frequency ωp, the plasma broadening
γp and the cyclotron frequency ωc, which themselves depend on the FCC concentration N,
mobility µ and effective mass m parameters (Eqns. 1.21, 1.23).

1.4.5 Cavity-enhanced optical Hall effect

The magnitude of the conversion among s- and p-polarized modes due to the OHE in the
THz spectral range strongly depends on the FCC sheet density and mobility parameters.
For samples with low FCC mobility and sheet density paramaters, the OHE contribution
to the GE spectra is negligible and the sensitivity to the FCC properties of the OHE
measurement is limited. It has been shown that for transparent samples the use of a
backside cavity with a highly reflective backside surface can enhance the OHE signatures
in GE spectra for HEMT structures and EG, as a result of the formation of Fabri-Pérot
modes within the sample-cavity system [9, 64, 65]. Schematic representation of the cavity
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enhanced optical Hall effect (CE-OHE) measurement for a sample containing a transparent
substrate and a conductive layer on top is shown in Figure 1.8.

At frequencies where the minima of the reflection occur, a strong conversion among
s- and p-polarized modes takes place as a result of the retro-reflections in combination
with the OHE within the sample-cavity optical system. Furthermore, control of the gap
thickness parameter dgap provides an additional degree of freedom as an input for the
CE-OHE measurements (see Figure 1.8). Employment of the cavity can dispense the
need of high magnetic fields when common permanent magnets can provide magnetic
field strengths sufficient to cause detectable OHE signatures in GE spectra that provide
sensitivity to the FCC parameters.

1.4.6 Ellipsometric data analysis

Physical parameters of interest are extracted by fitting optical model based on
parametrized DF tensors to the experimental SE data. Three main steps of the data
analysis procedure could be distinguished: i) definition of the DF tensors for each sample
constituent, ii) construction of the optical model and iii) fitting of the optical model to the
experimental SE data.

DF tensors of sample constituents can be provided as tabulated sets of parameters,
parametrized empirical tensors and parametrized physical model based tensors. For
materials which have well-established optical properties DF tensors are usually taken from
literature or databases.

The optical model assumes a set of layers with perfectly planar interfaces, constant
thicknesses and optical properties described by DF tensors. The simplest case for analysis
of SE spectra is when the sample is a non-transparent isotropic bulk substrate. In such
case, standard ellipsometry is sufficient to account for the optical response of the sample.
Ψr and ∆r spectra can be derived from the complex Fresnel reflection coefficients for s-
and p-polarized light (r∗s , r∗p in Eqn. 1.7), which directly depend on the DF of the substrate
material

ρ = tan(Ψr) exp(i∆r) =
r∗p
r∗s

=

(√
ε cos(θi)− cos(θm)√
ε cos(θi) + cos(θm)

)/(cos(θi)−
√

ε cos(θm)

cos(θi) +
√

ε cos(θm)

)
.

(1.28)
The inverse procedure can be applied to calculate the DF of the substrate materials directly
from the SE data. In such instances, the so-called pseudo-DF < ε > is obtained

< ε >= sin2(θi)

1 + tan2(θi)

(
1− ρ

1 + ρ

)2
 , (1.29)
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Figure 1.8: Schematic representation of a cavity-enhanced optical Hall effect measurement

which is identical to the DF ε in the case of a non-transparent isotropic bulk sample.
When the sample consists of a set of transparent layers the ellipsometric data depends

on the DFs of all sample constituents and their thicknesses. In such case, the pseudo-DF
represents a convolution of the dielectric properties and the thicknesses of all sample
constituents. Calculation of the sample’s optical response has to account for the multire-
flections within the sample structure and the use of calculations based on the complex
Fresnel reflection coefficients become inconvenient. Furthermore, if the substrate or any of
the layers is anisotropic, and therefore has to be characterized by a DF tensor rather than a
DF, the use of Fresnel equations is not possible.

The 4× 4 partial transfer matrices derived from Berreman relation provides a very
powerful method for modeling the optical response of anisotropic layered structures [66,
67]. The transfer matrix Tp connects the tangential electric Ex, Ey and magnetic Hx, Hy

fields of two planar interfaces, separated by the distance d, within a medium described by
the DF tensor ε (Eqn. 1.13) (see Figure 1.9)


Ex

Ey

Hx

Hy


z=d

= Tp


Ex

Ey

Hx

Hy


z=0

, (1.30a)

Tp = exp
(

i
ω

c
∆Bd

)
, (1.30b)
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Figure 1.9: Propagation of tangential electric Ex, Ey and magnetic Hx, Hy fields employed
in the 4× 4 partial transfer matrix formalism.

with Kxx = ω
c ni sin(θi), where c is the speed of light in free space and ni is the refractive

index of an incident medium (commonly air, thus ni = 1). Propagation of light in a
multilayered sample can be expressed as a product of transfer matrices for all layers.
Using the 4× 4 partial transfer matrix method, one can derive the complex reflection
rss, rps, rsp, rpp and transmission tss, tps, tsp, tpp coefficients of the modeled sample, which
are used to calculate the SE parameters.

Fitting of parameterized optical models to SE data is performed using a linear re-
gression method. Optical model parameters are varied to get the best-match between
calculated optical model and corresponding experimental SE data sets. The mismatch
between calculated and SE data sets, weighted by the experimental errors, is expressed by
the mean square error (MSE) parameters

MSEΨ, ∆ =

√√√√ 1
2S− K

S

∑
i=1

(
ΨE

i −ΨG
i

σΨE
i

)2

+

(
∆E

i − ∆G
i

σ∆E
i

)2

, (1.31a)

MSEMM =

√√√√√ 1
abS− K

a

∑
i=1

b

∑
j=1

S

∑
k=1

ME
i,j,k −MG

i,j,k

σME
i,j,k

2

, (1.31b)

where MSEΨ, ∆ is used in case of standard ellipsometry and MSEMM for MM ellipsometry,
S and K are the total number of spectral points and fitting parameters in the optical model,
respectively, σΨE

i
, σ∆E

i
, σMi,j,k are experimental standard deviations of the ΨE

i , ∆E
i and Mi,j,k

data points, respectively, the indices a, b indicate the total number rows and columns of
the experimental MM. An iteration procedure is applied to minimize the MSE by varying
optical model parameters. The best-match model is then used to extract the physical
parameters of interest.
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1.4.7 Mid-infrared spectroscopic ellipsometry and optical Hall effect

MIR SE ellipsometry measurements, presented in this dissertation, were performed using
a commercial Fourier transform IR spectrometer based ellipsometer from the J.A. Woolam
Company, operating at a spectral range of 200− 7800 cm−1 with a resolution up to 1 cm−1.
It is capable of measuring the upper left 4× 3 block of the MM (Mij, where i = 1, 2, 3, 4
and j = 1, 2, 3).

Bolomoter
detector

MCT
detector

Polarizer/
analyzer

q q-2 goniometer

Sample

Fourier-transform
infrared spectrometer

DTGS
detector

Figure 1.10: Mid-infrared ellipsometer sub-system of the integrated terahertz optical Hall
effect instrument at the University of Nebraska-Lincoln.

MIR OHE measurements, presented in this dissertation, were performed on a custom-
built MIR ellipsometer equipped with a Fourier transform MIR spectrometer (580 −
7000 cm−1). A technical drawing of the MIR ellipsometer is depicted in Figure 1.10. It
operates in the polarizer-sample-rotating analyzer arrangement that allows to perform GE
measurements and assesses the upper left 3× 3 block of the MM (Mij, where i, j = 1, 2, 3).
The system is equipped with three different detectors: a solid state mercury cadmium telluride
photodetector (MCT), a deuterated triglycine sulfate detector (DTGS) and Si bolometer detector.
OHE measurements were performed using a superconducting closed-cycle magneto-
cryostat capable of providing magnetic fields up to ±8 T and sample temperatures from
1.5 K to room temperature. The MIR ellipsometer is part of the integrated MIR, FIR and
THz OHE instrument at the University of Nebraska-Lincoln [19].

1.4.8 Terahertz ellipsometry and optical Hall effect

THz ellipsometry and THz OHE measurements presented in this dissertation were per-
formed using a custom-built integrated FIR and THz frequency-domain ellipsometer at
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Figure 1.11: The custom-built integrated far-infrared and terahertz frequency-domain
ellipsometer and optical Hall effect instrument at the Terahertz Materials Analysis Center
of Linköping University.

the Terahertz Materials Analysis Center of Linköping University. A technical drawing of
the integrated FIR and THz ellipsometer and OHE instrument is depicted in Figure 1.11.
The instrument is equipped with a cryostat with superconducting magnet and can switch
between FIR and THz sources. The THz subsystem of the instrument is depicted in
Figure 1.12. The THz ellipsometer employs a frequency tunable continuous wave backward-
wave oscillator (BWO) source with output frequencies ranging from 97 GHz to 177 GHz,
(bandwidth ∼1 MHz) and output power reaching up to 26 mW. The BWO source can be
augmented with Schottky-diode frequency multipliers (×2, ×3, ×6) which extend the
accessible spectral range up to 1000 GHz (×2 multiplier: 200− 350 GHz; ×3 multiplier:
300− 525 GHz; ×6 multiplier: 650− 1000 GHz). The sample is mounted on a high pre-
cision θ − 2θ two stage goniometer, which allows to control the angle of incidence from
30◦ to 90◦. The system contains a Golay cell and a liquid helium cooled dual bolometer
detector. The ellipsometer is equipped with free standing tungsten wire grid polarizers.
It is designed to suppress standing waves by avoiding the presence of parallel reflecting
surfaces and using absorbing/scattering surface coverage. The THz ellipsometer operates
in the polarizer-sample-rotating analyzer arrangement, capable of measuring the upper-left
3× 3 block of the MM (Mij, where i, j = 1, 2, 3).

OHE measurements at variable sample temperatures can be performed using the
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Figure 1.12: Terahertz subsystem of the integrated far-infrared and terahertz frequency-
domain ellipsometer.

cryostat with the superconducting magnet shown in a Figure 1.13a. The superconducting
magnet provides magnetic fields up to ±8 T and allows to vary sample temperature from
4.2 K up to 400 K. During the measurement the sample is placed in a variable temperature
insert filled with helium gas (∼50 mbar). The cryostat has 4 optical ports allowing
ellipsometry measurements in reflection and transmission configurations. Reflection
measurements in the cryostat are limited to 45◦ angle of incidence. Each port has two
windows: external polymer window and internal diamond window.

In-situ THz OHE measurements can be performed using the ambient gas cell depicted
in Figure 1.13b. The ambient gas cell can be used with a permanent neodymium magnet
(∼ 0.5 T) enabling CE-OHE measurements. It allows to perform in-situ measurements of
samples exposed to various ambient gases and controllable humidities. A bubbler filled
with deionized water is purged with the desired ambient gases. By adjusting the gas flow
rate and the temperature of the deionized water one can tune the humidity. Temperature
and humidity inside the cell is monitored by temperature and humidity sensors.
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Figure 1.13: (a) Optical Hall effect measurement using cryostat with the superconducting
magnet and (b) in-situ ambient gas cell with permanent magnet.

1.5 Complementary characterization techniques

1.5.1 Scanning probe microscopy

Atomic force microscopy

Surface topography investigations presented in this dissertation were performed by atomic
force microscopy (AFM) employing a Veeco Dimension 3100 instrument. It consists of a
flexible cantilever and a sharp Si tip which scans the surface of the specimen. The tip
interacts with the surface through the mechanical forces which affect the deflection of the
cantilever. All measurements presented in this dissertation were performed in tapping
mode in which the tip is oscillating near the resonance frequency while scanning the
surface. The interaction between tip and surface affects the amplitude and the phase of
the oscillations. A feedback loop adjusts the distance between sample and tip to make the
amplitude of the oscillations constant. The change in the distance (height) and phase are
recorded simultaneously with the position of the tip. The obtained AFM images containing
height and phase maps were processes and analyzed using Gwyddion software.
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Figure 1.14: Scanning Kelvin probe microscopy: a conductive tips traces the surface
topography with the constant lift, while externally applied annulling voltage VCPD is used
to compensate for the work function difference between tip and specimen surface.

Scanning Kelvin probe microscopy

The surface potential measurements of epitaxial graphene (EG) samples presented in this
dissertation were performed using Scanning Kelvin probe microscopy (SKPM). The same
Veeco Dimension 3100 instrument as for the AFM measurements was used which allowed
to simultaneously acquire surface topography and surface potential maps. For the SKPM
measurements a standard Si AFM tip was exchanged with a platinum/iridium coated
Si tip. SKPM determines contact potential difference between the conductive tip and
specimen surface using electrostatic forces. At first the tip records the surface topography
line of the sample as in common AFM mode, then the tip is lifted from the surface with a
defined height (∼ 10 nm) and trace the recorded topography (see Figure 1.14). During
this second step an external voltage is applied to the tip having two components: AC-
voltage and DC-voltage (VCPD in Figure 1.14). The AC-voltage oscillates at a frequency
close to the tip resonance frequency and causes the tip to oscillate due to electrostatic
interaction induced by the contact potential difference. Annulling DC-voltage VCPD is used
to compensate for the contact potential difference and minimize the oscillations caused
by the electrostatic interaction. The DC-voltage VCPD control is performed by a feedback
control loop while tracing surface topography. When the work function of the tip Φtip is
known or determined during the measurement, the work function of the surface Φsur f can
be obtained using the relation:

Φsur f = Φtip − eVCPD . (1.32)

If the tip work function is not known, the absolute value of the surface work function
cannot be determined. Nevertheless, surface potential maps provide information about
relative variation of the work function over the sample surface.
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Figure 1.15: A representative Raman spectrum of graphene on SiC. The main spectral
features observed for graphene are labeled as D-band, G-band and 2D-band.

1.5.2 Raman spectroscopy

Structural properties of epitaxial graphene were studied using Raman spectroscopy (RS). It
measures the inelastically scattered monochromatic light due to interaction of electrons
with lattice vibrations. RS detects Stokes bands of the scattered light which have lower
energy than the initial photon energy and provides indirect access to the phonon properties.

A representative RS spectrum of graphene is shown in a Figure 1.15. The most
prominent spectral features in the Raman spectra of graphene are the so-called D-band,
typically observed at around 1350 cm−1, the G-band at around 1580 cm−1 and the 2D-band
appearing at 2700 cm−1. The G-band originates from a Raman active, doubly degenerate
phonon mode with E2g symmetry at the Brillouin zone center for sp2 carbon networks. [68]
Therefore, the presence of the G-band in Raman spectra indicates the presence of the sp2

hybridization of carbon atoms. The D-band corresponds to the defects activated breathing
modes of sp2 rings. [69] The D-band does not appear in high crystalline quality graphene.
A ratio between integrated intensities of the G-band and D-band is often used to determine
the crystallite size in graphene layers. [68] The 2D-band is a symmetry-allowed overtone
of the D-band appearing for all graphitic materials. [68] The amplitudes, broadenings,
lineshapes and peak positions of the graphene Raman bands are sensitive to the strain,
doping, thickness and structural properties making RS an extremely powerful tool for
studying graphene layers.

Micro-Raman spectroscopy imaging (µ-RSI) measurements were performed using 532 nm
continuous wave laser (Nd:Yag) and Acton spectrometer containing diffraction grating
for light dispersion and CCD camera for detection. The laser beam were focused on the
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Figure 1.16: A principal scheme of the low energy electron microscopy and low energy
electron diffraction instrumentation.

sample surface using ×100 objective (N.A. 0.9). The sample were mounted on a three-axis
piezoelectric stage providing precise positioning. The FWHM of the focused laser beam
at the surface of specimen was around 400 nm. µ-RSI also records reflectivity maps of
the specimen which in case of graphene on SiC substrates can be used to determine the
distribution in number of graphene layers [70].

1.5.3 Low energy electron microscopy and diffraction

Low energy electron microscopy (LEEM) employes elastically back-scattered low energy
electrons for surface imaging. Typical energy of the electrons impinging sample surface
range from 1 eV to 100 eV. LEEM exploits the fact that low energy electrons have a de
Broglie wavelength comparable to a typical inter-atomic distances in crystal materials and
as a result can reach a resolution of several nanometers. Tuning the electron energy allows
to control the probing depth [71]. Moreover, LEEM easily enables local measurements of
the diffraction patterns (Low energy electron diffraction (LEED) mode) providing access to the
structural properties of the surface. Schematic representation of the LEEM instrumentation
is depicted in the Figure 1.16. Electrons generated by the electron gun are shaped by the
illumination optics enter the beam separator which redirects the beam toward the sample.
The objective lens collimates the beam which then hits the sample surface. Backscattered
electrons are collected by the objective lens and redirected by the beam separator toward
the image detector into the imaging column. When the sample illumination aperture is
introduced into the beam path, the LEEM and LEED signals can be collected from specific
regions of the sample surface.
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Figure 1.17: A principal scheme of the transmission electron microscopy instrumentation.

In this dissertation LEEM was used to study the distribution in number of EG layers.
The number of graphene layers was determined from the intensity oscillations of the
reflected electron beam with varying energy. LEED measurements were used to study the
stacking of EG layers and the surface reconstruction of the SiC substrates. All measure-
ments were carried out using the ELMITEC115 LEEM III instrument at the I311 beam line
of MAX-lab IV synchrotron radiation facility in Lund, Sweden.

1.5.4 Transmission electron microscopy

Transmission electron microscopy (TEM) employs a high energy electron beam which is
transmitted though a very thin sample. The resulting electron beam after interaction with
sample provides atomic level structural and chemical information about the sample. The
main TEM operation principle is based on optical microscope with the electrons used
instead of light. The schematic representation of the TEM instrumentation is depicted in
Figure 1.17.

Typically, TEM provides imaging, diffraction and chemical information. In the con-
ventional imaging mode, electrons coming from the electron gun illuminate the sample
with broad illumination. Transmitted and scattered electrons through the sample are then
focused by the objective lens which is followed by image magnification using intermediate
and projection lenses. Finally the image is recorded by the imaging detector (CCD camera).
The objective apertures are used to select the transmitted/diffracted beam(s) and enhance
the contrast in the images at low magnification. At the back focal plane of the objective
lens transmitted and scattered electrons having the same direction are focused into single
point and therefore a diffraction pattern is formed. The obtained diffraction pattern
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provides information about crystal structure and orientation of the specimen. In scanning
transmission electron microscopy (STEM) mode, the electron beam is focused into the small
spot which is scanned over the specimen.

TEM can also be equipped with electron energy loss spectroscopy (EELS) spectrometer
which measures energy loss of inelastically scattered electrons. Analysis of the EELS
spectrum provides information about atomic composition and bonding in the specimen.

TEM, STEM and EELS were used to study the structural and chemical properties of
EG on C-face 4H-SiC. Acquired TEM and STEM images provide information about the
atomic stacking sequence and the spacing between graphene layers, while EELS images
give information about chemical composition. Imaging was carried out using the double
aberration corrected Linköping Titan3 60− 300 (S)TEM operating at 300 kV. The point
resolution after image correction was determined as ∼ 0.8 Å.

1.6 Summary of the papers and contributions to the field

Paper I. Provides a description of the custom-built terahertz frequency-domain spec-
troscopic ellipsometer at the Terahertz Materials Analysis Center in Linköping University.
The terahertz ellipsometer capabilities were demonstrated by an accurate determination of
the isotropic and anisotropic refractive indices of silicon and m-plane sapphire, respectively.
Further, terahertz optical Hall effect measurements of an AlGaN/GaN high electron mo-
bility structures were employed to extract the two-dimensional electron gas sheet density,
mobility and effective mass parameters. Last, in-situ optical Hall effect measurement on
epitaxial graphene in a gas cell with controllable environment, were used to study the
effects of environmental doping on the mobility and carrier concentration parameters.

Paper II. Presents terahertz cavity-enhanced optical Hall measurements of the mono-
layer and multilayer epitaxial graphene on semi-insulating 4H-SiC (0001) substrates. The
data analysis revealed p-type doping for monolayer graphene with a carrier density in
the low 1012 cm−2 range and a carrier mobility of 1550 cm2V−1s−1. For the multilayer
epitaxial graphene, n-type doping with a carrier density in the low 1013 cm−2 range, a
mobility of 470 cm2V−1s−1 and an effective mass of (0.14± 0.03) m0 were extracted. The
measurements demonstrated that cavity-enhanced optical Hall effect measurements can
be applied to study electronic properties of two-dimensional materials.

Paper III. Terahertz cavity-enhanced optical Hall effect measurements were employed
to study free charge carrier properties in as-grown monolayer and quasi free-standing
bilayer epitaxial graphene on semi-insulating Si-face 4H-SiC (0001) substrates. The data
analysis revealed a strong in-plane anisotropy of the carrier mobility parameter in the quasi
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free-standing bilayer graphene. The anisotropy is demonstrated to be induced by carriers
scattering at the step edges of the SiC with higher mobility along the step edges than across
them. Different defect densities, different number of graphene layers and doping variations
at the step edges and terraces are ruled out as possible causes for the observed anisotropy
based on the Raman spectroscopy, low-energy electron microscopy and scanning Kelvin
probe microscopy results. It is suggested that the step edge introduces intrinsic scattering
resulting in anisotropic mobility parameter in quasi-free-standing bilayer graphene.

Paper IV. We study the origin for decoupling of layers in ordered multilayer graphene
grown by high temperature sublimation of C-face 4H-SiC(0001̄). Mid-infrared optical
Hall effect technique was used to study inter-Landau level transitions and their optical
polarization selection rules which revealed decoupling of graphene layers. No rotational
disorder between adjacent layers was observed by the transmission electron microscopy
analysis. Multilayer graphene maintains AB-stacking with increased interlayer spacing
by 2.4− 8.4% as compared to highly oriented pyrolytic graphite. The increased interlayer
spacing is proposed to be the cause for the observed decoupling of multilayer graphene.
The electron energy loss spectroscopy maps taken across the substrate, interface layer
and graphene boundary indicated silicon atoms trapped in between layers which can be
responsible for the increased interlayer spacing. Based on our observations we propose a
growth model for multilayer graphene on C-face SiC at high temperatures.

Paper V. Mid-infrared spectroscopic ellipsometry and mid-infrared optical Hall ef-
fect measurements are employed to determine the electron effective mass in a wurtzite
In0.33Ga0.67N epitaxial layer at room temperature. The data analysis revealed the effective
mass parameters parallel and perpendicular to the c-axis. No anisotropy within the sensi-
tivity of our measurements were detected. The obtained effective mass parameter is in
agreement with a linear interpolation between effective masses of GaN and InN when
nonparobolicity of the InN conduction band is taken into account.

Paper VI. Terahertz cavity-enhanced optical Hall measurements were employed to
study the free charge carrier properties in a set of AlGaN/GaN high electron mobility
structures with modified interfaces. The results show that the interface structure has a
significant effect on the free charge carrier mobility and that the sample with a sharp
interface between the AlGaN barrier and the GaN buffer layers exhibits a record mobility
of 2330 ± 70 cm2V−1s−1. The determined effective mass parameters shows an increase
compared to the value of bulk GaN, that is attributed a penetration of the electron
wavefunction into the AlGaN barrier layer at room temperature.

Paper VII. Temperature dependence of free charge carrier properties in GaN-based
high electron mobility transistor structures with Al0.29Ga0.71N and In0.14Al0.86N barrier
layers were measured by terahertz optical Hall effect technique in a temperature range
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from 7.2 K to 398 K. The results revealed strong changes in the effective mass and
mobility parameters. At temperatures below 57 K very high carrier mobility parameters
above 20000 cm2V−1s−1 for Al0.29Ga0.71N-barrier sample and much lower mobilities of
∼ 5000 cm2V−1s−1 for In0.14Al0.86N-barrier sample were obtained. At low temperatures
the effective mass parameters for both samples are very similar to bulk GaN value, while
at temperatures above 131 K effective mass shows a strong increase with temperature.
The effective masses of 0.344 m0 (@370 K) and 0.439 m0 (@398 K) were obtained for
Al0.29Ga0.71N- and In0.14Al0.86N-barrier samples, respectively. We discussed the possible
origins of effective mass enhancement in high electron mobility transistor structures.
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AFM atomic force microscopy

Al aluminum

AlN aluminum nitride

AlGaN aluminum gallium nitride

BL bilayer

BWO backward-wave oscillator

CE cavity-enhanced

DF dielectric function

EELS electron energy loss spectroscopy

EG epitaxial graphene

FCC free charge carrier

FIR far infrared

FTIR Fourier-transform infrared spectroscopy

Ga gallium

GaN gallium nitride

GE generalized ellipsometry

GHz gigahertz

HEMT high electron mobility transistor

In indium

InGaN indium gallium nitride

InAlN indium aluminum nitride
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InN indium nitride

IR infrared

LL Landau levels

LEED Low energy electron diffraction

LEEM Low energy electron microscopy

TEM Transmission electron microscopy

LO longitudinal optical

MIR mid-infrared

ML monolayer

MM Mueller matrix

MSE mean square error

N nitrogen

OHE optical Hall effect

SE spectroscopic ellipsometry

Si silicon

SiC Silicon carbide

SKPM Scanning Kelvin probe microscopy

STEM scanning transmission electron microscopy

QFS quasi-free-standing

THz terahertz

TO transverse optical

RS Raman spectroscopy

µ-RSI micro-Raman spectroscopy imaging

2DEG two-dimensional electron gas
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