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Abstract
The subject of this thesis is the evaluation of the wide band gap semiconductor β-
Ga2O3 for high power electronics. For this purpose, layers grown with metal-organic
vapor phase epitaxy (MOVPE) and bulk crystals grown by Czochralski method
(Cz) are electrically and optically characterized. On the one hand, the fundamental
properties of the material are hereby investigated, understand and compared to the
theoretical predictions. On the other hand, the influence and formation of defects
is investigated. This analysis helped the crystal growers to improve the material
quality and bring the electrical properties of β-Ga2O3 to its theoretical limits.

At the beginning of this work the MOVPE grown layers showed unfavorable
electrical properties as they were fully compensated for charge carrier concentrations
below 1018 cm−3 and showed low mobilities ranging from 30 cm2/Vs to 10 cm2/Vs
for charge carrier densities ranging from 1018 cm−3 to 1019 cm−3. A quantitative
model of the detrimental influence of incoherent twin boundaries on the electrical
properties is developed showing that the prevention of the formation of these is the
key to improve the material. The density of incoherent twin boundaries was reduced
from 1012 cm−2 to 108 cm−2 by introducing a proper miscut along [001̄] direction
to the (100)-oriented substrates resulting in improved, bulk-like mobilities ranging
from 140 cm2/Vs to 50 cm2/Vs for charge carrier densities ranging from 1017 cm−3

to 1020 cm−3. As a result of this, the MOVPE grown layers are used in high power,
demonstrator devices, which provides a promising outlook for the use of β-Ga2O3
in future power electronics.

Raman spectroscopic investigations of highly n-type doped crystals reveal the for-
mation of an impurity band, give insight in the effective-mass like shallow donor na-
ture of silicon and tin, and show additional Raman forbidden, longitudinal phonon-
plasmon modes due to the Fröhlich scattering mechanism or free-electronic-charge-
density fluctuations scattering lifting the Raman selection rules.

The relative static dielectric constant εr of β-Ga2O3 perpendicular to the planes
(100), (010), and (001) is determined to 10.2± 0.2, 10.87± 0.08, and 12.4± 0.4,
respectively, by measuring the AC capacitance of correspondingly oriented plate
capacitor structures, which clearly evidence the anisotropy expected for β-Ga2O3
due to its monoclinic crystal structure. The εr data resolve the inconsistencies in
the previously available literature data with regard to absolute values and their
directional assignment and therefore provide a reliable basis for the simulation and
design of devices.

The generation of bright, red electroluminescence in reverse biased Schottky
barrier diodes based on β-Ga2O3 single crystals co-doped with chromium and silicon
is shown. The electroluminescence of chromium is representative of the ability to
excite the luminescent states of other transition metals. Such light emitting Schottky
barrier diodes may open up a new application field of β-Ga2O3, which can reduce
the risk of investing in this material.
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Zusammenfassung
Das Thema dieser Arbeit ist die Bewertung des Halbleiters β-Ga2O3, welcher sich
durch eine breite Bandlücke auszeichnet, für die Hochleistungselektronik. Zu diesem
Zweck werden Schichten, die mit metallorganischer Gasphasenepitaxie (MOVPE)
und Volumenkristalle, die mit der Czochralski-Methode (Cz) gezüchtet wurden, elek-
trisch und optisch charakterisiert. Einerseits werden die grundlegenden Eigenschaf-
ten des Materials untersucht, verstanden und mit den theoretischen Vorhersagen
verglichen. Andererseits wird der Einfluss und die Bildung von Defekten untersucht.
Diese Analyse verhalf den den Kristallzüchtern die Materialqualität zu verbessern
und somit die Materialeigenschaften an ihre theoretischen Grenzen zu bringen.

Zu Beginn dieser Arbeit zeigten die MOVPE-gewachsenen Schichten ungünstige
elektrische Eigenschaften, da sie für Ladungsträgerkonzentrationen unter 1018 cm−3

fast vollständig kompensiert waren und niedrige Ladungsträgerbeweglichkeiten von
30 cm2/Vs bis 10 cm2/Vs für Ladungsträgerdichten von 1018 cm−3 bis 1019 cm−3 zeig-
ten. Ein quantitatives Modell des schädlichen Einflusses inkohärenter Zwillingsgren-
zen auf die elektrischen Eigenschaften wird entwickelt, das zeigt, dass die Vermei-
dung der Bildung dieser Grenzen der Schlüssel zur Verbesserung des Materials ist.
Die Dichte der inkohärenten Zwillingsgrenzen wurde von 1012 cm−2 auf 108 cm−2

reduziert, indem ein geeigneter Fehlschnitt entlang der[001̄] Richtung zu den (100)-
orientierten Substraten eingeführt wurde, was zu verbesserten Beweglichkeiten wie
in den Volumenkristallen führte, die von 140 cm2/Vs bis 50 cm2/Vs für Ladungsträ-
gerdichten von 1017 cm−3 bis 1020 cm−3 reichen. Infolgedessen werden die MOVPE-
gewachsenen Schichten in Hochleistungs-Demonstratorbauelementen verwendet, was
eine vielversprechende Perspektive für den Einsatz von β-Ga2O3 in der zukünftigen
Leistungselektronik bietet.

Ramanspektroskopische Untersuchungen an hoch n-dotierten Kristallen zeigen
die Bildung eines Störstellenbandes, zeigen, dass Silizium und Zinn Donatoren sind,
welche der Effektiv-Massen-Näherung genügen, und zeigen zusätzliche Raman verbo-
tene, longitudinale Phononen-Plasmonen-Modi aufgrund des Fröhlich-Streu-
mechanismus oder Schwankungen in der freien Ladungsträgerdichte, die die Raman-
Auswahlregeln aufheben.

Die relative statische Dielektrizitätskonstante εr von β-Ga2O3 senkrecht zu den
Ebenen (100), (010) und (001) wird mit 10.2± 0.2, 10.87± 0.08, und 12.4± 0.4 be-
stimmt, durch Messung der Wechselstromkapazität von entsprechend ausgerichteten
Plattenkondensatorstrukturen, die die aufgrund seiner monoklinen Kristallstruktur
für β-Ga2O3 erwartete Anisotropie eindeutig belegen. Die Daten εr lösen die In-
konsistenzen in den bisher verfügbaren Literaturdaten in Bezug auf Absolutwerte
und deren Richtungszuordnung und liefern damit eine zuverlässige Grundlage für
die Simulation und Konstruktion von Bauelementen.

Die Erzeugung von heller, roter Elektrolumineszenz in rückwärtsbetriebenen
Schottky-Barriere-Dioden auf Basis von β-Ga2O3-Einkristallen, die mit Chrom und
Silizium dotiert sind, wird gezeigt. Die Elektrolumineszenz von Chrom ist repräsen-
tativ für die Fähigkeit, die strahlenden Übergänge anderer Übergangsmetalle anzu-
regen. Solche lichtemittierenden Schottky-Barriere-Dioden können ein neues Anwen-
dungsgebiet von β-Ga2O3 eröffnen, wodurch das Risiko einer Investition in dieses
Material reduziert werden kann.
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1 Introduction
”The protection of the climate will cost money. But that money is a good invest-
ment. If we ignore the climate change, it will cost us even more.”1 said German
chancellor Angela Merkel in a speech at German Bundestag and assured investments
in this area. Furthermore, she stated: ”Thus, pricing is a mechanism, which enables
innovation in places, which politics cannot even imagine.”2, with which she hold the
research responsible for the success of the venture. Both the investment and the
responsibility of research are expressed in the research projects planned in Germany
and Europe. In Germany the 7. Energieforschungsprogramm der Bundesregierung
[9] and in Europe the Horizon 2020 [10] programs tackle the challenges of climate
change and a constantly increasing total consumption of electricity worldwide. Both
challenges remembers us about the limits of resources of our planet earth and the
sustainable usage of them. The total amount of electricity consumed worldwide
increases by about 3 % each year and was about 26.6 PWh (1 PWh = 1012 kWh) in
2018.[11, 12] The never ending demand for energy is fought by generating even more
energy with various methods like burning fossil fuels, using renewable resources, or
nuclear energy.[11, 12] Since the fossil reservoirs are finite and the disposal of nuclear
waste is still unsolved, a share of 25 % to 50 % of the German energy generation is
predicted to be taken by renewable energy sources to tackle the twice as high energy
consumption in 2050.[13, 14] But, where is all this energy used? Almost two-thirds
of the energy consumption is wasted by heat dissipation.[15] The mankind usage of
resources has a huge saving potential just by an improved system design. One of the
main problems is the conversion between AC and DC, which is not only important
for digital devices or industrial applications like aluminum smelting, but also to have
an efficient transport of electrical power over long distance, which is getting more
relevant with using renewable energy sources. Such AC and DC converter are made
from semiconductor power electronics.

With the improvement of power electronics, science is trying to reduce the waste
of energy during power conversion. Power converters are necessary to transform
the current and voltage into the work area of all devices in our daily life like high
voltage power supplies, photo voltaic inverter, motor driver, wind turbines or in rail
transport or aerospace.[16] Different materials are competing in being adapted for
industrial production of highly efficient power electronics. To compare the strengths
of the materials and get an overall performance ranking, two relevant figure of
merits are commonly used: The Baliga figure of merit (BFOM)[17] estimating DC
conduction losses and Huang’s material figure of merit (HMFOM)[18] considering
dynamic switching losses show how well a material is suitable for power electronics.
Both have in common to include the break down field (|EC|) as a function of |EC|3.
Since |EC| increases with increasing band gap EG of the semiconductor, the research
and development focus on wide band gap semiconductors like 4H-SiC (EG = 3.25 eV)
and GaN (EG = 3.44 eV).[19] Nowadays, power converters based on Si, 4H-SiC and

1loosely translated from: ”Der Klimaschutz wird Geld kosten. Dieses Geld ist gut eingesetzt.
Wenn wir ihn ignorieren, wird es uns mehr kosten.”

2loosely translated from: ”Deshalb ist das Thema der Bepreisung [...] ein Mechanismus, der
Innovation auch dort stattfinden lässt, was wir uns in der Politik gar nicht ausdenken können.”
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CHAPTER 1. INTRODUCTION

GaN have an efficiency of 90 % to 98 %.[20–22] The missing 2 % to 10 % are lost due
to Joule heating.

Monoclinic gallium sesquioxide (β-Ga2O3) is the most recent candidate for com-
mercial power devices. It is gaining increased interest, because of:

(i) Its fundamental materials properties: With a band gap of 4.7 eV to
4.9 eV [23–27] resulting in a theoretically predicted |EC| = 8 MV/cm,[28] a
reasonable electron mobility of up to about 200 cm2/Vs to 300 cm2/Vs at room
temperature,[28–31] and the feasibility to dope it n-type by Si or Sn over a
wide range of 1014 cm−3 to 1020 cm−3 [32–36], β-Ga2O3 has a BFOM three
times larger than GaN, factor 10 larger than 4H-SiC and factor 3400 larger
than Si.[28] HMFOM is in the same order as GaN.

(ii) Affordable, large diameter, native substrates: It is possible to grow
bulk crystals of β-Ga2O3 from the melt which ensures the availability of large
diameter, native substrates at a low price. Bulk crystal growth using floating
zone method (FZ),[32, 37, 38] Bridgman method,[39] the Czochralski method
(Cz),[40–43] or edge-defined film-fed method (EFG)[44, 45] has been demon-
strated.

(iii) Possibility to grow functional layers by various deposition methods:
Homoepitaxial growth of β-Ga2O3 functional layers on such substrates is there-
fore the method of choice and has been performed by molecular beam epitaxy
(MBE),[34, 46] halide vapor phase epitaxy (HVPE),[35] or metal-organic vapor
phase epitaxy (MOVPE).[47–49]

(iv) Recent fabrication of high power transistors: High power demonstrator
devices have been lately reported showing promising results.[28, 50–53]However,
these first attempts of high power devices show performances which are far
behind theoretical expectations, as the charge carrier mobility in the layers
is lower than expected and the critical breakdown field is also smaller than
expected, which is limited by the commonly used gate dielectrics.

Even if the demonstrator devices have not yet shown competitive results on SiC
and GaN, the theoretical potential of β-Ga2O3 still gives much attractiveness to
the research community to investigate the challenges more deeply, and to overcome
the problems to finally use the full potential of over 99 % device efficiency of power
converters. This would reduce the dissipated heat in power conversion by a factor
of 2 to 4. A better understanding of β-Ga2O3 and the improvement of the material
quality is therefore a condicio sine qua non.

The focus of this thesis is the electrical and optical characterization of β-Ga2O3
layers grown by MOVPE and bulk crystals grown by Cz. The aim is, on the one
hand, to understand fundamental properties of the material (chapter 5) and, on the
other hand, to understand the influence and formation of defects (chapter 6). The
direct feedback to the crystal growers helped them to further develop the material
and to push the material properties to their theoretical limits. This is necessary for
a complete evaluation of whether an investment in β-Ga2O3 is worthwhile for power
electronics industry.
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CHAPTER 1. INTRODUCTION

There are also still fundamental questions concerning the doping of β-Ga2O3.
First, it is controversial whether the dopants Si and Sn are effective-mass-like shal-
low donors[54] in β-Ga2O3 or whether they exhibit only metastable shallow states
with a DX-center like behavior.[55, 56] Second, the growth of highly conductive crys-
tals using the Czochralski method leads to spiral formation.[42] These substrates are
needed for vertical power devices. The influence of the spiral growth on the crys-
tal quality is questioned. Both questions are dealt with by Raman spectroscopic
investigations presented in the section 5.2

We observed low doping efficiencies and low electron mobilities (10 cm2/Vs to
30 cm2/Vs) for Sn doped layers grown on (100) oriented substrates.[49] Below an
electron concentration n of about 5× 1017 cm−3, a Hall effect could not be measured
at all, equivalent to a mobility collapse. Recently, similar electrical behavior was
reported for β-Ga2O3 layers heteroepitaxially grown on c-plane sapphire substrates
by low pressure chemical vapor deposition.[57] On the other hand, doped β-Ga2O3
bulk crystals grown from the melt exhibit much higher electron mobilities at room
temperature: µ = 130 cm2/Vs at n ≈ 1018 cm−3.[58] Such mobility values are in
agreement with theoretical predictions that take account of the most important
mechanisms of phonon and impurity scattering.[29–31] Hence, other mechanisms
must be responsible for the observed reduction of the mobility and its collapse
below a certain electron concentration. Since we showed in previous studies that
layers grown homoepitaxially on (100) oriented substrates by MOVPE may suffer
from a high density of twin lamellae,[49, 59] it seems likely that these extended
defects have detrimental effects on the electrical properties. The influence of such
extended defects, namely incoherent twin boundaries, on the electrical properties
is investigated in section 6.2. Using proper substrate orientations the formation of
incoherent twin boundaries suppressed or even fully prevented, which is shown in the
sections 6.3&6.4. The prevention of incoherent twin boundaries lead to high quality
material with bulk-like charge carrier mobilities. This makes it possible to analyze
the point defects leading to the characterization of the unintentional background
doping in these MOVPE layers. In the sections 6.5&6.7 the electrical properties of
the here investigated layers are compared to lately reported results on layers grown
by HVPE, MBE, PLD or also MOVPE. From all these results an empirical formula
for the general mobility limit in β-Ga2O3 is derived.

Demonstration power devices, used for the evaluation of the material, are realized
on the technologically most relevant surfaces of β-Ga2O3, i.e. (100), (010), or (001).
Hence, the direction of the electric field in the space charge region underneath the
Schottky contacts or the gates is primarily perpendicular to one of these planes.
For device design, in particular for the calculation of the electric potential and the
field distribution in the active region, the relative static dielectric constant εr has
to be known. However, despite the monoclinic unit cell suggesting an anisotropy
of several properties, an isotropic εr was assumed in the past. As one fundamental
property the anisotropy of εr is investigated in section 5.1.

Since it will be too risky for most investments if the material serves only one
application area, the research carried out here deals with other application possi-
bilities resulting from the feasibility of n-type doping simultaneously with the large
band gap. As with GaN, where the high power devices and the light emitting diodes
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CHAPTER 1. INTRODUCTION

pushed the material to commercialization. The large band gap offers the possibility
to use β-Ga2O3 as host material for optically active ions, including the transition
metal chromium. The intraband transitions of Cr3+ are famous due to the prominent
red photoluminescence of ruby and were also reported in β-Ga2O3. The generation
of bright, red electroluminescence in reverse biased Schottky barrier diodes based on
β-Ga2O3 single crystals co-doped with chromium and silicon is shown in section 5.3.
The electroluminescence of chromium is representative of the ability to excite the lu-
minescent states of other transition metals. Hence, high temperature light emitting
Schottky barrier diodes may open up an additional application field of β-Ga2O3.
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2 Physics of Semiconductors
This chapter is about the fundamental properties of semiconductors to serve the
understanding of the following investigations in this thesis. This will include consid-
erations of the electronic band, phonon modes, electrical active defects and charge
transport and will lead to the introduction of a basic device, namely the Schottky
barrier diode, which is the basis for some used characterization methods.

2.1 Crystal structures and energy bands
In a perfect single crystal the atoms are arranged periodically given by its crystal
structure. The crystal structure can be arbitrarily complex – from simple cubic to
triclinic, rhombohedral, or hexagonal depending on the material each structure is
conceivable. Hereby, the unit cell of the crystal – which is the smallest repeatable
unit in the crystal – gives the crystal structure and the arrangement of the atoms.
The atoms within a crystal become so close to each other, that their discrete energy
levels overlap. Through the fermionic nature of electrons and the Pauli principle,
it is not possible that two electrons occupy the same quantum state. A quantum
state includes quantum numbers that carry information on spin, energy E, and
momentum (k in reciprocal space) – where the two latter quantum numbers describes
what we call an orbital. Due to the overlap of the energy levels, energy bands E(k)
form in such a crystal, which depend on the orbitals and the arrangement of the
atoms in the unit cell. Additionally, the filling of the states within the bands depend
on the composition of the material.

Figure 2.1: Band structures E(k) of:
(a) a direct semiconductor, and
(b) an indirect semiconductor.
The semiconductors are distinguished by the position of the conduction band EC
minimum (CBM) related to the position of the valence band EV maximum (VBM).
If the CBM and the VBM are at the same value of k, the semiconductor will be called
direct, else the semiconductor will be called indirect. The Fermi level EF is located
in the middle of CBM and VBM in intrinsic semiconductors.

A schematic of such a band structure E(k) of intrinsic semiconductors is illus-
trated in Fig. 2.1. The upper, blue line represents the conduction band EC and
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2.2 Charge carrier statistics

the lower, blue line represents the valence band EV. In intrinsic semiconductors
at T = 0 K no states in the conduction band and all states in the valence band
are filled. Hence, the Fermi energy EF is located in between in the so called band
gap EG which is calculated by EG = EC − EV. In this case no charge transport
will take place. However, it is possible to occupy the conduction band states with
electrons by increasing the temperature or illuminating. Through exciting of charge
carriers in a semiconductor surmounting the energy gap, they take part in electrical
transport (see section 2.3). The charge carriers, who participate in the transport,
can not move freely, but are influenced by the surrounding crystal structure. There-
fore, the mass is renormalized (effective mass m∗) by the periodic potential to a
value that is smaller than the free-electron mass. From the free-electron dispersion
E(k) = ~2k2/2m the mass of the charge carrier is inversely proportional to the
curvature of the dispersion relation [60]:

m∗ = ~2
(

d2E(k)
dk2

)−1

(2.1)

Using the effective mass, it is possible to treat the charge carriers in a semiconductor
as free charge carriers in calculations.

Moreover, it is possible to distinguish between indirect and direct semiconductors
when looking at the band diagram E(k). In Fig. 2.1(a)&(b) the band structure of
a direct and an indirect semiconductor is illustrated, respectively. If the conduction
band minimum (CBM) and the valence band maximum (VBM) are at the same
k value, we will call the semiconductor direct. On the other hand, if the CBM
and the VBM are at different values of k, we will call the semiconductor indirect.
In a direct semiconductor there is no momentum needed to excite charge carriers
from the valence band maximum to the conduction band minimum. Additionally,
no complex effects such as spin-valley splitting are expected. Since the band gap
of gallium oxide can be treated as a direct one (energy difference between direct
and indirect transition is very small),[54] we will focus in the following only on the
physics of direct semiconductors.

2.2 Charge carrier statistics
The properties of semiconductors can be strongly influenced by defects. The inten-
tional tuning of the properties by defects is the main advantage for the usability of
semiconductors in devices. Typical intrinsic defects are vacancies or self-interstitial
atoms in the host lattice. There can also be extrinsic defects like substitutional or
foreign-interstitial atoms or even extended defects like grain boundaries or disloca-
tions. All these defects, regardless of whether they are intentionally or unintention-
ally incorporated due to the synthesis of the material lead to new energy states in
the system, with the energy states within the band gap most influencing the prop-
erties of the semiconductor. As a result, it is possible to excite charge carriers from
the introduced new energy states into the conduction band, which thus contribute
to charge transport. Anyway, the charge carriers have to overcome the energy to
the conduction band by thermal excitation. Hence, the free charge carrier density of
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2.2 Charge carrier statistics

semiconductors is temperature-dependent, because when increasing the temperature
the Fermi surface is smearing out, i.e. the border between occupied and unoccupied
states is not sharp anymore and higher energy states get occupied. Hence, more and
more electrons can overcome the band gap energy EG due to thermal activation (see
fig. 2.2).

Figure 2.2: Temperature-dependent (a) charge carrier density and (b) Fermi energy in a semi-
conductor:
(a) The temperature-dependent charge carrier density is given for two different dop-
ing concentrations.
(b) The temperature-dependent Fermi energy is plotted for the charge carrier den-
sity ND. EC is the minimum of the conduction band, ED is the donor level, Ei the
intrinsic energy and EV the maximum of the valence band. The Fermi energy EF(T )
is in the middle of the band gap in the intrinsic area (I) and also in the middle of the
donor level in the reserve area (III). The depletion area (II) is between area (I) and
area (III), where the Fermi level increases from (I) to (III). ND is the doping concen-
tration. The three areas are also visible in the temperature-dependent charge carrier
density. The respective ionization energies can be roughly calculated by the slopes
of the linear parts. A more sophisticated way to determine the ionization energies is
the fitting of the charge neutrality equation 2.7. (After Ref. [61])

A semiconductor is called intrinsic, when charge carriers only get excited from
the valence band to the conduction band. There are neither donor nor acceptor
levels. An intrinsic semiconductor behaves with temperature like shown in area I of
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fig. 2.2 over the whole temperature. The Fermi-Dirac statistics has to be considered
for charge carriers since these are fermions. However, at room temperature and
especially for wide band gap semiconductors it is possible to simplify the calculation
by applying the Maxwell-Boltzmann distribution. The charge carrier density for an
intrinsic semiconductor (p = n) is given as [61]:

ni = pi =
√
NC

effN
V
eff e−EG/2kBT = 2

(
kBT
2π~2

)3/2

(m∗nm∗p)3/4 e−EG/2kBT , (2.2)

where kB is the Boltzmann constant, m∗e (m∗p) is the effective mass of the electrons
(holes) and NV

eff (NC
eff) is the density of states at the band edge of the valence (con-

duction) band (temperature-dependent) and is given by:

NV,C
eff = 2

(
m∗p,ekBT

2π~2

) 3
2

. (2.3)

The conductance and the charge carrier density of semiconductors can be increased
by impurities. The deliberate addition of impurities to a semiconductor is called
doping. The charge carrier density of a n-type (electrons as majority charge carriers)
semiconductor is [61]:

n ≈
√
NC

effND e−ED/2kBT , (2.4)

whereby ND is the density of donators related to the doping concentration. ED is
the energy gap between the donor level and the conduction band (see fig. 2.2 (b)).
This is the mainly contributing part in electrical transport in area (III).
In the depletion area (II) of fig. 2.2 the temperature is in the regime where the
excited electrons of the valence band do not play a role in conductivity, since the
temperature is to low to excite the electrons from the valence band to the conduc-
tance band. All donor levels are ionized. Thus in area (II) [61]:

n ≈ ND = const. . (2.5)

Impurities with a small ionization energy (ED for electrons) are often called shal-
low impurities. With these the charge carrier concentrations can be best adjusted
in controlled meadow by doping. In most cases, these shallow impurities have ap-
proximately the same ion radii as the host lattice atoms and take up substitutional
lattice positions as single-charged ions. The energy levels of these shallow acceptor
and donor states can therefore be calculated using the effective-mass-theory and the
hydrogen model by:

ED = 1 Ry · m
∗

ε2
r

=
(

13.6m
∗

ε2
r

)
eV , (2.6)

with m∗ is the effective mass of the charge carriers given by the periodic potential of
the crystal and εr is the static dielectric constant which reflects the screening of the
Coulomb potential of the singly charged impurity by the semiconductor host crys-
tal. The concentration of donors and acceptors, and their ionization energy can be
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determined by fitting the charge neutrality equation to the temperature-dependent
Hall effect measurements (see section 3.1.2). The charge neutrality equation is:

n+N−A = p+N+
D , (2.7)

where N+
D (N−A ) is density of ionized donators (acceptors).

The effective-mass-theory is only applicable for shallow impurities, but unfor-
tunately not for deeper impurities. The properties of deep impurities requires the
consideration of the entire band structure and not only near the band extremum (as
with the effective mass). This comes especially from the delocalization of the wave
functions in the impulse space (k-space) as a consequence of the strong localization
of the wave function by bound states of the deep impurities in the local space. Since
the deep impurities often act as charge carrier traps or recombination centers, their
presence can be detrimental on the utilization of a semiconductor. Traps reduce
the overall charge carrier density by binding a free charge carrier and recombina-
tion centers decrease the lifetime of charge carriers and therefore hamper the charge
transport. Therefore, it is necessary to properly describe and characterize the deep
impurities. Unfortunately, it is quite difficult to describe and measure the actual
electronic structure of a deep impurity and its underlying physical transition mecha-
nism. However, the Schockley-Read-hall model (SRH-model) helps to describe deep
traps in an empirical manner by its capture coefficients cn, cp, the emission rates en,
ep, and the energetic level ET. It is possible to draw conclusions from the absolute
values of the temperature-dependent capture coefficients on the charge state and
the charge transition mechanism. For instance, charge carrier traps with capture
cross sections of >10−14 cm2, 10−14 cm2 to 10−17 cm2, or <10−17 cm2 are commonly
attractive, neutral, or repulsive, respectively. Depending on if it is an electron or
hole trap, it is possible to conclude on the charge transition of the trap, e.g. an
ionized donor is positively charged and therefore an attractive electron trap.

Figure 2.3: Energy diagram of a semiconductor with a deep trap in its band gap. Electron
transitions between a singly charged impurity and the valence or conduction band. In
the Schockley-Read-Hall model, the impurity is described by the capture coefficients
cn, cp, the emission rates en, ep, and the energetic level ET.

In Fig. 2.3 four types of interaction of impurities with the bands are presented
after the SRH-model, which are electron/hole capture/emission. In the SRH-model,
these interactions are treated as independent from each other. In non-equilibrium,
the time-dependent change of the electron concentration in the conduction band can
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be described by the rate equation, which is important for impurity spectroscopic
investigations. Using the emission and capture rates it is possible to describe the
time t dependence of the concentration of traps occupied by electrons nT by:

dnT
dt = (cn + ep)(NT − nT)− (en + cp)nT , (2.8)

with the total trap concentration NT. The capture rate of electrons can be expressed
as:

cn = σn〈vn〉n , (2.9)
and for holes:

cp = σp〈vp〉p , (2.10)
where σn (σp) is the capture cross section for electrons (holes) on a deep level, and
the product of thermal velocity:

〈vn,p〉 =
√√√√3kBT
m∗e,p

, (2.11)

and charge carrier concentration n, p is the number of carriers available for capture
per unit time. The capture cross section σn,p is an intrinsic property of the defect
and can give rise on its nature. At thermal equilibrium there is no net change in
the in the occupancy, thus the balance of emission and capture process has to be
considered. The principle of detailed balance must hold and therefore the balance
of emission and capture of both electrons and holes has to be fulfilled separately,
which lead to the following two equations:

ennT = cn(NT − nT) and ep(NT − nT) = cpnT . (2.12)

From these equations it follows that in thermal equilibrium the occupancy of the
trap is given by:

nT
NT

= cn
cn + en

= ep
ep + cp

. (2.13)

Since this can be also expressed by the Fermi-Dirac distribution and the charge
carrier density can be expressed by applying the Maxwell-Boltzmann distribution,
we derive the emission rate of electrons from a trap with energy ET as:

en = g0

g1
cnN

C
eff exp

(
−EC − ET

kBT

)
, (2.14)

or the emission rate of holes from a trap with energy ET:

ep = g1

g0
cpN

V
eff exp

(
−ET − EV

kBT

)
, (2.15)

with g0 and g1 are the degree of degeneration of the unoccupied and occupied impu-
rity, respectively. Inserting cn,p from equations 2.9&2.10, 〈vn,p〉 from equation 2.11,
and NC,V

eff from equation 2.3, we get the expressions for the emission rates:

en(T ) = A
g0

g1
σnT

2 exp
(
−EC − ET

kBT

)
, (2.16)
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or the emission rate of holes from a trap with energy ET:

ep(T ) = A
g1

g0
σpT

2 exp
(
−ET − EV

kBT

)
, (2.17)

with A = 2
√

3(2π)− 3
2k2

Bm
∗
e,p~−3 collecting all intrinsic material properties and show-

ing clearly the temperature dependence.
The energy difference of the trap to the respective band (EC − ET) and (ET −

EV), and the capture cross section σn,p are the values determined by experiments
like Deep-level-transient-spectroscopy (DLTS) (see section 3.1.4). Unfortunately,
electrical measurements with variable temperature can not reveal exactly the energy
due to the change of the band gap with temperature. The emission of a carrier
can be interpreted as the change in chemical potential for the formation of a free
carrier and an ionized defect. The reaction of taking an electron from the trap level
to the conduction band is actually a change in Gibbs free energy, which itself is
temperature-dependent:

∆G(T ) = ∆H − T∆S . (2.18)

Putting this into equations 2.16&2.17, we get:

en(T ) = σn exp
(

∆S
kB

)
A
g0

g1
T 2 exp

(
−∆H
kBT

)
, (2.19)

or the emission rate of holes:

ep(T ) = σp exp
(

∆S
kB

)
A
g1

g0
T 2 exp

(
−∆H
kBT

)
, (2.20)

Hence, the activation energy determined by the electrical measurements is strictly
speaking an enthalpy and we observe experimentally the apparent capture cross
section:

σna,pa = σn,p exp
(

∆S
kB

)
. (2.21)

Usually, one type of charge carriers (electrons or holes) dominates the transport in
the semiconductor. The dominating charge carrier is called majority charge car-
rier and the other one minority charge carrier. The capture and emission of the
minority charge carrier can be neglected since majority traps are measured in the
corresponding half of the band gap. The time-dependent occupancy of traps given
by equation 2.8 can be solved by choosing the boundary conditions properly. E.g.
in the depletion region of a Schottky barrier diode (see section 2.5), which is the
device under test in DLTS, it is meaningful to assume that all traps are filled with
electrons: nT(t = 0) = NT. Moreover, no free carriers are available for capture and
therefore cn = 0. Hence, the emission transient can be described as:

nT(t) = NT exp (−ent) . (2.22)

This equation will be important for the DLTS measurements described in section
3.1.4.
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2.3 Charge transport in semiconductors
This section describes the electrical transport in semiconductors. The influence of
light is not considered. Charge transport in semiconductors can be described as a
sum of independent electron and hole currents. This can be described by the formula
for the conductivity σ [61]:

σ = e(nµn + pµp) , (2.23)

whereby e is the elementary electric charge, µn(µp) is the mobility of electrons (holes)
and n(p) is the charge carrier density. As shown in equation 2.23 the conductivity is
defined by the charge carrier density and the mobility. The behavior of the charge
carrier density is discussed in section 2.2. We will focus here on the mobility µ.

In general the mobility of a charge carrier in an external electric field E is given
by:

µ = |vD|
|E| , (2.24)

with vD is the drift velocity of an electron in a semiconductor. The mobility is
usually given in units of cm2/Vs.

In the field-free case the drift velocity is zero (|vD| = 0) and the charge transport
is dominated by diffusion. In the presence of an external electric field E, the charge
carriers move concerning the Drude-model:

vD = qτ

m
E , (2.25)

where q = ±e is the charge of the charge carrier, m is the mass of the charge carrier,
and τ is the associated relaxation time. The relaxation time is the time constant
with which a non-equilibrium distribution relaxes into equilibrium by impacts when
the external disturbance is switched off, i.e. it is the mean free time between two
impacts. To achieve a microscopic consideration of the mobility in a semiconductor,
we have to take into account the density of states at the band edges by using the
effective mass m∗. Hence, the mobility µn,p in a semiconductor is:

µn,p = qτ

m∗e,p
. (2.26)

While the effective mass m∗e,p is intrinsically given by the band structure of the
semiconductor, the relaxation time τ can depend on various intrinsic and extrinsic
influences. In case of an n-type semiconductor impacts on electrons can happen
due to scattering at electrons (e), ionized impurities (II), neutral impurities (NI),
non-polar acoustic phonons (NAP), non-polar optical phonons (NOP), polar optical
phonons (POP), dislocations, or grain boundaries (see section 2.4 for the nature of
phonons). All these scattering effects are assumed to be independent on each other,
therefore the total relaxation time τtot can be calculated using Matthiessen’s rule:

1
τtot

= 1
τe

+ 1
τII

+ 1
τNI

+ 1
τNAP

+ 1
τNOP

+ 1
τPOP

+ 1
τextended defects

+ ... (2.27)
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The type of scattering can be derived due to the different temperature dependence of
these scattering effects. The dominant scattering mechanism for high temperatures
like room temperature is the phonon scattering (µ ∝ T−

3
2 ). For low temperatures

the dominating scattering mechanism is scattering on impurities (µ ∝ T+ 3
2 ). How-

ever, for higher doping concentrations the scattering on ionized impurities gets more
pronounced at room temperature, which leads to a reduction of the total mobility.
This is exemplary shown for β-Ga2O3 after Ma et al. in Fig. 2.4.[29] They take
into account the most important mechanisms of phonon and impurity scattering
and show, that scattering of electrons on polar optical phonons is the mobility lim-
iting scattering process in β-Ga2O3. This scattering mechanism is so dominant in
β-Ga2O3, that even though it has with m∗ = 0.28m0 [54] a comparable effective
mass to silicon with m∗transversal = 0.192m0 [62], the room temperature electron mo-
bility for a similar charge carrier concentration is with 150 cm2/Vs [29] one order
of magnitude lower than that of silicon with 1430 cm2/Vs.[62] m0 is hereby the free
electron mass.

Figure 2.4: Theoretical electron mobility as a function of the electron concentration at 300 K
calculated after the empirical formula for β-Ga2O3 by Ma et al. [29]. With increas-
ing doping concentration the scattering on ionized impurities gets more pronounced
leading to reduced electron mobility.

2.4 Vibrational properties of semiconductors
This section is about phonons and their coupling to the free electron plasma. This
is important to understand the here conducted Raman spectroscopic investigations
(see section 3.2.3 for the experimental details and section 5.2 for the results).

2.4.1 Phonons
As in section 2.1 already introduced, a crystal is distinguished by a periodical ar-
rangement of the atoms in a lattice that follows a certain crystal structure. However,
these lattice atoms do not sit rigidly in their positions, even more the atoms have
the possibility to vibrate in their positions to release energy to its lattice. The vi-
brational motion can propagate like a wave through the lattice like in a Newton’s
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cradle. The excitation of vibrations accompanied with the propagation of vibra-
tional waves through a crystal can be explained using a quasiparticle called Phonon.
In the following. we will discuss the physics of phonons at the example of a linear
crystal (1D) with a unit cell length of a and two types of atoms with different mass.
The phonon dispersion of such a crystal is shown in Fig. 2.5.

Figure 2.5: Phonon dispersion of the acoustical (blue, solid line) and optical (orange, solid line)
phonon mode of a linear crystal with a unit cell length of a and two types of atoms
with different mass.

A linear crystal lattice formed out of two types of atoms can be divided in
two sublattices only containing one type of atom. The phonons in such a lin-
ear crystal containing more than one type of atoms can be classified in acoustical
phonons, for which the sublattices oscillate as a single chain, and optical phonons,
for which the sublattices oscillate against each other. The acoustic branch describes
the dispersion-free propagation of sound waves. The optical branch only exists in
crystals with more than one type of atom. E.g. in the cubic fcc structure, in
which many metals crystallize, the smallest possible elementary cell contains only
one atom. Such crystals therefore only have acoustic branches. The same applies to
the cubic bcc structure. A crystal with N atoms in the smallest possible elementary
cell has 3N phonon modes, from which 3 are acoustical phonon modes and (3N −3)
are optical phonon modes.

In the linear crystal only phonon excitation along the direction of the chain is
possible, which means the phonons are longitudinal. However, in a real crystal which
is three dimensional an excitation of phonons orthogonal to the chain is possible.
Therefore, phonons can be further distinguished in transversal and longitudinal
phonons depending on the direction of propagation relative to the direction of atomic
displacement of the phonon.

Concluding, the phonon modes in a crystal are typically classified in transversal
acoustic phonon modes (TA), longitudinal acoustic phonon modes (LA), transversal
optical phonon modes (TO), and longitudinal optical phonon modes (LO).

Since in optical modes the sublattices oscillate against each other and these
sublattices carry different charge, the optical modes are polar modes and create an
oscillating electric field in the direction of the atom displacement (longitudinal).
This oscillating crystal field acts against the displacement. Consequently, the LO
phonon modes are higher in energy than the TO phonon modes, which lifts there
degeneracy in the vicinity of the Γ-point (q = 0).

Near the Γ-point, the energy of the acoustical phonons vanishes, while the op-
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tical phonons exhibit a finite energy. Therefore, optical phonons can be probed
optically by photons which show only vertical transitions in the energy dispersion
E(q) since photons only have an energy, but no momentum which can interact in
the q-direction. There are different methods to observe the optical phonon modes
in a crystal and their applicability depends on the selection rules for the transition.
An optical phonon mode that changes the dipole moment between the atoms by
moving the positive charges within an elementary cell in the opposite direction to
the negative charges couples to an external alternating electric field (e.g. infrared
radiation). Therefore, such an phonon mode is called "infrared-active" (IR-active)
and can be detected by transmission measurements in the infrared wavelength. An
optical phonon mode that changes the size of the polarizability ellipsoid around the
atoms by moving the atoms closer to each other and further away from each other
is called Raman-active (for more details see section 3.2.3). It is possible that an
optical phonon mode is both Raman-active and IR-active. However, the rule of
mutual exclusion states that in crystals with an inversion symmetry, phonon modes
are either Raman-active or IR-active. β-Ga2O3 has such an inversion symmetry (see
section 4.1).

2.4.2 Phonon-plasmon coupling

In the presence of charge carriers plasmons are formed. Plasmons are quasiparticles
describing the propagation of oscillations in the plasma, i.e. oscillations in the charge
carrier density n. The plasma frequency can be calculated by:

ωplasma =
√

ne2

ε0εrm∗
. (2.28)

IR-active phonon modes couple to the plasmon excitation. Thereby, two branches of
longitudinal phonon plasmon (LPP) modes develop. Their frequency at the Γ-point
can be written as:

ωLPP± =

√√√√1
2

(
ω2
LO + ω2

plasma ±
√(

ω2
LO + ω2

plasma

)2
− 4ω2

TOω
2
plasma

)
(2.29)

where ωLO and ωTO are the frequencies of the LO and TO phonon modes, respec-
tively. The LPP modes are shown in Fig. 2.6. For low charge carrier concentrations,
which represents the case of substantially no coupling, it is shown that the upper
branch LPP+ approaches the LO phonon mode and the lower branch LPP− ap-
proaches the plasma frequency, which approaches zero. For higher charge carrier
densities, the upper branch LPP+ approaches the plasma frequency and the lower
branch LPP− approaches the TO phonon moden frequency. Opposite to the LO
phonon, the TO phonon frequency itself does not shift, i.e. in general, the LPP+,
LPP− and TO modes are observed simultaneously.
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Figure 2.6: Dependence of the phonon energy on the charge carrier concentration due to phonon-
plasmon coupling at the Γ-point. The uncoupled longitudinal phonon mode ωLO
(black, dashed line), the uncoupled transversal phonon mode ωTO (black, dashed
line), the plasma frequency ωplasma (black, dotted line), and the longitudinal optical
phonon-plasmon mode ωLPP± (blue, solid line) are shown.

2.5 Schottky barrier diode – a basic semiconduc-
tor device

In this thesis, the capacitance-voltage (C-V) and DLTS measurements (see section
3.1.4) were performed using Schottky contacts (metal-semiconductor contacts with
charge depletion zone) as device under test (DUT). These devices are called Schottky
barrier diodes (SBD) due to their rectifying behavior. A detailed essay about the
SBD can be found in the Ref. [63]. A SBD is a unipolar device with a charge
depletion zone, which forms when a metal and a semiconductor with a difference
in work function and electron affinity are brought into contact. The energy scheme
of a SBD based on a n-type semiconductor is shown in Fig. 2.7. The Fermi level
between metal and semiconductor is balanced, resulting in a band bending and a
Schottky barrier of the height:

qφB = q(φm − χ) , (2.30)

with q is the elementary charge, φm is the work function of the metal, and χ is
the electron affinity of the semiconductor. The bend bending can be calculated by
solving the Poisson’s equation:

d2ϕ

dx2 = −dF (x)
dx = −ρ(x)

εrε0
, (2.31)

where εr is the static dielectric constant of the semiconductor, ε0 is the vacuum
permittivity, ρ(x) is the space charge density, and F (x) is the electric field at the
point x. The intimate contact of the metal with the n-type semiconductor leading
to the boundary conditions ρ(x < W ) = eND, ρ(x > W ) = 0, and dϕ(x>W )

dx = 0,
whereW is the depletion layer width and the semiconductor is assumed to be neutral
outside the charge depletion layer and all donors are fully ionized inside the depletion
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2.5 Schottky barrier diode – a basic semiconductor device

layer. The results for the SBD are identical to those of the one-sided abrupt p-n
junction and we obtain [63]:

W =

√√√√2εrε0

eND

(
Vbi − V −

kBT
e

)
, (2.32)

F (x) = eND

εrε0
(W − x) = Fmax −

eND

εrε0
x , (2.33)

ϕ(x) = eND

εrε0
(Wx− 1

2x
2)− φB , (2.34)

where Vbi is the build in voltage of the SBD, V is the externally applied voltage,
Fmax is the maximum field strength which occurs at x = 0, and the term kBT

e
arises

from the contribution of the mobile carriers to the electric field.

Figure 2.7: (a) Energy band diagram of a metal and semiconductor before bringing them in
contact.
(b) Energy band diagram of a Schottky contact after bringing a metal and an n-
type semiconductor in contact. The scheme is without reverse bias (thermodynamic
equilibrium). The Fermi level between metal and semiconductor is balanced, resulting
in a band bending. (after Ref. [63])

The total charge Q accumulated at the depletion layer can be simply calculated
by integrating the space charge density ρ(x) over the volume of the depletion layer :

Q =
∫
ρ(x) dx dA = eNDWA = A

√√√√2eεrε0ND

(
Vbi − V −

kBT
e

)
, (2.35)

where A is the area of the Schottky contact. The capacitance of the Schottky contact
can then be calculated with:

C = dQ
dV = A

√√√√ eεrε0ND

2
(
Vbi − V − kBT

e

) = εrε0A

W
. (2.36)
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The doping concentrationND of the semiconductor can be determined by a capacitance-
voltage measurement using equation 2.36, which can be written in the form:

1
C2 =

2
(
Vbi − V − kBT

e

)
A2eεrε0ND

. (2.37)

The derivative after the voltage V leads to:

d
(

1
C2

)
d (−V ) = 2

A2eεrε0
→ ND = 2

A2eεrε0

d (−V )
d
(

1
C2

) . (2.38)

The current transport over a Schottky barrier diode can be assumed to be excited due
to thermionic emission. The current density J in case of pure thermionic emission
is:

J = A∗T 2 exp
(
− eφBkBT

) [
exp

(
eV

kBT

)
− 1

]
, (2.39)

with the material specific Richardson constant:

A∗ = em∗ek2
B

2π2~3 . (2.40)
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3 Characterization Methods
With the help of the knowledge about the fundamentals of semiconductor physics
described in the previous chapter, the characterization methods used in this work
are presented in this chapter. The first section is about the electrical characteriza-
tion including resistivity and Hall effect measurements using the Van der Pauw
method, capacitance-voltage (C-V) measurements and deep-level transient spec-
troscopy (DLTS) measurements. The second section is about the optical character-
ization including UV/visible transmission spectroscopy, Raman spectroscopy, and
photoluminescence and electroluminescence spectroscopy. The third and last section
is about all other characterization methods, which were used to support the analy-
sis of the main characterization methods. It includes the structural characterization
using transmission electron microscopy (TEM) and atomic force microscopy (AFM)
and the chemical characterization using secondary ion mass spectrometry (SIMS)
and inductively coupled plasma – optical emission spectrometry (ICP-OES). At the
end of each section, a brief overview of the literature on the respective method will
be given, which has also partly been used in the writing of the section.

3.1 Electrical characterization
The predominant characterization methods used in this thesis are the electrical
characterization of the layers and bulk crystals. Since an application in high power
electronics is the aim, the material β-Ga2O3 is evaluated by its electrical properties.
A general introduction to the characterization methods is given in the following
sections.

3.1.1 Resistivity measurements – Van der Pauw method
The van der Pauw method is a method to determine the in-plane sheet resistance
of homogeneous thin samples [64]. It is named after L. J. van der Pauw and this
section is based on his papers [64, 65]. The van der Pauw method is independent
of the shape of the sample. If the thickness of the sample is known, it is possible
to determine the in-plane resistivity. It is also possible to do Hall measurements
[64, 65]. The requirements for the van der Pauw method are:

(i) the contacts must be at the edge of the sample

(ii) the sample must have a homogeneous thickness

(iii) there must not be any topological holes in the sample, the film has to be
self-contained

(iv) the contacts have to be infinitesimal in size

For the investigated samples the requirements 1& 3 are fulfilled, and requirement 2
is sufficient fulfilled, with a maximum deviation of the thickness of 5 %. The fourth
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requirement can not be fulfilled as it is not possible to produce contacts with an
infinitesimal size, which will produce an error in the measurement depending on the
size of the contacts and the shape of the sample. Before it is possible to quantify
the measurement error, it is necessary to understand the measurement principle.

Figure 3.1: Schematic of the operating mode of the van der Pauw method for a cross shaped
sample: The current flows between A and B and the voltage is measured between
D and C. The equipotential lines show the location where the voltage is measured.
(Reprint from Ref. [66])

With the example of a cross shaped sample (see fig. 3.1), the operating mode
of the van der Pauw method becomes apparent. The method is a four point mea-
surement method. The current is applied between A and B. Equipotential lines
are depicted in between. The voltage measured between D and C is the voltage
at the equipotential lines in the center of the sample (marked with arrows). The
measuring area is the central part of the sample, this accords to the square shaped
sample. The only difference between the cross shaped and the square shaped sample
is the ratio between the size of the contacts and the size of the contacted arms of the
sample leading to a larger measurement error when using the square shaped sample.
However, the accuracy is sufficient for the here conducted investigations.

Figure 3.2: Schematic of the van der Pauw method for a square shaped sample: The voltage
(V ) is measured between two neighboring contacts opposite the two current (I)
contacts. These configurations were measured in both direction respectively with
positive current and negative current.
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The resistance is calculated by the slope of the resultant V(I)-curve, which was
checked to be linear for the assurance of ohmic contacts. It is necessary to measure
the resistance in horizontal and vertical configuration (see fig. 3.2). The resistances
are:

RAB,DC = VDC

IAB
and RDA,CB = VCB

IDA
, (3.1)

whereby the indices stands for the configuration of one I(V) sweep. Both configura-
tions are measured with positive and negative current, which should give the same
results at full ohmic behavior. The resistivity is calculated by the van der Pauw
formula[64]:

ρ = πd

ln 2
RAB,DC +RBA,CD +RDA,CB +RAD,BC

4 f , (3.2)

where d is the thickness of the sample and f is a form factor from the transcendental
equation:[65]

cosh
(
RAB,DC/RDA,CB − 1
RAB,DC/RDA,CB + 1

ln 2
f

)
= 1

2 exp
{

ln 2
f

}
. (3.3)

3.1.2 Hall effect measurements
The Hall coefficient can be determined at the same van der Pauw sample. The
current IBD is applied between two non-adjacent contacts and the voltage VCA is
measured orthogonal between the other two contacts (see fig. 3.3). The magnetic
field B is applied perpendicular to the film.

Figure 3.3: Schematic of the Hall measurement method for a square shaped sample: The voltage
(VCA) is measured between two non-adjacent contacts. Orthogonal to the voltage the
current (IBD) is applied between the other two contacts. Also orthogonal to current
and orthogonal to voltage a magnetic field (B) is applied.

Hence, the charge carriers experience the force F of:

F = q(E + vD ×B) (3.4)
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with E is the electric field, vD is the drift velocity and B is the magnetic field. The
Hall coefficient RH is determined by the generated voltage from the Lorentz force
according to the equation [61, 65]:

VCA = RH

d
IBD|B| . (3.5)

In materials with only one carrier type, the sign of the Hall coefficient yields the
type of charge carriers. A positive Hall coefficient indicates that the majority charge
carrier type are holes. This material is called p-type. The material is called n-type
when the Hall coefficient is negative. In β-Ga2O3 the majority charge carriers are
electrons. Taking into account the resistivity determined by the van der Pauw
method, it is also possible to determine the charge carrier mobility:

µ(T ) = σ(T ) ·RH(T ) = RH(T )
ρ(T ) . (3.6)

Assuming a single band model one can determine the charge carrier density n from
the Hall coefficient:

n = r

qRH
, (3.7)

where q is the charge of the charge carriers and r is the Hall scattering factor.
The Hall scattering factor can be determined by the behavior of the temperature-
dependent mobility, because µ ∝ τ (mean scattering time) and the temperature
dependence of µ is an indicator for the main scattering mechanism. The Hall scat-
tering factor depend on the scattering mechanism expressed by the mean scattering
time τ as [63]:

r = 〈τ
2〉
〈τ〉2

. (3.8)

The Hall scattering factor for β-Ga2O3 was calculated to be in the range from 1.2
to 1.7 for temperatures ranging from 77 K to 650 K by A. Parisini and R. Fornari
with r(300 K) ≈ 1.6.[30] A. Parisini and R. Fornari assumed scattering on acoustic
phonons to be the dominant scattering process at room temperature, which is con-
troversially discussed by other groups who dealt with the transport in β-Ga2O3 and
concluded the scattering on polar optical phonons to be the dominant scattering
mechanism at room temperature.[29, 31] Due to the unfinished discussion, the real
value of the Hall scattering factor is still unclear. Since other research groups use a
Hall scattering of r = 1 for the investigation β-Ga2O3, r = 1 is also used in the here
conducted research for better comparison. Nevertheless, it is important to have the
scattering factor in mind, especially when comparing two complementary methods
like Hall effect measurements and C-V measurements (see section 3.1.3).

Summarizing, the mobility is calculated using the equation:

µ = 1
qρn

. (3.9)

To determine the Hall coefficient, the applied current IBD was kept constant and the
magnetic field B was varied from −300 mT to 300 mT.
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3.1.3 Capacitance-voltage and current-voltage measurements
The basis for the capacitance-voltage (C-V) and current-voltage (I-V) measurements
are SBDs introduced in section 2.5. C-V and I-V measurements are conducted by
default to pre-characterize the SBDs. Mappings of SBD arrays are performed for
homogeneity tests. From I-V measurements it is possible to derive the ideality-factor
η and the rectifying ration I(V = 1 V)/I(V = −1 V), which give rise on the quality
of a SBD. The current in a SBD is:

I(V ) = AA∗T 2 exp
(
− eφBkBT

)[
exp

(
eV

ηkBT

)
− 1

]
, (3.10)

with A is the area of the contact, T is the temperature, e is the elementary charge,
φB is the Schottky barrier height, kB is the Boltzmann constant, V is the applied
voltage, η is the ideality-factor, and A∗ is the material specific Richardson constant:

A∗ = em∗ek2
B

2π2~3 . (3.11)

The ideality-factor η is one for ideal diodes with transport due to thermionic emission
(see section 2.5) and increases if other effects like generation and recombination of
charge carriers takes place within the depletion layer of the SBD. For SBDs with
1 < η < 1.5 and I(V = 1 V)/I(V = −1 V) > 104 the shallow doping concentration
ND was determined by C-V measurements using the equation 2.38 of section 2.5:

ND = 2
A2eεrε0

d (−V )
d
(

1
C2

) . (3.12)

Hence, typically C-V measurements are plotted as 1/C2 as a function of V , giving a
linear relationship that allows the identification of the shallow doping concentration
ND. It is also possible to examine a depth profile from this measurement, by plotting
ND(V ) point-wise over the depth:

x(V ) = εrε0A

C(V ) . (3.13)

The I-V measurements are performed using an electrometer with internal voltage
source (Keithley 237) and the C-V measurements are performed using a HP4284A
precision LCR meter (Hewlett Packard). We made sure that the loss tangent tan (δ)
was smaller than 0.1 to neglect the influence of the conductance on the AC capac-
itance measurement. The capacitance is measured using an AC signal with a test
frequency of 1 MHz with an amplitude of 100 mV.

3.1.4 Deep-level transient spectroscopy
Deep level transient spectroscopy (DLTS) is a powerful characterization tool to de-
termine the electronic properties and concentrations of deep level traps. Specifically,
DLTS enables determination of the trap signature by isolating the emission of ma-
jority carriers. It is the depletion region of a rectifying diode that is used to isolate
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the emission process, where minority carrier band interactions are considered negli-
gible, and the majority carrier capture is not happening due to the depletion of free
carriers.

Figure 3.4: Energy band diagram of a Schottky barrier diode for the biasing conditions during
the DLTS measurement.
(a) at reverse bias V = VR in equilibrium.
(b) at pulse voltage V = VP = 0 V.
(c) directly after turning off the pulse voltage at reverse bias V = VR.

The capacity DLTS measurement principle is described here using the example
of the generation of DLT-spectra of the majority carrier traps. As a device under
test a SBD on an n-type semiconductor is used. The energy band diagram for the
biasing conditions during the DLTS measurement is shown in Fig. 3.4. We apply
a reverse bias V = VR, hence the electron traps ET are not occupied by electrons
for 0 ≤ x < LR and are occupied by electrons for x ≥ LR (see Fig. 3.4(a)).
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Now, the reverse bias is pulsed to V = VP = 0 V using a rectangular pulse with
a duration tP (see Fig. 3.4(b)). This pulse is called the majority charge carrier
filling pulse. The electron traps in the region LP < x < LR capture electrons to
get into the thermodynamic equilibrium of semiconductor. If tP � (cnn)−1 (see
section 2.2 for capture coefficient cn), all electrons will be occupied and we call the
pulse a saturation pulse. After the pulse, again the reverse bias V = VR is applied,
but this time the space charge density is reduced by the electrons occupying the
electrons traps in the region LP < x < LR (see Fig. 3.4(c)). The system now
relaxes from the non-stationary state generated by the filling pulse as a result of
thermal electron emission from the electron traps in this region into the stationary
initial state. This process follows time constant which equals the inverse thermal
emission rate of the electron trap as described in equation 2.22 from section 2.2.
The associated change in the space charge is balanced by a simultaneous change in
the depletion layer width, which can be measured by measuring the capacitance in
capacitance transients:

∆C(en, t) = ∆C(t = 0) exp (−t · en) (3.14)

or

∆C(en, t)
C(t =∞) = NT

2ND
exp (−t · en) (3.15)

These capacitance transients are noisy with the measurement value ∆C(en, t) + r(t)
which is proportional to the output voltage of the capacitance meter. Therefore, the
signal is analyzed by multiplying it with a correlation function B(t) and temporally
averaging this product for a repetitive measurement cycle with the duration TM.
The DLTS-signal can be calculated by:

S = 1
TM

∫ TM

0
[∆C(en, t) + r(t)]B(t) dt . (3.16)

The actual DLTS measurement is performed by continually applying pulses and
measuring the capacitance transients while changing the temperature of the sample.
As the emission rate depends strongly on temperature (see equation 2.19), peaks
will appear at the temperatures corresponding to the maximum of the function
S = f(en(T )), which is called a DLTS-peak. If there is more than one electron trap
in the semiconductor, there will be more DLTS-peaks corresponding to the electron
traps’ emission rates en(T ). It is possible that these DLTS-peaks are superimposed.
The DLTS measurement principal is illustrated in Fig. 3.5 with a boxcar analysis as
the correlation function B(t). The boxcar analysis is set to B(t = t1±∆t) = +1 and
B(t = t2 ±∆t) = −1, else B(t 6= t1 ±∆t, t2 ±∆t) = 0, with ∆t � TM. Neglecting
the noise term r(t), this leads to:

S(en(T )) = ∆t
TM

[C(t1)− C(t2)] = ∆t
TM

∆C(t = 0) [exp (−t1 · en)− exp (−t2 · en)] .

(3.17)
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Figure 3.5: The DLTS measurement principal shown for a boxcar analysis.
(a) Capacitance transients at various temperatures after turning off the pulse voltage
during the DLTS measurement. The transients depend on the temperature T and
the emission rate of the respective electron trap en.
(b) The analysis of the difference in capacitance at two points in time (C(t1)−C(t2))
over the temperature give a temperature dependent signal with which it is possible
to determine en.

To extract the significant values for DLTS en(T ) and ∆C(t = 0), we have to
take a closer look at the boundary conditions in the peak maximum. In the peak,
maximum the temperature derivative must be zero:

dS(T )
dT = dS(T )

d (tien(T ))
d (tien(T ))

dT = 0 . (3.18)

For the boxcar analysis of the DLT-spectra the emission rate in the peak maximum
is:

en,max = (t1 − t2)−1 ln
(
t1
t2

)
. (3.19)

In the research conducted in this thesis deep-level transient Fourier spectroscopy
(DLTFS) was applied, which uses Fourier coefficients as the correlation function.[67]
The spectra shown in this thesis are calculated using the b1(t) Fourier coefficient as
the correlation function B(t) = b1(t) (see Fig. 3.6). The emission rate in the peak
maximum for the b1 Fourier coefficient can be calculated with:

τn,max

TM
= 4.388× 10−1 → en,max = 2.279

TM
. (3.20)
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Figure 3.6: The correlation function of the b1 Fourier coefficient of the DLTFS method.

Using the Arrhenius form of equation 2.19 we get:

ln
(
en
T 2

)
= ln

(
σnaA

g1

g0

)
− ∆H

kBT
, (3.21)

it is possible to extract the enthalpy and the apparent capture cross section of the
electron trap. For this equation it was assumed that NV,C

eff ∝ T
3
2 and 〈vn,p〉 ∝ T

1
2

(see section 2.2). With ∆H ≈ EC − ET we achieve the so-called T 2 correction of
the ionization energies and extrapolated capture cross sections from this Arrhenius
plot. All energies determined by DLTS in this thesis are the T 2 corrected ionization
energies. All Arrhenius plots in this thesis are plotted using the emission time τn(T )
as the ordinate, which can be easily transformed to the emission rate by:

en(T ) = 1
τn(T ) . (3.22)

The simplest approximation for the determination of the trap concentration is:

NT = 2ND∆C(t = 0)
C(t =∞) , (3.23)

which commonly underestimates the trap concentration. This concentration was
used for the scaling of the y-axis of the DLT-spectra shown in this thesis. The trap
concentration can be corrected by including a correction factor [68]:

NT = 2ND∆C(t = 0)
C(t =∞) · W 2

R

(WR − λ)2 − (WP − λ)2 , (3.24)

which slightly overestimates the trap concentration, but takes into account the
lambda layer correction resulting from crossover of the Fermi energy with the trap
energy due to the band bending within a SBD laying closer to the diode’s interface
than the calculated depletion width, with [68]:

λ =
√

2εrε0

e2ND
(EF − ET) . (3.25)

Both the simple approximation for the trap concentration and the corrected one
assume spatially uniform doping and NT � ND.

The DLTS spectra in this thesis were measured using cpacitance meter with an
AC measurement signal of 1 MHz and an amplitude of 100 mV. The pulses have a
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typical pulse width of tp = 100 µs � (cnn)−1 for n =1017 cm−3 to 1019 cm−3 and
typical capture coefficients, hence we use a saturation pulse. The typically applied
reverse bias is VR = −5 V and the pulse voltage is VP = 0 V. The typically used
measurement intervals are TM = 2 ms, 20 ms, 200 ms, and 2 s leading to emission
rates in the peak maximum for the b1 Fourier coefficient of en,max = 1140 s−1, 114 s−1,
11.4 s−1, and 1.14 s−1, respectively. Since the electronic degeneracies (g0, g1) of the
empty and occupied deep states are unknown, their ratio is set to one in our DLTS
investigation.

3.2 Optical characterization
The optical properties are important for the evaluation of β-Ga2O3 for other ap-
plications than power electronics, like optoelectronics and solar-blind UV photo
detectors. The large band gap of EG = 4.5 eV to 4.9 eV enables the doping with
optical active ions. Therefore, the absorption spectra of these optical active ions is
investigated using UV/vis transmission spectroscopy and the luminescence of these
optical active ions is investigated using photoluminescence and electroluminescence
spectroscopy. The phonon modes of β-Ga2O3 are investigated using Raman spec-
troscopy. Since the scattering of electrons at phonons is the dominant scattering
process at room temperature, this investigation is also important for the electrical
transport.

3.2.1 UV/Vis transmission spectroscopy
The UV/Vis transmission spectroscopy is strong tool in material characterization
to determine material properties like the absorption edge, which is approximately
the band gap for most semiconductors or insulator. Additionally, it is possible to
determine the refractive index in the transparent region of the material. Assuming
no absorption and no scattering the complex refractive index n(λ) = n1(λ) + in2(λ)
in dependence on the wavelength λ can be determined by measuring the reflectance
R or the transmittance T and using the formula [69]:

T = 1−R = 4n1

(n1 + 1)2 + n2
2

. (3.26)

The band absorption edge of a direct semiconductor can be determined by measuring
the transmittance T of the sample near the absorption edge and using the thickness
d of the sample to determine the absorption coefficient:

α(λ) = − ln (T (λ))
d

(3.27)

For a direct semiconductor the absorption edge is the linear extrapolation to the x-
axis in the plot of (αhν)2 as function of the photon energy hν. In this thesis UV/Vis
transmission spectroscopy is used for the determination of the absorption coefficient
of intracenter states of optically active ions in dependence on the concentration
of the ion to determine the absorption cross sections of these states. Therefore,
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a commercial spectrophotometer (Perkin-Elmer Lambda 1050) was used and the
transmittance was measured in the wavelength range from 200 nm to 2500 nm using
circular polarized light on (100)-oriented cleaved, step free β-Ga2O3 wafers.

More information on the various applications of UV/Vis transmission spec-
troscopy can be found in Ref. [69].

3.2.2 Luminescence spectroscopy
Photoluminescence (PL) spectroscopy is an often used optical method to character-
ize semiconductors. In photoluminescence measurement, the spectrum of radiative
recombination process of photogenerated charge carriers is analyzed. Typically,
charge carrier relax in potential minima like the conduction band minimum for
electrons or electron traps, before the radiative recombination process takes place.
Hence, it is possible to examine intrinsic and defect-related electronic transitions
in semiconductors and insulators by analyzing the radiative recombination process.
The energy of the radiative recombination process gives inside into the compensa-
tion of the semiconductor, the strain in the sample, and the doping concentrations.
It is also possible to detect the luminescence of optical active ions like chromium
in sapphire, which generates the prominent red luminescence of ruby. Moreover, it
is possible to detect optically active defects down to concentrations in the range of
1013 cm−3.

The PL measurements presented here are made at temperatures ranging from
5 K to 300 K at a laser wavelength of 488 nm, a beam diameter of 150 µm, and
excitation powers of 100 mW using a commercial microscope Raman spectrometer
HR 800 UV (Horiba Jobin Yvon) equipped with a liquid helium microscope. The
collected light is spectrally dispersed by a grating with either 600, 1800 or 2400
grooves per millimeter and detected with a charge-coupled device (CCD).

The electroluminescence (EL) is measured with the same set-up, but instead
of generating it by optical pumping, it is generated by reverse biasing a SBD on
β-Ga2O3.

More information on PL spectroscopy and numerous other optical techniques for
materials characterization can be found in [69].

3.2.3 Raman spectroscopy
Raman spectroscopy is a strong, non-destructive characterization method for crys-
tals and molecules. It can provide information on material properties such as crys-
tallinity, stress, temperature, and chemical composition. In a narrow sense Raman
scattering means the Stokes or Anti-Sokes shift of the excitation light by inelastic
scattering at optical phonons. In the broader sense, due to the possibility of the
excitation light or even the optical phonons interacting with electronic states and
free electrons, it is also possible to determine the charge carrier density and mobility
or the ionization energy of impurities. Since energy conservation has to be fulfilled,
the energy of the scattered light ~ωs in the Raman scattering process in the narrower
sense can be written as:

~ωs = ~ωi ± ~Ωp , (3.28)
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where ~ωi is the energy of the incident light and ~Ωp is the energy of the optical
phonon and the ± represents the possibility of a Stokes or Anti-Sokes shift. In
the case of a Stokes shift the process is schematically illustrated in Fig. 3.7. It is
visible that the Raman scattering process is a three step process, which is assembled
of (i) the absorption of the incident photon, (ii) the excitation or annihilation of a
phonon, as well as (iii) the emission of the scattered photon. All these processes have
an independent transition probability and can be quantum mechanically discussed
in the perturbation theory. The scattering probability P (ωs) for scattering by a
phonon with an energy of ~Ωp for the entire process of Fig. 3.7 is [70]:

P (ωs) = 2π
~

∣∣∣∣∣∣
∑
|1〉,|1′〉

〈0|ĤeR(ωs)|1′〉 〈1′|ĤeL(Ωp)|1〉 〈1|ĤeR(ωi)|0〉
[~ωi − (E|1〉 − E|0〉)][~ωi − ~Ωp − (E|1′〉 − E|0〉)]

∣∣∣∣∣∣
2

× δ(~ωi−~Ωp−~ωs)

(3.29)
with the electron-photon interaction Hamiltonian [70]:

ĤeR = e

m
Â · p̂ + e2

2mÂ · Â , (3.30)

where Â is the vector potential of the optical irradiation. The numerator of equation
3.29 gives rise about the selection rules for Raman-active transitions, which is clearer,
when discussed in in the macroscopic consideration of the Raman process below.

Figure 3.7: Scheme of the Raman scattering process in the quantum mechanical description.

In the following the macroscopic description of the Raman scattering process is
discussed. The interaction of light from the visible spectral range with the solid
state occurs via the polarizability of the valence electrons. An incident light wave
generates a polarization P with its electric field E via the susceptibility tensor χ̂,
i.e.

P = ε0χ̂E(ωi) . (3.31)

The presence of an excitation of phonons ξΩ, of the medium causes a modulation of
the wavefunctions of the medium and, in the first-order of perturbation theory the
polarizability is:

P = ε0

(
χ̂E(ωi) + dχ̂

dξΩ
ξΩpE(ωi)

)
. (3.32)

The periodic change of P comes from the second term and leads to the generation of
light, namely the scattered photon with energy ~ωs. The intensity of the scattered
light is commonly 106 times smaller than the intensity of the incident light. Decisive
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for the occurrence of a so-called Raman line is the non-disappearance of the suscep-
tibility derivative dχ̂

dξΩp
. The disappearance or non-disappearance of the derivative

depends on the crystal symmetry, i.e. the phonon modes, and the the geometry of
the set-up. The derivative can either disappear, because an optical phonon mode is
not Raman-active since the polarizability does not change at all due to this lattice
oscillation or the polarizibility does not change in the direction of the polarization
of the incident light. Typical vibrational modes that are Raman-active or inactive
in a linear chain with inversion symmetry consisting of two different atoms is shown
in Fig. 3.8.

Figure 3.8: Scheme of some vibrational modes in a linear chain with two different atoms and
inversion symmetry and their polarizability P.
(a) An Raman active mode is shown where dχ̂(q=0)

dξΩp
6= 0.

(b) An IR-active, but Raman-inactive mode is shown where dχ̂(q=0)
dξΩp

= 0.

In the Raman process the interaction of phonons with the electronic system take
place due to the deformation-potential interaction. The needed distortion of the
lattice, which changes the energies of electronic states, is created by all kinds of
phonons, i.e. polar TO and LO as well as nonpolar phonons. However, there can
also other scattering mechanisms taking place lifting the Raman selection rules. The
Fröhlich scattering interaction describes the interaction of the macroscopic electric
field of LO phonons with the electrons and holes in the crystal. Thus, Fröhlich
interaction is only relevant for LO phonons. If LO phonons are Raman-forbidden by
symmetry, it is possible to lift the selection rules by scattering via the defect-induced
Fröhlich mechanism, which can take place in crystals which are highly disturbed
due to high density of defects. Another possibility to lift the selection rules is the
scattering induced by charge-density fluctuations, where free charge carriers are pre-
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requisite for the process. Hence, this scattering mechanism will predominantly take
place in degenerate semiconductors and metals.

The Raman spectroscopic investigation are performed in backscattering geom-
etry from (100) surfaces of the β-Ga2O3 crystals using a commercial microscope
Raman spectrometer HR 800 UV (Horiba Jobin Yvon) equipped with a liquid he-
lium microscope cryostat enabling to measure at temperatures ranging from 5 K
to 300 K. The 488 nm (2.54 eV) line and the 514 nm (2.41 eV) line of an Ar-ion
laser and the 632.8 nm (1.96 eV) line of a He-Ne laser are used for optical exci-
tation. The incident laser light was circularly polarized by using a quarter-wave
plate. The backscattered light was collected through the same microscope objective
through which the incident light passes without analyzing the polarization. The
light is spectrally dispersed by a grating with either 600, 1800 or 2400 grooves per
millimeter and detected with a charge-coupled device (CCD).

More information on Raman spectroscopy and numerous other optical techniques
for materials characterization can be found in [69, 70].

3.3 Other characterization methods
All investigations and models are supported by the basic investigations of the mor-
phology and chemical composition of the samples. The following sections will give
a basic introduction to the working principles of the characterization methods used
for this purpose.

3.3.1 Structural characterization
The transmission electron microscopy investigation is performed by my colleague
Robert Schewski and is here mainly used for the characterization of extended defects
in the layers metal-organic vapor phase epitaxy (MOVPE) (see section 4.2.2). The
atomic force microscopy measurements are performed by my colleague Raimund
Grüneberg and are here mainly used to characterize the morphology of layers grown
by MOVPE.

Transmission electron microscopy

Transmission electron microscopy (TEM) is powerful tool to image crystal lat-
tices at very high resolution down to the atomic level. In contrast to ordinary
optical microscopy, electrons instead of photons are used for the imaging. The
advantage of electrons compared to photons is the possibility to generate much
smaller wavelengths by acceleration in strong electric fields. The here used TEM
uses an acceleration voltage of 300 kV, at which the electrons travel at a speed of
ve =

√
1− 1

1+300 keV/mec2
≈ 0.6c, where me is the mass of the electrons and c is the

speed of light. The electrons’ wavelength is calculated via the de Broglie equation:

λ = 2π~
p

with p = meve√
1−

(
ve
c

)2
→ λ ≈ 3.9 pm , (3.33)
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where ~ is the reduced Planck constant, p is the relativistic impulse of the elec-
tron. Such a small wavelength enables the atomic resolution, since the maximum
resolution of a TEM can be calculated according to the Rayleigh criterion or Abbe
resolution limit as for optical microscopes:

d = λ

2n sin (α) (3.34)

where d is the resolution, n is the refractive index, and α is half the aperture angle
of the objective lens system. Optical aberrations such as astigmatism, spherical
aberration and chromatic aberration, however, limit the maximum aperture angle
of the objective lens and, therefore, reduce the resolution of a TEM. Aberration
correctors are used to reduce these optical aberrations and increase image quality
and resolution.

In the normal imaging mode, a homogeneous, parallel electron beam is used. The
beam hits the sample along the surface normal. Within the sample, the electrons
are scattered according to the atomic structure. Electrons exiting the sample at
the same angle are being focused in a point in the focal plane of the microscope’s
objective lens. An aperture in this plane let only certain electrons pass, e.g. only
those which have not been scattered. This way, atoms of higher atomic number and
thicker objects lead to stronger scattering.

The beams can be distinguished in bright field and dark field electron beams.
In bright field images, only electrons in the optical axis of the microscope, which
have not been scattered, are being detected. In dark field images, the scattered
electrons in certain angles are being used for imaging.

High resolution TEM (HRTEM) of crystalline objects’ atomic structure uses
the coherence of the electron wave and the phase differences of the electron waves,
caused by interaction with the sample resulting in higher contrast and corresponding
higher resolution.

Selected area diffraction (SAD) refers to a mode in which the focal plane is
projected on the detector. The resulting electron diffraction pattern, which is the
Fourier transform of the crystal lattice, can be used to determine the crystal struc-
ture and orientation of a crystalline sample.

For all TEMmicrographs presented in this thesis, characterization was performed
with an aberration corrected FEI TitanTM 80-300 operated at 300 kV. For the cross
section TEM samples within the scope of this thesis, the material was first cut
into millimeter-sized pieces by diamond wire sawing. The pieces were glued against
each other face-to-face and were then thinned mechanically. As the last step, Ar
ion milling with a precision ion polishing system (PIPSTM) from Gatan Inc. was
applied until a small hole formed in the center of the sample, around which the
sample is only a few nanometers thick allowing HRTEM.

More details about TEM can be found in Refs. [71–73].

Atomic force microscopy

The atomic force microscope (AFM) allows the the atomic resolution of the mor-
phology of surfaces. It uses a cantilever with an atomically fine tip, which scans
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over the surface, where the atomic forces between surface and tip cause a deflection
of the cantilever, that can be measured with optical sensors. Between the cantilever
tip’s atoms and the sample’s surface atoms act attractive Van der Waals forces at
larger distances and repulsive steric effects at smaller distances. When moving the
tip over the surface differences in the surface morphology lead to a difference in the
cantilever deflection, which is detected by the change in reflection angle of a laser
diode beam. The lateral resolution depends on the curvature radius of the used tip
and is about some nanometer. The height resolution is in the atomic scale of some
angstrom.

The AFM used for the measurements within the context of this thesis is a
Bruker Dimension Icon, which was operated the non-contact PeakForce QNM tap-
ping mode. In non-contact mode, the cantilever is oscillating at a fixed frequency
and deviations from this frequency are being measured while scanning over the
surface. Here, only the attractive van der Waals interaction exerts a force on the
cantilever, which ideally never gets into direct contact with the surface.

In the conducted research, AFM was primarily used for the determination of the
surface morphology and the growth mode of the layers grown by MOVPE.

A general overview on AFM can be found in Ref. [74, 75].

3.3.2 Chemical characterization
The secondary ion mass spectrometry (SIMS) is mainly used to determine the con-
centration of impurities in the layers grown by MOVPE. The inductively coupled
plasma – optical emission spectrometry (ICP-OES) is mainly used to determine
the concentration of impurities in the bulk samples. Since the whole sample in-
cluding the substrate is dissolved in this technique, it is not suited to chemically
characterize the layers. The SIMS measurements are performed by RTG Mikroanal-
yse GmbH Berlin and the ICP-OES measurements are performed by my colleague
Rainer Bertram.

Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is used to determine the exact chemical
composition of thin films by sputtering the surface by a primary ion beam. The
primary ions are accelerated in the keV range and focused on the sample’s surface,
knocking out secondary ions, which are filtered by their mass and detected. Thus,
the characteristic mass of the secondary ions give rise about the composition of the
sample. It is a destructive analysis method, as the examined material is sputtered
by the primary ion beam. However, a depth profile of the composition can be de-
termined this way. The secondary ions are typically filtered by either a magnetic
sector mass spectrometer, a time-of-flight mass spectrometer, or by a quadrupole
mass spectrometer consists of four parallel, equally long rods, of which the two op-
posites each have the same potential. Since different primary ions lead to a different
secondary ion yield, different primary ion beams are used for different materials to
be analyzed. The secondary ion current depends on he primary ion current, the
fraction of the target’s particles sputtered as ions, the total number of sputtered
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particles (both ions and neutral particles) per incident ion, the concentration of the
element to be detected in the sputtered volume, and the overall collection efficiency
of the SIMS instrument.

Within the scope of this thesis, SIMS volume concentrations and SIMS depth
profiles were collected with a CAMECA IMS 4f and 4fE6 using Cs+ and O+

2 as
primary ions, respectively.

Detailed background information on the working principles and applications of
SIMS can be found in Refs. [76, 77].

Inductively coupled plasma – optical emission spectrometry

Inductively coupled plasma – optical emission spectrometry (ICP-OES) is an ana-
lytical technique used for the detection of chemical elements. It is used to analyze
the composition and the doping concentration of bulk crystals or minerals. This
technique is a combination of the two things, a generation of a plasma and the
detection by a spectrometer.

First the sample has to be dissolved using a proper acid or base. To gain quan-
titative values for the concentration precise control of the quantity of material is
mandatory. The solution containing the sample is then put into an analytic nebu-
lizer. The nebulizer sprays the solution into a plasma torch made with argon gas
of 7000 K. The plasma is generated using coils operated with high power radio
frequency. The atoms of the solution are ionized in the plasma and radiation of
material characteristic wavelength is generated when electrons recombine into atom
shell states.

The so generated characteristic light is collected in a spectrometer analyzing the
absolute intensity and the characteristic wavelength of the elements. The intensity of
each line can be compared to a standard which is previously generated using samples
with known impurity concentrations. In this way it is possible to quantitatively
determine the impurities and their concentrations.

Dopant concentrations investigated in this thesis are measured with an ICP-OES
IRIS Intrepid HR Duo (Thermo Fisher Scientific, USA). The spectrometer is cali-
brated with synthetic solution standards. The samples are prepared by microwave
digestion with HNO3 (220 ◦C, 20 min).
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4 β-Ga2O3 – Fundamental
Properties, Used Material and
Preparation
This chapter is about some fundamental properties of β-Ga2O3, which are necessary
to understand the investigations conducted in this thesis. Additionally, the used
material is introduced, which are either bulk crystals grown by the Czochralski
method (Cz) or layers homoepitaxially grown by either metal-organic vapor-phase
epitaxy (MOVPE) or halide-vapor phase epitaxy (HVPE). Finally, the preparation
of ohmic contacts as well as Schottky contacts is shown, which both form the basis
for the here conducted research.

4.1 Fundamental properties of β-Ga2O3

4.1.1 Crystal structure and phonon modes in β-Ga2O3

The room-temperature thermodynamically stable phase of gallium sequioxide is the
monoclinic β-Ga2O3 phase which belongs to the C2/m space group and is shown
in Fig. 4.1. The oxygen atoms form a distorted face-centred cubic (fcc) sublattice.
The gallium atoms occupy all of the distorted octahedral and half of the distorted
tetrahedral positions of the oxygen sublattice, consequently the gallium atoms are
equally distributed between tetrahedral and octahedral sites.[78]

Figure 4.1: The scheme of the monoclinic unit cell of β-Ga2O3 is illustrated using VESTA.[79]
There are two distinct gallium sites a tetrahedral one Ga(I) (green) and an octahedral
one Ga(II) (blue) and three distinct oxygen sites, one four-fold coordinated oxygen
O(II) (yellow), and two three-fold coordinated oxygen O(I) (red) and O(III) (purple).

The unit cell consist of two times the primitive cell leading to the lattice pa-
rameters a = 12.214Å, b = 3.0371Å, c = 5.7981Å, and β = 103.83◦.[78] The
crystallographically inequivalent sites of different coordination in the unit cell lead
to corresponding inequivalent site realizations for defects and impurities in β-Ga2O3.
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The space group C2/m is characterized by the symmetry operations: (i) a 180◦ ro-
tation symmetry C2, (ii) a horizontal mirror plane σh and (iii) an inversion center
i. Hence, no piezo-eletricity and no optical activity is expected. Additionally, the
rule of mutual exclusion applies for β-Ga2O3, which means that the optical phonons
are either Raman-active or IR-active. The primitive unit cell of β-Ga2O3 consists
of 10 atoms [25] which results in 30 phonon modes of which 27 are optical modes
and 3 acoustical phonon modes. At the Γ-point, these belong to the irreducible
representation [80, 81]:

Γopt = 10Ag + 5Bg + 4Au + 8Bu , (4.1)
where the indices g and u stand for modes with even parity and odd parity, respec-
tively. The modes Ag and Bg with even parity are Raman active and the modes Au
and Bu with odd parity are IR-active. The Raman phonon modes in β-Ga2O3 are
shown in Tab. 4.1

phonon mode A(1)
g B(1)

g B(2)
g A(2)

g A(3)
g A(4)

g A(5)
g B(3)

g
Ωp [cm−1] 111.0 114.8 144.8 169.9 200.2 320.0 346.6 353.2

phonon mode A(6)
g A(7)

g B(4)
g A(8)

g B(4)
g A(9)

g A(10)
g –

Ωp [cm−1] 416.2 474.9 474.9 630.0 652.3 658.3 766.7 –

Table 4.1: The Raman-active phonon modes in β-Ga2O3 after Ref. [81].

4.1.2 Band structure and mobility in β-Ga2O3

From the crystal structure it is possible to calculate the band structure using density
functional theory (DFT), so it was done by Peelaers et al. in Ref. [82]. The resulting
band structure is reprinted in Fig. 4.2.

Figure 4.2: Band structure for β-Ga2O3 calculated using DFT. The fundamental band gap, which
is indirect, has a magnitude of 4.84 eV. The direct band gap at Γ is only 0.04 eV
larger (4.88 eV). (Reprint from Ref. [82])

From this calculated band structure we can conclude that we can treat β-Ga2O3
as a direct semiconductor with a band gap of EG = 4.88 eV, since the difference
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between the direct and the indirect transition is quite small with 0.04 eV. Addition-
ally, the lowest conduction band EC is dominated by Ga 4s-states showing nearly
isotropic dispersion resulting in an effective electron mass m∗e at the Γ-point of 0.27
to 0.28 m0. Due to the flat valence band EV maximum dominated by O 2p-states,
holes in β-Ga2O3 are heavy holes with m∗p � me. Additionally, self-trapped holes
(small polarons) with trapping energies about 0.5 eV form in β-Ga2O3.[83] Thus,
ineffective p-type charge transport by hopping is expected. Furthermore, we expect
a polarization dependence of the optical gap due to the O 2p-states forming the
valence band maximum. Therefore, a focus on unipolar, n-type devices is a natural
choice.

The main scattering process of electrons at room temperature is the scatter-
ing on polar-optical phonons.[29, 84] While Ma et al. did their calculations with
isotropic scattering,[29] Ghosh and Singisetti calculated and anisotropy of 20 % in
the scattering on polar-optical phonons.[84] However, since the mobility is isotropic,
the electron transport in β-Ga2O3 will show an anisotropy of 20 % at the most,
although even higher values could be expected due to the low symmetry of the
monoclinic crystal structure.

4.2 Used material

4.2.1 Bulk crystals grown by Czochralski method

Figure 4.3: Scheme of a Czochralski growth furnace. (Reprint from Ref. [85])

Mainly for substrates for the homoepitaxial growth of functional layers, but also
for the investigation of fundamental properties of β-Ga2O3 Czochralski(Cz) grown
bulk crystals are used. The growth of the crystals is performed by my colleague
Zbigniew Galazka and described in several publications.[3, 41–43, 85] A scheme of
the Czochralski method is shown in Fig. 4.3. The β-Ga2O3 single crystals are pulled
out of the melt in the [010] direction. This is the only possible low indices direction,
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since the (100) and (001) planes are easy cleavage planes in β-Ga2O3, which causes
tear-off the melting edge during growth in these directions. The so achieved crystals
have a diameter of up to two inch.

Figure 4.4: Photographic image of Czochralski grown β-Ga2O3 single crystals doped with various
impurities.

Doping in the melt with various impurities, like magnesium, cobalt, nickel, alu-
minum, chromium, silicon and tin was presented, whereby the latter two are n-type
dopants to achieve conductive material and the first three form deep-acceptors com-
pensating the unintentional n-type doping and leading to semi-insulating material.
The different impurities also effect the coloration of the crystals, which is shown Fig.
4.4. The semi-insulating crystal show a yellowish coloration, the highly conductive
crystals a blueish coloration, the chromium doped crystals a greenish coloration and
unintentionally doped crystals are more or less fully transparent.

The conductive and semi-insulating crystals are cut into substrates with the
surface orientation according to the (100) orientation with a random miscut of up
to 0.4◦, which is shown in Fig. 4.5. The damage layer of the polishing is etched by
phosphoric acid at 140 ◦C for 15 min, which is assumed to be isotropic. Afterwards
a thermal etching step in oxygen ambient at 900 ◦C for 2 h is performed. Followed
by an dip in hydrofluoric acid to passivate the surface. The so achieved epi-ready
surface of the substrate is controlled by AFM measurements (see Fig. 4.5(d)).

Figure 4.5: Illustration of the preparation from β-Ga2O3 bulk crystal to the epi-ready substrate.
(a) Photographic image of a semi-insulating, two inch, Czochralski grown β-Ga2O3
bulk single crystals. (reprint from Ref. [3])
(b) Photographic image of a two inch wafer with the surface oriented to the (010)-
plane and a thickness of 10 mm. (reprint from Ref. [42])
(c) Photographic image of 10 mm × 10 mm substrates with the surface oriented to
the (100)-plane. The edges are oriented along the [010] and [001] directions.
(d) AFM image of an epi-ready substrate. Surface steps related to the random miscut
are visible.
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4.2.2 Layers grown by metal-organic vapor-phase epitaxy

The most β-Ga2O3 layers investigated in this thesis are homoepitaxially grown by
metal-organic vapor-phase epitaxy (MOVPE) on the epi-ready substrates introduced
in the previous section. The MOVPE growth was performed by my colleagues
Michele Baldini, Günter Wagner, Saud Bin Annoz, Raimund Grüneberg, and An-
dreas Popp and is reported in various journal articles.[7, 47–49, 86] The growth
process is illustrated in Fig. 4.6. Fig. 4.6(a) shows a photographic image of the
used commercial vertical low-pressure MOVPE reactor (Structured Materials In-
dustries, Inc.) and Fig. 4.6(b) shows a scheme of the MOVPE growth process. A
bubbler is filled with an organic precursor which is characterized by its high vapor
pressure forming a gas layer on top of the liquid phase. In our case, triethylgallium
(TEGa) is used as the metalorganic source of gallium. Argon is used as a carrier
gas to transport the TEGa from the bubbler to the reactor. To grow β-Ga2O3 an
oxygen source is needed. Here, O2 is used. Both precursors are mixed in the shower
head of the reactor and then pushed by argon towards the substrate. The substrate
is placed on a rotating holder, which is also a susceptor heated by inductively cou-
pling from the heater. When the precursor reaches the hot substrate, the precursor
thermally dissociates and the metal condense at the substrate and the rest of the
precursor evaporates and is pumped out to the exhaust. The metal reacts with the
other precursor and crystallizes epitaxially on the substrate. It is also possible to
dope during the MOVPE growth, by adding another precursor and mixing it to the
vapor in the shower head. In our case triethyltin (TESn) and tetraethyl orthosil-
icate (TEOS) are used as a tin and silicon source, respectively, to achieve n-type
conductivity in the β-Ga2O3 layers.

MOVPE growth is widely used in industry due to its fast growth rate, the easy
controllability of the process and due to a good lateral homogeneity, the possibility
to scale up the process. Since the evaluation of β-Ga2O3 for power electronics is the
aim, the growth by MOVPE is a natural choice.

Figure 4.6: Illustration of the metal-organic vapor-phase epitaxy (MOVPE) process.
(a) Photographic image of commercial vertical low-pressure MOVPE reactor (Struc-
tured Materials Industries, Inc.)
(b) Scheme of the MOVPE reactor.
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4.2.3 Layers grown by halide-vapor phase epitaxy
To compare the results of the MOVPE grown layers, we ordered layers homoepitax-
ially grown by halide-vapor phase epitaxy (HVPE) from Novel Crystal Technology,
Inc. Japan (NCT). The layers are grown on (001) oriented substrates cut out of
edge-defined film-fed grown (EFG) crystals. The HVPE growth of β-Ga2O3 was
reported in Refs. [35, 52, 87]. The growth process is schemtically shown in Fig. 4.7.
The growth of β-Ga2O3 is performed in an atmospheric-pressure horizontal hot-wall
HVPE system. Hereby, GaCl and O2 are used as the precursors and N2 is used as
the carrier gas. The GaCl is generated in a separate chamber by the reaction of
Ga metal with Cl2 gas at 850 ◦C. SiCl4 is used as a source for the silicon dopant to
achieve n-type conductivity. All precursors are transported to the substrate which
is at 1000 ◦C. Hence, the precursor dissociate and the metal and oxygen react with
each other and crystallize epitaxially on the substrate. HVPE reaches the up to
now highest growth rates of up to 20 µm/h, but suffers due to the high growth rate
and the horizontal set-up from strong inhomogeneity. However, individual, selected
pieces show very promising properties (see section 6.5).

Figure 4.7: Illustration of the halide-vapor phase epitaxy (HVPE) process. (Reprint from Ref.
[52])

4.3 Sample preparation
In this section the sample preparation with regards to the formation of ohmic and
Schottky barrier contacts is shortly introduced. Depending on the characterization
method one of these contact types is needed.

4.3.1 Preparation of ohmic contacts
Two ways of preparation of ohmic contacts are used in this thesis. First, painting
InGa eutectic in the corners of a square shaped sample and do a capacitor discharge
at all contacts. The room temperature van der Pauw and Hall effect measurements
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are performed using such contacts. The ohmic, bottom electrode for C-V, DLTS
and EL measurements are also produced this way. The second method is the prepa-
ration of ohmic contacts in the corners of a square shaped sample by electron beam
evaporation of Ti/Au in vacuum at a pressure of few 10−6 mbar using a shadow
mask. Afterwards Au wires are bonded by thermally assisted ultrasonic bonding.
These contacts are used for temperature-dependent van der Pauw and Hall effect
measurements.

4.3.2 Preparation of Schottky barrier contacts
Schottky barrier contacts used for Schottky barrier diodes (SBDs) are prepared
by electron beam evaporation of Ni in vacuum at a pressure of few 10−6 mbar us-
ing a shadow masks with circular holes ranging from 0.3 1 6mm diameter. Since
the capacitance depends on the area of the contact and the doping concentration
(see equation 2.36), the diameter of the contacts is chosen in a way matching the
capacitance-voltage meter measurement range. To reduce the leakage current of
Schottky barrier diodes clean surfaces must be ensured. For this purpose, bulk sam-
ples are freshly cleaved before evaporation of the contacts and the MOVPE grown
layers are freshly etched in phosphoric acid at 140 ◦C for 2 min since SBDs pre-
pared on as grown surfaces show unexpected high leakage currents and the etching
treatment reduced the leakage current by up to three orders of magnitude.
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5 β-Ga2O3 Bulk Crystals: Results
and Discussion
In this chapter I will focus on the characterization of β-Ga2O3 bulk crystals. There
are still some open questions concerning the properties of this material. The mono-
clinic unit cell leads to an anisotropy in some of these characteristics like the optical
absorption edge [88]. A property which is often wrongly assumed to be isotropic
is the static dielectric constant εr. Thus, in the first section the anisotropy of εr
is investigated. The second sections deals with the investigation of highly n-type
doped crystals, which serve as substrates for vertical, high power devices. There
are still some open questions concerning dopants behaving like effective-mass-like
donors, the formation of an impurity band, and phonon plasmon coupling which are
tackled by Raman spectroscopic investigations. In the last section of this chapter
another application for β-Ga2O3 is discussed. Since this material has a band gap
which is large enough to fit in the intra-center transitions of optically active ions
accompanied with the feasibility to dope it n-type, β-Ga2O3 offers the possibility to
electrically pump the optically active ions. A possible implementation is discussed
in section 5.3 using the example of Cr3+ in silicon and chromium co-doped β-Ga2O3.

5.1 Static dielectric constant of β-Ga2O3 perpen-
dicular to the principal planes (100), (010),
and (001)

This section is mainly based on the refereed journal article: [1] A. Fiedler, R.
Schewski, Z. Galazka and K. Irmscher; ”Static Dielectric Constant of β-Ga2O3 Per-
pendicular to the Principal Planes (100), (010), and (001)” ; ECS J. Solid State Sci.
Technol., 8 (7), Q3083, (2019). The contribution are as follows: I (A. Fiedler) did
the electrical characterization and evaluation of the static dielectric constant. K.
Irmscher supervised me in this process. R. Schewski prepared the samples for the
investigation by orienting and polishing. Z. Galazka provided the crystals for this
investigation.

To evaluate the potential of β-Ga2O3 for power electronics, several demonstra-
tor devices such as field effect transistors [28, 51–53, 89, 90] and Schottky barrier
diodes were fabricated.[91, 92] Such devices are realized on the technologically most
relevant surfaces of β-Ga2O3, i.e. (100), (010), or (001). Hence, the direction of
the electric field in the space charge region underneath the Schottky contacts or
the gates is primarily perpendicular to one of these planes. For device design, in
particular for the calculation of the electric potential and the field distribution in
the active region, the relative static dielectric constant εr has to be known. Due
to the monoclinic structure of β-Ga2O3, εr is expected to be anisotropic. Up to
now however, device related experiments and simulations have assumed an aver-
age static dielectric constant 〈εr〉 ≈ 10 disregarding the anisotropy. This average
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5.1 Static dielectric constant of β-Ga2O3 perpendicular to the principal planes
(100), (010), and (001)

value traces back to reports by Hoeneisen et al., who measured for single crystals
εr = 10.2± 0.3 perpendicular to (100),[93] or by Passlack et al. who measured 〈εr〉
between 9.93± 0.39 and 10.2± 0.6 for amorphous films [94] as well as 〈εr〉 = 9.57
for polycrystalline films.[95] However, an experimental study by ellipsometry [96]
and calculations by density functional theory [31, 97, 98] have recently revealed that
there is a significant anisotropy in the relative static dielectric constant. Although
these reports roughly agree in the magnitude of the principal components of the
static dielectric tensor, they are inconsistent with respect to the crystal axis as-
signment of the components. Hence, providing reliable data of the static dielectric
constant’s magnitude and direction dependence is still an issue for a correct design
and simulation of β-Ga2O3 devices.

Here, I report on AC capacitance measurements of the relative static dielectric
constant εr of β-Ga2O3 perpendicular to the (100), (010), and (001) plane in the
temperature range from 25 K to 500 K by using correspondingly oriented plate ca-
pacitor structures. Such measurements allow a direct determination of εr from the
sample capacitance and geometry. The values obtained should be better suited for
purposes of device simulation than those available so far. Our results indeed confirm
an anisotropy of εr of up to 25 % between the different crystal orientations, but more
important, they resolve the ambiguity in the orientation assignment.

To obtain semi-insulating material, the unintentional n-type doping of β-Ga2O3
is compensated by magnesium (Cz) or iron (EFG) doping.The Cz crystals were
oriented by Laue diffraction and subsequently sawed, cleaved, and polished to obtain
samples with the surface orientations (100) and (001), corresponding to the surface
normals a∗ and c∗, respectively. For the (010) oriented sample (surface normal
b) a substrate wafer from an EFG crystal was used. Fig. 5.1(a) illustrates the
axis assignment with respect to the unit cell of β-Ga2O3. Fig. 5.1(b) shows a
scheme of the plate capacitor structure used for the AC capacitance measurements.
Contacts were deposited by electron beam evaporation of Ti (20 nm) and Au (50 nm)
in vacuum at a pressure of few 10−6 mbar using circular shadow masks aligned
congruently on opposite sites. The area A of the contacts and its uncertainty were
determined by polygonal area analysis of microphotographs. The thickness d of the
samples was measured using a commercial digital dial indicator with a resolution of
1 µm and an accuracy of 3 µm. The error of d was calculated by the root mean square
of the indicator’s accuracy and the statistical error from a number of measurements
at different spots on the sample.

Surface orientation of the sample (100) (010) (001)
A [mm2] 53.0± 0.2 53.2± 0.2 23.0± 0.2
d [µm] 325± 5 509± 5 110± 3
C [pF] 14.71± 0.04 10.06± 0.03 22.92± 0.06

Table 5.1: The experimentally determined values for the area A of the contact, the thickness d of
the sample and the capacitance C of the plate capacitor structure at room temperature
on the three different planes (100), (010), and (001) are shown.
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Figure 5.1: (a) The monoclinic unit cell of β-Ga2O3 is illustrated using VESTA.[79] The (100)
and the (001) planes are indicated by dashed lines on which a∗ and c∗ are perpen-
dicular, respectively. The (010) plane is perpendicular to the viewing direction b.
(b) Scheme of the plate capacitor structure used in the AC capacitance measure-
ments. A is the area of the contact and d is the thickness of the sample. The
contacts on the semi-insulating β-Ga2O3 are either fabricated on the planes (100),
(010), or (001).

I made sure that the loss tangent tan(δ) was smaller than 0.1 to neglect the
influence of the conductance on the AC capacitance measurement. The capacitance
C was independent from the frequency in the range from 20 kHz to 1 MHz and also
independent from the DC bias between −100 V and 100 V. Thus all prerequisites
were fulfilled to use the AC capacitance measuring method. For the determination
of the relative static dielectric constant εr, I measured the capacitance at zero bias,
to reduce the leakage current at elevated temperatures. A test frequency of 1 MHz
was chosen since the used capacitance meter has the highest accuracy in this range
and the loss tangent tan(δ) is smaller with larger frequencies, which mainly plays
a role for higher temperatures. The temperature dependence of the capacitance
was measured between 25 K and 500 K in a closed cycle refrigerator cryostat. The
capacitance of the setup (without sample) was determined to be 0.85 pF and was
taken into account for the zero correction.

The experimentally determined values for the contact area, the sample thickness
and the capacitance at room temperature on the three different planes (100), (010),
and (001) are summarized in Tab. 5.1. The relative static dielectric constant εr is
calculated via the formula for plate capacitors

εr = C · d
A · ε0

, (5.1)

where ε0 = 8.854× 10−12 F/m is the vacuum permittivity. The resulting εr perpen-
dicular to the (100), (010), and (001) plane between 25 K and 500 K is plotted in
Figure 5.2. One-sigma error bars are indicated for each measurement by the shaded
areas. The relative error in the sample thickness is dominating the calculated error
of εr. A significant difference of εr up to 25 % between the three different orienta-
tions is found. However, only a weak temperature dependence is observed for all
orientations, with εr increasing by about 0.5 from 25 K to 450 K (Tab. 5.2). A
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reliable measurement of the capacitance above 500 K was not possible due to the
increased leakage current leading to a loss tangent tan(δ) > 0.1.

εr for E perpendicular to
(100) (010) (001)

T = 25 K 9.9± 0.2 10.53± 0.08 12.1± 0.4
T = 150 K 10.0± 0.2 10.64± 0.08 12.2± 0.4
T = 300 K 10.2± 0.2 10.87± 0.08 12.4± 0.4
T = 450 K 10.4± 0.2 11.14± 0.08 12.6± 0.4

Table 5.2: The relative static dielectric constant εr perpendicular to the planes (100), (010), and
(001) of the monoclinic lattice of β-Ga2O3 at different temperatures.

Figure 5.2: The relative static dielectric constant versus the temperature perpendicular to (100),
(010) and (001) between 25 K and 500 K. Selected values are presented in Tab. 5.2.

The resulting εr perpendicular to the (100), (010), and (001) plane at room
temperature is summarized and compared to literature data in Tab. 5.3. For εr
perpendicular to the (100) plane, we confirm the experimental result by Hoeneisen
et al. [93] They determined εr also using AC capacitance measurements, but for
crystals grown by the Verneuil technique as well as for flux grown crystals suggest-
ing that extrinsic effects are of minor importance. εr perpendicular to the (010)
and (001) planes were up to now only determined by ellipsometry [96] and density
functional theory calculations [31, 97, 98]. They used a Cartesian system (a, b, c∗)
for the εr tensor, so that εr perpendicular to (100) measured by us deviates from
their value with E‖a, which, in our opinion, does not make too much difference and
cannot be the reason for the deviations discussed in the following. As the compar-
ison in Tab. 5.3 shows, these reports and our results fairly agree in the magnitude
of εr. However, the order of the εr values with respect to the crystal axes does not
agree. Considering the deviations in the εr values based on DFT calculations, it
does not make sense to compare the absolute values with ours. The ellipsometry
results of Schubert et al.[96] disagree with ours within the error bars. They used
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a generalized Lyddane-Sachs-Teller relation (LST) to determine the relative static
dielectric constant in the monoclinic system. The LST is an indirect approach to
determine εr from the phonon modes of an ionic crystal, which may fail in the
presence of free charge carriers. In their study β-Ga2O3:Sn single crystals with net
donor concentrations of 2× 1018 cm−3 to 9× 1018 cm−3 were used.[96] Since Sn is
a shallow donor in β-Ga2O3,[54] nearly full ionization at room temperature can be
assumed. Hence, free charge carriers are present in the samples they used, which
could explain the discrepancies with our results. There are also reports on poly-
crystalline and amorphous films, that give an average value over all orientations of
〈εr〉 = 9.57,[95] 〈εr〉 = 9.93± 0.39, and 〈εr〉 = 10.2± 0.6.[94] The average of the rel-
ative static dielectric constant over all orientations is in our case 〈εr〉 = 11.2± 0.2.
The larger value can be explained by the fact that amorphous networks are less
densely packed than the crystalline phase resulting in a significantly lower relative
static dielectric constant for the amorphous phase. This was shown especially for
binary and mixed oxides.[99]

εr for E perpendicular to
(100) (010) (001)

This work 10.2± 0.2 10.87± 0.08 12.4± 0.4
Exp. Ref. [93] 10.2± 0.3 - -
Exp. Ref. [96] 12.(7)a 11.(2) 10.(9)
Theory Ref. [97] 10.84b 11.49b 13.89b
Theory Ref. [98] 11.4a 11.0 15.0
Theory Ref. [31] 11.88a 9.22 12.61
a E‖a∦a∗
b crystal axes assignment unknown

Table 5.3: The relative static dielectric constant εr perpendicular to the (100), (010) and (001)
plane of the monoclinic lattice of β-Ga2O3 at room temperature.

Summarizing, the relative static dielectric constant εr of β-Ga2O3 perpendicular
to the planes (100), (010), and (001) has been determined at room temperature to
10.2± 0.2, 10.87± 0.08, and 12.4± 0.4, respectively. εr increased by about 0.5 with
increasing temperature from 25 K to 450 K for all orientations. εr was directly de-
termined from AC capacitance measurements and the geometry of correspondingly
oriented plate capacitor structures. This makes the orientation assignment clearly
comprehensible. Since demonstrator devices were realized on β-Ga2O3 surfaces with
one of the three principal orientations (100), (010), or (001), the electric field di-
rection in the space charge region underneath the Schottky contacts or the gates is
essentially perpendicular to one of these planes. Therefore, the values reported here
allow an exact device design.
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5.2 Degenerately n-type doped β-Ga2O3 – Elec-
tronic Raman scattering and forbidden longi-
tudinal phonon plasmon modes in the Raman
spectra

This section is mainly based on the planned to submit journal article: [2] A. Fiedler,
M. Ramsteiner, Z. Galazka, and K. Irmscher; ”Charge-carrier induced Raman scat-
tering in n-type β-Ga2O3” ; to be published (2019). The contribution are as follows:
I (A. Fiedler) did most of the Raman investigations and interpretation of the results.
K. Irmscher supervised me in this process. M. Ramsteiner did the magnetic field
dependent Raman investigation and also supervised me. Z. Galazka provided the
crystals for this investigation.

As introduced in the beginning of my thesis, β-Ga2O3 is deemed to be the fu-
ture material for high power electronics and RF device applications.[100] Especially,
for high power electronics one expects to stand a chance of beating the established
SiC - not only in performance, but also in the price since 6 inch wafers from bulk
single crystals of β-Ga2O3 grown from the melt are available.[101] However, there
are still fundamental questions concerning the doping of the material. It is con-
troversial whether the dopants Si and Sn are effective-mass-like shallow donors[54]
in β-Ga2O3 or whether they exhibit only metastable shallow states with a DX-
center like behavior.[55, 56] Usually, the best way to check the properties of donors
are infrared absorption measurements. However, this is not possible due to the
reststrahlen band[80, 102] in the region of the ionization energy of effective-mass-
like donors of 26 to 36 meV in β-Ga2O3.[58] The absorption of free charge carriers
additionally prevents the infrared absorption measurement of highly doped crys-
tals. However, Raman spectroscopy has proven to be a contactless characterization
method for shallow donors and acceptors. It is possible to determine both transition
energies[103, 104] and charge carrier densities[105–107] using Raman spectroscopy.

In the present section, I report on a Raman spectroscopic investigation on highly
n-type doped β-Ga2O3 single crystals obtained by the Czochralski method. We ob-
serve new Raman modes for degenerate material (n > 3× 1018 cm−3). The most
prominent modes are at 256 cm−1 and 280 cm−1, forming a double peak of a broad
low-energy peak and a sharp high-energy peak. Additional lines at 214, 300, around
400, and around 560 cm−1 are also observed. These lines exhibit only a weak tem-
perature dependence and are essentially independent of the shallow donor species
(Sn or Si). We attribute the doping induced Raman feature at 256 cm−1 to elec-
tronic Raman scattering caused by excitation of electrons from the ground state
of an effective-mass-like donor impurity band into inter band excited states or the
conduction band. This assignment is based on the facts that this broad low-energy
peak of the double peak coincides with the ionization energy of effective-mass-like
donors, and that the Raman signals only appear for conductive samples with dop-
ing concentrations exceeding the Mott criterion. This observation supports the
theoretical calculations on silicon and tin being effective-mass-like shallow donors
in β-Ga2O3. The signals at 214, 280, 300, around 400, and around 560 cm−1 are
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attributed to the Raman forbidden, longitudinal optical phonon coupled plasmon
(LPP) modes Bku(LPP),[96] which becomes visible due to Fröhlich scattering mecha-
nism or free-electronic-charge-density fluctuations scattering. For low temperatures,
a temperature dependent signal at 676 cm−1 ≈ 84 meV is observed only in silicon
doped samples. This is attributed to an electronic excitation of electrons from an
additional donor state.

5.2.1 Raman spectra of heavily n-type doped β-Ga2O3

The Raman spectroscopic investigation was performed in backscattering geometry
from (100) surfaces of the β-Ga2O3 crystals using a commercial microscope Ra-
man spectrometer equipped with a liquid helium microscope cryostat. The 488 nm
(2.54 eV) line and the 514 nm (2.41 eV) line of an Ar-ion laser and the 632.8 nm
(1.96 eV) line of a He-Ne laser were used for optical excitation. The incident laser
light was circularly polarized by using a quarter-wave plate. The backscattered light
was collected through the same microscope objective through which the incident
light passes without analyzing the polarization.

The silicon and tin doped crystals show all n-type conductivity with charge car-
rier concentrations and mobilities of 5× 1017 cm−3 to 1× 1019 cm−3 and 130 cm2/Vs
to 50 cm2/Vs, respectively. However, highly doped samples (n > 3× 1018 cm−3) be-
come semi-insulating after annealing in oxygen ambient for several hours at 1000 ◦C.
Such a reduction of the charge carrier density through annealing in oxidizing ambient
has been already reported for Cz as well as for EFG grown crystals.[42, 45, 108]

Figure 5.3: Room-temperature Raman spectra from n-type silicon doped β-Ga2O3 crystals with
electron concentrations 8× 1018, 4× 1018, 8× 1017 cm−3, and semi-insulating ex-
cited at 488 nm using a grating with 2400 grooves per millimeter. The semi-insulating
sample is also silicon doped with 8× 1018 cm−3, but annealed in oxygen ambient for
2 h at 1000 ◦C.
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Fig. 5.3 shows room temperature Raman spectra of β-Ga2O3 crystals with dif-
ferent charge carrier densities for excitation at 488 nm. The spectra of all samples
show the well-known Raman allowed phonon modes of β-Ga2O3 at 113, 145, 170,
201, 322, 347, 418, 476, 631, 652 and 658 cm−1,[81] whereby the latter two being su-
perimposed. The position of the Raman allowed phonon modes as well as the width
of the phonon lines are independent from the doping concentration and charge car-
rier density. The silicon doped sample with n = 4× 1018 cm−3 and the one with
n = 8× 1018 cm−3 show additional signals in their Raman spectra: (D1) A broad,
asymmetric peak with the maximum at 256 cm−1, there is a flat increase in inten-
sity from 210 cm−1 to 256 cm−1 and a sharper decrease in intensity from 256 cm−1

to 273 cm−1. (L2) A sharp peak at 280 cm−1. (L3) Around 400 cm−1, a broad flank
of the Raman allowed phonon mode at 418 cm−1. (L4) A slightly broader, sym-
metric peak from 545 cm−1 to 575 cm−1 peaking at 560 cm−1 for the sample with
n = 8× 1018 cm−3. This peak shifts to lower energy of 552 cm−1 with decreasing
charge carrier density of n = 4× 1018 cm−3.

Figure 5.4: Room temperature Raman spectra from the silicon doped β-Ga2O3 crystal with n =
8× 1018 cm−3 excited at 488, 514, and 633 nm using the grating with 600, 600 and
1800 grooves per millimeter, respectively. The intensity of the spectra are plotted in
logarithmic scale.

Fig. 5.4 shows room temperature Raman spectra of the silicon doped β-Ga2O3
crystals with n = 8× 1018 cm−3 excited at different wavelengths. All features of the
spectra, the phonon modes of β-Ga2O3 as well as the additional Raman signals D1,
and L2 to L4, are independent of the excitation wavelength.

The temperature evolution of the Raman spectra in the low-frequency range is
shown in Fig. 5.5 for the heavily doped sample (n = 8× 1018 cm−3). The phonon
modes of β-Ga2O3 are independent of the temperature. The additional Raman lines
behave the following: (i) The peak D1 becomes slightly sharper with decreasing
temperature, but the overall intensity stays the same. (ii) The peaks L2 and L3 are

- 52 -



5.2 Degenerately n-type doped β-Ga2O3 – Electronic Raman scattering and
forbidden longitudinal phonon plasmon modes in the Raman spectra

essentially independent of the temperature. (iii) The peak L4 becomes sharper and
the intensity increases slightly with decreasing temperature. (iv) An additional peak
D2 appears at 676 cm−1 for temperatures below 200 K and increases in intensity with
decreasing temperature.

Figure 5.5: Temperature-dependent Raman spectra from the silicon doped β-Ga2O3 crystal with
n = 8× 1018 cm−3 excited at 488 nm using a grating with 2400 grooves per mil-
limeter. The spectra were recorded at temperatures ranging from 6 K to 300 K (dark
blue to light yellow).

Fig. 5.6 shows the low temperature Raman spectra of β-Ga2O3 crystals heavily
doped with silicon or tin. It is shown that the Raman allowed phonon modes of
heavily tin or silicon doped β-Ga2O3 crystals have the same intensity as well as
the same full width half maximum. Hence, both crystals show comparable crystal
quality. The signals D1 and L2 behave essentially the same independent on the type
of donor impurity, except a difference in total intensity. The signal L3 seems to be
present in both spectra, but is much more pronounced in the heavily silicon doped
crystal. The peak L4 is present in both spectra. Hence, it is independent of the
donor type as well and scales in intensity like signal D1. The low-temperature peak
D2 is only observable in the spectrum of the heavily silicon doped sample.

Fig. 5.7 shows the dependence of the Raman spectrum of the heavily silicon
doped sample on high magnetic fields of 2 T oriented in-plane and 8 T oriented out-
of-plane at 10 K. As expected the phonon modes are independent on the magnetic
field. Additionally, all of the new observed Raman signals show no dependence on
the magnetic field, neither in the position nor in the full width half maximum.

Fig. 5.8 shows the enlarged Raman spectrum of the heavily silicon doped β-
Ga2O3 crystals at 20 K in the range from 190 cm−1 to 330 cm−1, measured using
an improved set-up. A peak L1, with its maximum at 214 cm−1, is resolved in this
spectrum and shows a strong asymmetry with a sharp dip in intensity on the high
energy side of the peak. This line shape clearly indicates a Fano resonance of signal
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L1 with signal D1. The signal L2 shows also an asymmetry, which is weaker, but still
visible indicating also a Fano resonance of signal L2 with signal D1. An additional
peak P at 300 cm−1 is visible.

Figure 5.6: Low-temperature Raman spectra (5 K) from the β-Ga2O3 crystals heavily doped
either with silicon and n = 8× 1018 cm−3 (purple) or tin and n = 1× 1019 cm−3

(orange) excited at 488 nm using the grating with 2400 grooves per millimeter.

Figure 5.7: Raman spectra from the heavily silicon doped β-Ga2O3 crystal with n =
8× 1018 cm−3 and the surface orientation along the (100) plane in dependence on a
magnetic field excited at 532 nm. The 8 T field is oriented out-of-plane and the 2 T
field is oriented in-plane.
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Figure 5.8: Low-temperature Raman spectrum (20 K) from the β-Ga2O3 crystal heavily doped
with silicon (n = 8× 1018 cm−3) excited at 632.8 nm, using a grating with 1800
grooves per millimeter. The solid lines represent transitions from the ground state
to the respective excited state related to the hydrogen model for effective-mass-like
donors.

Summarizing these observations, Signal D1 and L4 are broader than phonon
modes, showing only a weak temperature dependence, are only visible in highly
conductive samples, but are independent on the donor type. While the position of
signal D1 is independent on the charge carrier density, signal L4 shows a decrease
in Raman shift with decreasing charge carrier density. The signals L1 and L2 are
as sharp as a phonon mode, show no temperature dependence, are only visible in
highly conductive samples, but are independent on the donor type. Both show a
Fano resonance with signal D1. The signal L3 is broader than all other signals, shows
no temperature dependence, is more pronounced in the silicon doped sample than
in the tin doped sample. The signal D2 is a bit broader than the phonon modes, its
intensity increases with decreasing temperature and vanishes at room-temperature,
and is only visible in highly conductive samples doped with silicon.

5.2.2 Electronic Raman scattering and forbidden longitudi-
nal phonon plasmon modes in the Raman spectra

All new signals are independent on the excitation wavelength (see Fig. 5.4), which
means that these signals result from inelastic scattering processes and are true Ra-
man signals. Additionally, no influence by a strong external magnetic field was
measured (see Fig. 5.7). We observe no effect on the Raman allowed phonon modes
of β-Ga2O3 in all our experiments. As expected for centrosymmetric crystals, none
of the observed Raman allowed phonon lines exhibits a significant plasmon-coupling
induced change in intensity or frequency with increasing doping concentration.[109,
110] As well, no dependence of phonon modes on excitation wavelength, tempera-
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ture, donor type or magnetic field is expected. However, the new Raman signals
show some dependencies in our experiments, which allow conclusions to be drawn
about their origin. In heavily doped material, new Raman signals can be attributed
to (i) local vibrational modes (LVMs) of the dopant with the surrounding crystal lat-
tice, (ii) electronic Raman scattering in case of electrical active dopants like donors
or acceptors or (iii) Raman forbidden transitions can appear by a weakening of the
selection rules.

LVMs can be excluded for the signals D1 and L1 to L4 since these signals are
present in both silicon doped and tin doped samples. The signal D2 is only present
in silicon doped samples, but signal D2 shows a strong temperature dependence.
Hence, LVMs can be excluded as an explanation for all signals.

The presence of the new signals is linked to the high charge carrier density.
The signals vanish after annealing in oxygen ambient leading to a compensated,
semi-insulating sample with the same silicon donor doping concentration. Hence,
the distortion and therefore the translation symmetry in the sample is maintained
during the annealing step. Thus, a break of the translation symmetry, which would
lead to Raman forbidden signals from transversal optical (TO) phonon modes in the
spectra, can be neglected.

An alternative explanation emerges when we consider the possibility of longitudi-
nal optical (LO), Raman forbidden phonon modes. Due to the high free charge car-
rier density in these samples and the coupling of electrons and phonons, LO phonon
modes can become visible due to photon-induced, virtual, bound-electronic-charge
density fluctuations coupled to the macroscopic electric field in the material which
gives rise to the Fröhlich scattering mechanism, or due to the scattering of light by
free-electronic-charge-density fluctuations.[111] These two scattering processes are
subject to different selection rules and thus make the forbidden transitions visible.
The coupling of the free charge carrier modes with the LO phonon modes leads to
experimentally observable modes, the so called longitudinal phonon plasmon (LPP)
modes.[84, 96, 102] Consequently, the new Raman signals have to correspond to the
respective LPP modes. The plasma frequency ωp is:

ωp =
√

ne2

ε0εrm∗
, (5.2)

with n is the free charge carrier density, e is the elementary charge, ε0 is the per-
mittivity of the free space, εr = 11.2 is the relative static dielectric constant,[1]
and m∗ = 0.28me is the electron effective mass.[112] For the here investigated sam-
ples with free charge carrier densities of 4× 1018, 8× 1018, and 1× 1019 cm−3, the
plasma frequencies are 2125, 3005, and 3360 cm−1, respectively. Comparing the
here observed Raman signals with the LPP modes in Fig. 12 of Ref. [96], we can
attribute signal L1, with its maximum at 214 cm−1, to the LPP mode B10

u (LPP)
which approaches the TO phonon mode B8

u(TO) at 213.7 cm−1. The broad signal
D1 around 256 cm−1 can then be ascribed to the B9

u(LPP) mode, which approaches
the B7

u(TO) at 262.3 cm−1. However, this mode shows hardly any dependence on
the plasma frequency for ωp > 2000 cm−1, so that the width of the signal cannot
be explained here. Signal L2, with its sharp maximum at 280 cm−1, is the B8

u(LPP)
mode which dispersion is very small and within the B7

u(TO) and B6
u(TO) modes ap-
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proaching the B6
u(TO) mode at 279.1 cm−1. Signal P at 300 cm−1 does not fit to any

Bku(LPP) mode, but would fit either to the B6
u(LO) or the A3

u(TO) phonon modes.
Since B6

u(LO) cannot occur without plasmon coupling to B6
u(LPP), which would not

fit in energy, the A3
u(TO) phonon mode seems to be more probable as the origin in

this case. Signal P was only measured in one spot of the sample suggesting that
this part of the sample suffers from a break in translation symmetry, since otherwise
a TO phonon mode would be Raman forbidden. Consequently, the sample is in
this region strongly distorted, probably due to a high density of defects. The broad
signal L3 around 400 cm−1 can be attributed to B6

u(LPP) which approaches B4
u(LO)

432.5 cm−1. Due to the strong dependence on the plasma frequency of B6
u(LPP),

the broadness of signal L3 may be explained by inhomogeneity in the n-type doping
in these specific crystals. Signal L4, which shows a shift in energy from 552 cm−1

to 560 cm−1 with a shift in plasma frequency from 2125 cm−1 to 3005 cm−1, is at-
tributed to the B5

u(LPP) mode, which also shows such a strong dependence on the
plasma frequency. The plasmon like behavior of the B5

u(LPP) mode in this range,
meaning that it does not approach a TO phonon mode till 3005 cm−1, explains also
the broadness of the signal compared to other LPP modes. Signal D2 at 676 cm−1

does not fit to any of the Bk
u(LPP), Bku(TO), or Ak

u(TO) modes. Since signal D2
shows a strong temperature dependence and is only observable in heavily silicon
doped samples, signal D2 probably has a different origin, which will be discussed
later.

It is visible in Ref. [96]&[84] that most of the LPP modes approach TO phonon
modes with increasing plasma frequency. Therefore, modes observed at Bk

u(TO)
frequencies are indeed of longitudinal nature like it was reported by L. Huang and
W. R. L. Lambrecht for the also monoclinic material CsSnCl3.[113] L. Huang and W.
R. L. Lambrecht attributed the presence of the Raman forbidden LO phonon modes
in the spectra to the Fröhlich scattering mechanism. For the LPP modes, however,
the so called scattering by free-electronic-charge-density fluctuations also comes into
play, which is not relevant for pure phonon modes. Since the new Raman signals are
not observed until sufficient doping exceeding the Mott criterion (n > 3× 1018 cm−3)
has been achieved, we attribute the presence of the new Raman signals rather to
the scattering by free-electronic-charge-density fluctuations, wherefore electrons in
the conduction band are necessary. In contrast to this, the Fröhlich mechanism
would already occur with lower doped samples, since this would involve scattering
on bound-electronic-charge density fluctuations coupled to the macroscopic electric
field.

If we now accept that LPP modes appear as forbidden LPP modes in the Ra-
man spectrum through the free-electronic-charge-density fluctuations scattering, we
should include all LPP modes. We discussed the presence of the modes B10

u (LPP),
B9
u(LPP), B8

u(LPP), B6
u(LPP), and B5

u(LPP). Consequently, the modes B7
u(LPP),

B4
u(LPP), B3

u(LPP), B2
u(LPP), B1

u(LPP) are missing in the spectra. B7
u(LPP),

B4
u(LPP), and B3

u(LPP) show no dependence on the plasma frequency for ωp >
2000 cm−1 and approach the B5

u(TO) mode at 356.7 cm−1, the B2
u(TO) mode at

692.4 cm−1, and the B1
u(TO) mode at 743.4 cm−1, respectively. The modes at

356.7 cm−1 and at 743.4 cm−1 are probably superimposed to Raman allowed phonon
modes, which show orders of magnitude higher intensity due to the higher transi-
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tion probabilities. The B4
u(LPP) mode at around 690 cm−1 should be visible since

there is a gap in the Raman spectra. An explanation for this issue is missing. The
B2
u(LPP) and B1

u(LPP) modes show a strong dependency on the plasma frequency
leading to energies of the LPP modes above 1200 cm−1 for ωp > 2000 cm−1. Due to
the high energy and the plasmon like behavior of the modes, a strong broadening
of the peaks is expected, leading to too low peak maximum intensities to detect the
modes in the noise of the measurement. Unfortunately, at present we do not have
a fully quantitative theory for the LPP forbidden peaks. If our assignment of some
peaks as forbidden LPP modes is correct, one expects these peaks to become even
stronger under resonant Raman conditions, i.e., when the exciting laser frequency
matches an optical absorption peak such as the near-gap free exciton. It may thus
be very useful to explore this prediction in future experimental work.

In addition, we would like to address the point that the broadness of signal D1
around 256 cm−1 and the origin of signal D2 at 676 cm−1 cannot be explained by
this model. Thus, another explanation is needed. We attribute the signal D1 to an
electronic excitation, namely a transfer of an electron from the ground state of an
effective-mass-like donor impurity band to either inter band excited states or the
conduction band minimum. We come to this conclusion because the signal L1 shows
a clear Fano resonance line shape and also signal L2 indicates a weak Fano resonance
(see Fig. 5.8), which can only occur with signal D1 being a continuum of states.[114]
Such a continuum cannot originate from LPP modes. Additionally, the energy of
the scattering coincides with the activation energy of an effective-mass-like donor,
which is between 26 meV and 36 meV.[58] Moreover, the signal is only visible for
highly conductive samples with doping concentrations exceeding the Mott criterion
(n > 3× 1018 cm−3). With the formation of an impurity band, a continuum of
electronic states arises, which would also explain the weak temperature dependence
of signal D1. In addition, the signal is independent of the type of donor impurity.
Silicon is supposed to be a shallow donor incorporating on the tetrahedral site and
tin is supposed to be a shallow donor incorporating on the octahedral site of the
monoclinic crystal lattice of β-Ga2O3.[54] The energies for the intra impurity band
transitions assuming the hydrogen model and the respective ionization energy for
the excitation of an electron into the conduction band are illustrated with vertical
lines in Fig. 5.8.

The signal D2 at 676 cm−1 is only visible in highly conductive silicon doped sam-
ples, and shows a strong dependence on temperature. In particular, it is vanished
between room temperature and 200 K and increases in intensity with decreasing
temperatures down to 6 K. However, it is not visible in the silicon doped, but semi-
insulating sample (due to oxygen annealing). Therefore, we attribute the signal D2
at 676 cm−1 ≈ 84 meV to an electronic Raman scattering from an isolated donor
impurity like in low doped silicon.[103] The shape of the signal is quite sharp since
electrons from isolated donors are excited which have a sharp energy. The signal
vanishes at room temperature since all donors are already ionized. Latest reports
on the transport properties of pure, high quality MOVPE grown layers doped with
silicon fit quite well into this picture, since they reported on two donor activation
energies, ED1 ≈ 35 meV and ED2 ≈ 80 meV to 120 meV,[115, 116] with the donor
concentration ND2 < ND1 by almost one order of magnitude. The origin of this
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second donor is still unclear. However, since signal D2 is not visible in tin doped
samples, it is related to the silicon doping. There are two possible Gallium sites in
β-Ga2O3, the octahedral and the tetrahedral one. Silicon is supposed to preferably
incorporate on the tetrahedral site as an effective-mass-like shallow donor,[54] but
there is also the possibility to be incorporated on the octahedral site. Since this elec-
tronic Raman transition at 84 meV is specific for silicon doped samples, we suppose
that it is related to the ionization energy of silicon incorporated on the octahedral
site.

5.2.3 Conclusions on Degenerately n-type doped β-Ga2O3

In summary, we observed new Raman modes besides the well-known Raman allowed
transitions in degenerately silicon or tin doped β-Ga2O3. Signals at 214, 280, around
400, and around 556 cm−1 can be explained by commonly Raman forbidden LPP
modes, which are here allowed due to the Fröhlich scattering mechanism or rather
free-electronic-charge-density fluctuations scattering. The most prominent signal
is broad peak around 256 cm−1 ≈ 32 meV, which is assigned to electronic Raman
scattering. In particular, the transition of an electron from the ground state of
an effective-mass-like impurity band to inter band excited states or the conduction
band minimum is meant. This model is supported by the observation of an Fano
resonance of the LPP modes at 214 and 280 cm−1 with the electronic continuum
around 256 cm−1. Additionally, one new Raman signal occurs only in the silicon
doped samples at 676 cm−1 ≈ 84 meV for temperatures below 200 K, which we assign
to an electronic Raman scattering by an additional, isolated donor state.

For a fixed excitation condition, the line shape of the observed electronic single-
particle excitations and associated Fano interferences with discrete phonon-plasmon
lines can be used with further calibration to evaluate the free carrier concentra-
tion in β-Ga2O3, without the need of electrical contacts like it was done in other
materials.[105–107] Moreover, the formation of a donor impurity band at the en-
ergy of effective-mass-like donors (32 meV) let us state that tin and silicon are real
effective-mass-like shallow donors in β-Ga2O3.

5.3 Chromium as an example for optical active
ions in the wide band gap semiconductor β-
Ga2O3

This section is mainly based on the submitted journal article: [4] A. Fiedler, Z.
Galazka, and K. Irmscher; ”Electroluminescence of Cr3+ and pseudo-Stark effect in
β-Ga2O3 Schottky barrier diodes” ; J. Appl. Phys., submitted (2019). The contribu-
tion are as follows: I (A. Fiedler) did the electrical and optical characterization and
interpretation of the results. K. Irmscher supervised me in this process. Z. Galazka
provided the crystals for this investigation.

The large band gap offers the possibility to use β-Ga2O3 as host material for
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optically active ions, including chromium. The photoluminescence (PL) of Cr doped
β-Ga2O3 crystals at around 700 nm wavelength has been investigated for quite some
time,[117–120] while recently, electroluminescent devices based on polycrystalline
β-Ga2O3 thin films doped with rare earths or transition metals, among them also
Cr, were reported.[121, 122] Such devices utilize the Destriau effect and ideally need
non-conducting layers. For efficient electroluminescence (EL) the devices must be
driven with AC voltages of 100 V in excess.

In contrast to conventional, dielectric host crystals for optically active ions, β-
Ga2O3 is a semiconductor that can be doped n-type in a wide range, e.g. with Si[33]
or Sn[123]. Although the lack of efficient p-type doping[83] in β-Ga2O3 prevents the
fabrication of p-n junctions which might act as light-emitting diodes, the feasibility
of n-type doping makes unipolar devices such as Schottky barrier diodes (SBDs)
possible. The question is whether such SBDs can be used to generate efficient light
emission.

In the present section, I report on the observation of bright, red EL in β-Ga2O3
single crystals co-doped with chromium and silicon. The approach is to grow β-
Ga2O3 crystals of high crystalline perfection, to n-type dope them in addition to the
optically active ion Cr3+ and to fabricate well-functioning Schottky barrier diodes
out of these crystals. The EL is generated in the reverse biased SBDs and is due
to intra-center transitions of octahedrally coordinated Cr3+ ions excited by electron
impact in the depletion layer of the diodes. Reverse biases of about 10 V are sufficient
to achieve intense EL around 700 nm wavelength. Furthermore, we detect a two-fold
splitting of each of the prominent R1 and R2 lines,[117] which is due to the pseudo-
Stark effect first described by Kaiser et al. for ruby.[124] The external electric field
is in our case the strong electric field in the depletion layer of the SBDs.

5.3.1 Absorption spectra and determination of chromium
concentration

Figure 5.9: Absorption spectra of (100)-oriented, Cr-doped β-Ga2O3 crystals using circular po-
larized incident light.
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First of all, I characterized the optical properties of β-Ga2O3:Cr crystals. In Fig.
5.9 the absorption spectra for Cr-doped β-Ga2O3 crystals are shown. The Cr dop-
ing concentration NCr was determined with inductively coupled plasma - optical
emission spectrometry by my colleague Rainer Bertram. These absorption spectra
were measured using depolarized light and (100)-oriented wafers. We find three
broad absorption bands centred at about 290, 428 and 600 nm, whose absorption
intensity increases with Cr concentration in the crystals. The observed absorption
bands are typical for Cr3+ in a predominantly octahedral crystal field as in other
oxide crystals, such as ruby, garnets or spinels. The band edge and the broad
absorption band at 290 nm overlap, which hampers the determination of the ab-
sorption coefficient for this transition. However, it is possible to evaluate the ab-
sorption coefficient at 428 nm and at 600 nm. The absorption coefficient a is given
by α = σ × N , where σ is the absorption cross section of the particular transition
and N is the concentration of the doping ion. Hence, a plot of the absorption co-
efficients versus the Cr concentration should show a linear dependence with slopes
corresponding to the respective absorption cross sections, assuming that all Cr is
incorporated as Cr3+. Fig. 5.10(a)&(b) shows that relation between the absorption
coefficient α and the Cr concentration NCr. We determine the absorption cross sec-
tions σ428 nm = 1.2× 10−19 cm2 and σ600 nm = 0.5× 10−19 cm2 for the transitions at
428 nm and at 600 nm, respectively. These values can be used as a tool to deter-
mine the Cr3+ content in β-Ga2O3 just by measuring the absorption coefficient for
depolarized light of a (100)-oriented sample.

Figure 5.10: (a) Overview of the Absorption coefficient α over the Cr concentration NCr in
logarithmic scale of the transitions at 428 nm and 600 nm in Cr-doped β-Ga2O3.
(b) Absorption coefficient α over the Cr concentration NCr yields the absorption
cross section σ of the transitions at 428 nm and 600 nm in Cr-doped β-Ga2O3.

5.3.2 Electrical characterization and generation of EL in
SBDs on β-Ga2O3:Cr,Si

On the sample with NCr = 6× 1019 cm−3 and due to silicon co-doping a charge
carrier density of n = 1× 1018 cm−3, Schottky barrier diodes (SBDs) were prepared
by electron beam evaporation of Ni in vacuum at a pressure of few 10−6 mbar on
freshly cleaved (100) β-Ga2O3 surfaces using a shadow mask with circular holes
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of 0.4 mm and 0.8 mm diameter. To obtain semi-transparent Ni contacts, their
thickness was limited to 20 nm. Ohmic contacts were formed by painting a film of
InGa eutectic on whole the sample’s back side area of 5 × 5 mm2. No annealing
was necessary to obtain acceptable ohmic behavior, i.e. the back side contacts were
not current limiting. Capacitance-voltage (C-V) measurements reveal a net donor
concentration of ND − NA = 1018 cm−3, which is consistent with the Hall charge
carrier concentration and a built-in voltage Vbi = 0.9 V.

A typical current-voltage (I-V) characteristic of the Ni on β-Ga2O3:Cr,Si SBDs is
shown in Fig. 5.11(a). The SBDs show a rectification ratio of Iforward/Ireverse ≈ 106 at
±1 V. Although this is four orders of magnitude lower compared to SBD prototypes
for power electronics,[92] it is not unexpected for our SBDs since they were fabricated
on base material of hundred times higher net donor concentration and without any
precautions for edge terminations. However, we will explain in the following why
the high leakage currents of the SBDs are essential for observing the EL. For this
purpose, we need to introduce the following two parameters. First, the depletion
layer width W of the SBD which is calculated by:[63]

W =

√√√√2εrε0

eNd

(
Vbi − V −

kBT
e

)
, (5.3)

where e is the elementary charge, ND = 1018 cm−3 is the donor concentration mea-
sured, εr = 10.2 is the relative static dielectric constant perpendicular to the (100)
plane,[1] ε0 is the vacuum permittivity, V is the applied bias voltage, Vbi = 0.9 V
is the built-in voltage obtained from C-V measurements for the actual Ni Schot-
tky contacts and T = 300 K is the temperature. Second, the average electric field
〈F 〉 = 1

2Fmax, which can be derived from the electric field distribution F (x) in the
depletion layer (0 ≤ x ≤ W ) of a homogenously doped SBD:[63]

F (x) = eND

εrε0
(W − x) = Fmax −

eND

εrε0
x . (5.4)

In Fig. 5.11 the leakage current density is plotted versus V ,W and 〈F 〉, whereby the
calculated values of W given in Fig. 5.11(a) are consistent with the measured ones
from the C-V measurements. The leakage current density increases by several orders
of magnitude with increasing bias while the average electric field and the depletion
layer width only increase by factor 2 and 3, respectively. For current densities above
0.1 A/cm2 (reverse biases > 9 V) red EL occurs with an intensity well visible to the
naked eye (see Fig. 5.12(a)). The spectrum of the EL at room temperature is shown
in Fig. 5.12(b) for bias voltages from −4 V to −10 V. The EL spectrum is similar
to the reported PL of Cr3+ in β-Ga2O3 at room temperature. It is characterized by
a broad but structured band around 700 nm (≈ 1.8 eV), which is featured by two
lines related to the well-known R1 and R2 transitions.[117–120] This EL is caused by
electron impact excitation in the space charge region under the Ni Schottky contact
what we conclude from the following facts:

• The intensity of the EL linearly increases with increasing current density under
reverse biasing conditions (see Fig. 5.12(c)).
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• The EL can be only obtained under reverse bias, although similar current
densities can be achieved under forward bias (see Fig. 5.11(a)).

• Under reverse bias, the electrons get accelerated in the space charge region and
may take up a maximum energy of Ee = eW 〈F 〉 = e

(
Vbi − V − kBT

e

)
, which

is already above 2 eV at V = −1.2 V, and therefore large enough to populate
the luminescent state (≈ 1.8 eV) by impact excitation.

Figure 5.11: (a) Characteristic curve of the current density over the voltage of a nickel Schottky
diode on β-Ga2O3:Cr,Si at room temperature. The inset shows a scheme of the
device structure.
(b) The current density over the average electric field in the SBD is shown for the
reverse bias voltages interesting for the generation of the EL.

Therefore, the reverse leakage current of the SBDs is indispensable for the gen-
eration of the EL. Such a light-emitting device has to be optimized on it which leads
to the following prerequisites. Since the higher the shallow donor concentration, the
higher the electric field, and the higher the acceleration of electrons in the depletion
layer of the SBD needed for the impact excitation, the shallow donor concentra-
tion must be as high as possible. The impact excitation necessary for the EL is
most effective when the charge carriers are injected by thermionic emission over the
Schottky barrier. Then the charge carriers can take up the highest possible energy
by starting their travel through the depletion layer of the reverse biased SBD at the
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metal-semiconductor interface where they are subjected to the maximum electric
field. Charge carriers injected by tunneling (or field emission, FE) and by thermally
assisted tunneling (or thermionic-field emission, TFE) start acceleration inside the
depletion layer at a lower electric field strength since they tunnel through the Schot-
tky barrier (in case of TFE at different heights). Hence, TFE and FE injected
carriers may also contribute to impact excitation if taking up enough energy in the
remaining electric field region. In particular, we expect that at the rim of our SBDs,
which do not have an edge termination, TFE and FE currents contribute to the
total leakage current and likewise, to impact excitation of EL.

The Cr concentration is optimal as long as it is high enough for a linear correla-
tion between optical emission with current density, since in this case each conduction
electron has the possibility to excite the luminescence in a Cr3+ ion. Hence, the cur-
rent density is in this case the limiting factor. If the Cr concentration is too low
and thus the limiting factor, the optical emission with current would saturate since
not each conduction electron has the probability to excite the luminescence. Con-
cluding, the chromium concentration is with 6× 1019 cm−3 in our case high enough
since the intensity of the EL correlates with the leakage current (see Fig. 5.12(c)).
The optimal silicon concentration was in our case ND ≈ 1018 cm−3, since simple
Schottky structures were used. For higher charge carrier concentrations the inten-
sity of the EL was lower, probably due to leakage current which is not fully related
to thermionic emission. The fabrication of more advanced SBDs with a guard ring
and high quality layers with clean surface may lead to the possibility to use even
higher shallow donor concentrations.

Figure 5.12: (a) Photographic image of the electroluminescence (EL) at room temperature gen-
erated in a reverse biased Ni Schottky barrier diode.
(b) The room temperature spectrum of the EL under different biasing conditions.
(c) The peak intensity (at 712.5 nm) of the EL versus the current density in the
Schottky diode in logarithmic scale. The inset shows the same measurement in
linear scale including a linear fit.

5.3.3 Pseudo-Stark effect in SBDs on β-Ga2O3:Cr,Si
In the following, we take a closer look at the characteristics of the generated EL. In
Fig. 5.13 the temperature dependence of the EL between 5 K and 300 K is shown.
To obtain a similar EL intensity for all spectra, we had to keep the current density
constant by applying −12 V to −17 V reverse bias from 300 K to 5 K, respectively.
In general, the EL behaves with the temperature similar to the already reported PL
[117–120] showing the two prominent R1 and R2 lines at 695.6 nm and at 688.7 nm,
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respectively. The populations of the excited states responsible for the R1 and R2
transitions to the ground state follow a Boltzmann distribution. Therefore, the
higher-energy R2 transition is not detectable below 20 K (see also Fig. 5.15). The
typical broadening of the peaks with increasing temperature is also visible. However,
there is a striking difference between the EL and the PL. In the EL the transitions
R1 and R2 show a double peak structure, which is resolvable up to 150 K.

Figure 5.13: Temperature dependence of the electroluminescence (normalized to the respective
maximum intensity and baseline shifted). The EL is excited in a Ni Schottky barrier
diode by applying V =−12 V to −17 V (room temperature to 4.2 K) to keep the
current density constant at 1 A/cm2. The splitting of both the R1 and R2 lines is
resolvable up to 150 K.

To understand the origin of the double peak structure in the EL, we investigated
its dependence on the electric field and compared it directly with the PL. This is
shown in Fig. 5.14(a) for the dominating R1 line at 7 K. The two peaks of the
EL R1A and R1B are asymmetrically broadened and mirror-like shifted with respect
to the narrow, symmetric PL line. From Fig. 5.14(b) it is also visible, that the
intensity of the two EL peaks is the same for an electrical power up to about 10−4 W
(corresponding to a revers voltage of −7 V). For higher power the low-energy peak
R1A shows a higher intensity than the high-energy peak R1B. This ratio increases
with increasing power. Also visible is, that the magnitude of the R1 line splitting
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increases with the applied reverse voltage and hence, with increasing average electric
field strength in the depletion layer of the SBD as shown in Fig. 5.14(c).

Figure 5.14: (a) Spectrum of the photoluminescence (PL) and electroluminescence (EL) at T =
7 K. Only the R1 emission is visible at 7 K, which split up into the R1A and the R1B
transitions.
(b) The ratio of the intensities of the R1A to the R1B transition over the electrical
power in the bias range from −6 V to −17 V.
(c) The pseudo-Stark splitting over the average electric field in the Schottky barrier
diode.
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Figure 5.15: Energy-level scheme of the free Cr3+ ion and the splitting of the levels under the
influence of a cubic crystal field (CF) as well as the further splitting under the com-
bined action of spin-orbit interaction and the monoclinic CF component. Enlarged
shown is the influence of the external electric field, which shifts each of the split up
energy levels in opposite sense resulting in the transitions R1A, R1B, R2A and R2B
according to the two inversion symmetry related octahedral sites A and B shown in
Fig. 5.16.

Furthermore, we take a closer look on the energy-level scheme of the Cr3+ ion on
the octahedral site of the β-Ga2O3 crystal lattice (see Fig. 5.15). The crystal field
(CF) of the octahedral site in β-Ga2O3 is a superposition of a strong cubic CF and a
weak low-symmetry monoclinic CF. In the cubic CF the 4F level splits into the 4A2
ground state and the excited 4T2 and 4T1 states. The spin allowed absorptions could
be used to directly populate the excited states which correspond to the transitions
4A2 → 4T2 and 4A2 → 4T1. Since the crystal field is sufficiently strong in β-
Ga2O3, the lowest energy excited state is the 2E state originating from a splitting
in the cubic CF of the 2G excited state. In the monoclinic CF and with spin-orbit
coupling taken into account, the energy levels split further into Kramer doublets.
The radiative transitions R1 and R2 to the ground state originate from the split up 2E
states (2E → 4A2). Due to a low relative separation of the 4T2 and 2E energy levels
of about 60 meV in β-Ga2O3,[119] there is the possibility of a thermally activated
energy transfer 2E → 4T2, enabling an additional broad luminescent transition 4T2
→ 4A2 already above 80 K. This leads to the broad luminescence spectrum at room
temperature (see Fig. 5.12(b)), which results from a superposition of the R1, the R2
and the 4T2 → 4A2 transitions, as well as the corresponding phonon replica.

Since the initial and the final states of the R1 and R2 transitions are formed by
Kramers doublets, one would not expect the lifting of the degeneracy by an external
electric field, which would be the normal Stark splitting. Nevertheless, we obtain
such a splitting under the electric field of the SBD. We attribute this splitting to the
pseudo-Stark effect,[124] caused by the different sign of the odd-parity crystal field
at the position of the two energetically equivalent, but inversion symmetry related
octahedral sites A and B of the β-Ga2O3 lattice (see Fig. 5.16). In the electric field
of the SBDs’ depletion layer, the energy levels of both sites are shifted in opposite
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directions yielding the pseudo-splitting of the EL lines.

Figure 5.16: (a) Schematic representation of the monoclinic unit cell of β-Ga2O3 in [010] pro-
jection (illustrated using VESTA).[79] There are two different Ga sites (tetrahedral
and octahedral) and three different oxygen sites. Among the octahedral sites there
is an inversion symmetry that leads to the different sites A and B.
(b) An enlarged scheme of A and B and their inversion symmetry relation is shown.

From the field dependence of the pseudo-Stark splitting and the spectrum of the
EL, we can now estimate the location of the electron impact excitation generating
the EL. The strength of the pseudo-Stark splitting is proportional to the strength
of the electric field. Hence, the broadening of the two EL peaks compared to the
corresponding PL peak indicates the generation of the EL in an extended area of
the space charge region, since the electric field of an SBD decreases linearly, see
Eqn. 5.4, from its maximum at the contact (x = 0) to zero at the depletion layer
edge (x = W ). Since the electrons have to be accelerated till they have taken up an
energy of at least 2 eV, the EL is not generated directly at the metal-semiconductor
interface. E.g. for a reverse bias of −10 V the electrons must travel at least 10 nm
impact free through the space charge region of the SBD before being able to perform
impact excitations. The maximum shift of the EL peaks is in this case caused by an
electric field of F (10 nm) = 1.8 MV/cm. The probability of an impact free electron
injection follows a Lambert-Beer like dependence and is given by exp

(
−x
λe

)
,[125] with

the injection depth x and the mean free path of the electron λe. The mean free path
of the electrons in β-Ga2O3 is λe = µm∗vsat

e
≈ 2.1 nm, with µ = 120 cm2V−1s−1,

m∗ = 0.31m0,[126] and vsat = 1× 107 cm/s.[127] Therefore, the statistical amount
of electrons traveling impact free the first 10 nm is ≈ 1 %.

Additionally, the EL shows a double peak structure instead of a broadened-out
plateau-like band, so there is no EL generated at the position of the PL line, which
represents the electric field-free case. From this it can be concluded that there is no
EL excitation at the end of the space charge region. Due to the linearly decreasing
electric field, the electrons are not accelerated sufficiently at the end of the space
charge region to take up the kinetic energy necessary to excite the EL. E.g. for a
reverse bias of −10 V the average electric field of the last 40 nm of the space charge
region (≈ 36 % of W = 110 nm) is 0.4 MV/cm, which would lead under impact free
acceleration to a kinetic energy of about 1.6 eV, which would not even be enough
to excite the EL. Hence, the intense red EL is generated in a region of about 50 nm
to 60 nm, which is approximately the half of the charge depletion layer. These
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considerations also justify that we have related the pseudo-Stark splitting to the
average electric field 〈F 〉.

Now it seems worthwhile to compare the strength of the pseudo-Stark splitting
in ruby (α-Al2O3:Cr) with that in β-Ga2O3:Cr,Si. Kaiser et al. observed that the
splitting is directly proportional to the electric field. At the highest field strength of
0.17 MV/cm they applied, the splitting reaches a value of 1 cm−1 corresponding to a
slope of about 7× 10−10 eVcm/V. Assuming continuation of that linear dependence
in the range of an order of magnitude higher electric fields present in our β-Ga2O3
SBDs, we would expect a splitting of 0.7 meV at 1 MV/cm. Instead we observe nearly
triple that value (≈ 2 meV, Fig. 5.14(c)). One reason for this behavior may be that
the dependence becomes stronger than linear in the range of very high electric fields.
This conclusion is corroborated by the splitting-field dependence we measured in the
electric field range from 0.8 MV/cm to 1.3 MV/cm which cannot be simply linearly
fitted if one includes the trivial assumption of no splitting at zero field. Instead one
can speculate over a quadratic splitting-field dependence (not shown here) which
would reasonably well fit both the electric field ranges investigated by Kaiser et al.
and by us. However, one has to keep in mind that a quantitative treatment of the
effect of the crystal field superimposed with an external electric field on the ion’s
(Cr3+) energy states would represent a very complex theoretical task and is outside
the scope of the present paper. Here we can only establish that the electric field
dependence of the pseudo-Stark splitting of the R1 (as well as R2) line of Cr3+ is of
comparable strength in β-Ga2O3 and α-Al2O3, i.e. the slopes of both dependencies
in very different field ranges differ only by a factor of two (1.4× 10−9 eVcm/V for
β-Ga2O3 and 0.7× 10−9 eVcm/V for α-Al2O3).

Finally, we discuss the deviation from the 1:1 ratio of the intensity of the EL
R1A and R1B lines for voltages higher than 7 V (see Fig. 5.14(a)&(b)). The ratio of
the intensity of the low-energy peak to the high-energy peak of the R1 EL increases
with increasing voltage. This can be explained by warming up of the SBD due to
Joule heating. By applying 17 V, an electrical power of up to 300 mW is achieved,
which, despite the permanent cooling with a bath temperature of 7 K, will lead
to an increase in temperature within the space charge region. The two states are
depopulated and the electrons are excited to the level 4T2, which is only 60 meV
above the 2E level[119] without an external electric field. These levels are probably
even closer to each other since the 4T2 level also shifts due to the pseudo-Stark
effect. Since the high energy level R1B is closer to the level 4T2 than the low energy
level R1A, it is comparatively more depopulated.

5.3.4 Conclusions on EL of Cr3+ and pseudo-Stark effect in
SBDs on β-Ga2O3

As the EL is generated by electrical pumping in just a small volume (50 nm to 60 nm),
this effect may enable the integration of light emitting Schottky barrier diodes on
chips. It was shown, that SBDs on β-Ga2O3 are stable at high temperatures up to
225 ◦C.[92, 128] Additionally, the EL of chromium is representative of the ability to
excite the luminescent states of other transition metals. Hence, high temperature
light emitting SBDs in different colors are a potential application for β-Ga2O3. In
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Fig. 5.12(a) it is also visible, that the EL is reflected at the bottom contact and
the sample functioned as a wave guide to lead the light to the edges. Therefore, the
coupling in and out of the light would not have to be a problem. By integrating a
resonator, it might even be possible to realize an electrically pumped solid-state laser
with a tunable wavelength in the range from 660 nm to 840 nm since the lifetime at
room temperature of the luminescent state should be long enough with 0.23 ms to
create a population inversion.[117]

Furthermore, at low-temperatures the pseudo-Stark effect enables tuning of the
R1 splitting between about 1.5 and 3 meV, which might be used for tunable tera-
hertz sources in the 0.4 THz to 0.7 THz range. This can be achieved by coupling the
R1A and R1B transition and applying their beat frequency. This approach is only
applicable for β-Ga2O3 since such high electric fields necessary for a strong tunable
pseudo-Stark splitting are easily achieved in SBDs. For instance, the average elec-
tric field of 1.3 MV/cm, which is generated in the light emitting SBDs by applying
−17 V is an order of magnitude greater than the electric field of 0.17 MV/cm, which
is generated in 1 mm thick insulating α-Al2O3:Cr crystals by applying 17 kV.[124]

In summary, light emitting SBDs were produced on Czochralski-grown β-Ga2O3
single crystals co-doped with chromium and silicon. A bright, red EL can be gener-
ated in the space charge region of such light emitting SBDs due to electron impact
excitation by applying reverse bias voltages of about 10 V. It was shown that the EL
is related to the R1 and R2 intra-center transitions of the Cr3+ ion on the octahedral
sites of β-Ga2O3. In the EL the R1 as well as the R2 transition are split up due to the
pseudo-Stark effect which occurs under an external electric field. This pseudo-Stark
effect is actually an opposite shift of the energy levels of Cr ions at two distinct,
energetically equivalent octahedral lattice sites, which differ crystallographically by
an inversion at the Cr ion. The strength of the pseudo-splitting depends on the
strength of the external electric field, and can therefore be tuned by shallow donor
doping or reverse voltage. The beat frequency of the split up EL lines is well within
the terahertz gap, which may open up a new application field of β-Ga2O3.
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6 β-Ga2O3 Layers: Results and
Discussion
In this chapter I will focus on the characterization of β-Ga2O3 layers homoepitaxially
grown by MOVPE. In the beginning, there were issues with deteriorated electrical
properties of theses layers leading to reduced charge carrier mobilities. I am going
to discuss how a detailed characterization contributed to the understanding of these
problems and helped to improve the material in the end. The further development
of the layers is dealt with chronologically here. First, I am going to show some
preliminary investigations about the band bending at the interface of layers on semi-
insulating substrates focusing on the influence of the compensating acceptor dopant
within the substrates. It is important to take care of the compensating acceptor
since the effective film thickness is influenced by it. In the next section I will show
a model of the influence of incoherent twin boundaries on the electrical properties
by reducing the charge carrier mobility and compensating the free charge carrier.
Then, I will refer how to prevent the formation of these incoherent twin boundaries
pointing on the influence of the miscut orientation of the substrate. Finally, I will
show the electrical characterization of high quality MOVPE grown layers on different
substrates and will compare them to HVPE grown layers and literature to derive an
empirical formula concerning the mobility limit of β-Ga2O3. The strong focus on
the charge carrier mobility µ is due to the fact that device performance can be best
tuned on it since it is the only factor in the Baliga’s figure (BFOM = εrε0 · µ · E3

G

[129]) of merit which is most influenced by extrinsic effects compared to the static
dielectric constant εrε0 and the band gap EG, which are pure intrinsic properties of
β-Ga2O3.

6.1 Band alignment on semi-insulating substrates
Homoepitxially growing layers on semi-insulating substrates are normally not influ-
enced by the substrate in the sense of electrical properties. Since β-Ga2O3 is a wide
band gap semiconductor, the difference in ionization energy of the shallow donor in
the layer to that of the deep compensating acceptor of semi-insulating substrates
can be larger then in common semiconductors. Moreover, a quite low doping con-
centration of ND = 1016 cm−3 is possible in these layers. Since the width of the band
alignment between the layer and the substrate increases with decreasing shallow
donor concentration, this has to be taken into account when growing homoepitaxi-
ally a wide band gap semiconductor. Consequently, the substrate may influence the
electrical properties of layers grown homoepitaxially if they are thin.

In Fig. 6.1(a)&(b) the band alignment of homoepitaxial β-Ga2O3 layers on
semi-insulating substrates doped with Mg or Fe is shown. This band alignment is
calculated using the Schrödinger-Poisson solver of G. L. Snider.[130] Magnesium and
iron are deep acceptors compensating the unitentional n-type doping during the bulk
crystal growth leading to semi-insulating substrates. Mg and Fe are supposed to have
their acceptor level at Ec−ET(Mg) = 3.7 eV [131, 132] and at Ec−ET(Fe) = 0.7 eV
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[133], respectively. An acceptor concentration of NA = 1018 cm−3 is enough to
fully compensate the unintentional doping of ND = 5× 1017 cm−3 in the crystals.
These values for ND and NA were also applied for the calculation of the band dia-
gram. In Fig. 6.1(a) the band diagram of layers with shallow donor concentrations
of 1016 cm−3 to 1018 cm−3 on Mg doped substrates is shown. Hereby, the shallow
donor ionization energy is assumed to be 36 meV and independent of the doping
concentration. It is shown, that a charge depletion layer forms at the interface of
the substrate and the layer due to the Fermi level adjustment. The charge deple-
tion layer width is 675 nm, 225 nm, and 75 nm for shallow donor concentrations of
1016 cm−3, 1017 cm−3, and 1018 cm−3, respectively. In Fig. 6.1(b) the same situation
for layers on iron doped substrates are shown. Since the acceptor level of Fe is
3 eV closer to the conduction band than this of Mg, the charge depletion layer is
much smaller. The charge depletion layer width on iron doped substrates is 360 nm,
120 nm, and 40 nm for shallow donor concentrations of 1016 cm−3, 1017 cm−3, and
1018 cm−3, respectively. The electric field of the charge depletion layer presses the
charge carriers to the surface leading to a reduced effective layer thickness and may
increase surface scattering mechanisms. Consequently, it is crucial to know the layer
thickness, the shallow donor concentration and the kind of acceptor impurity com-
pensating the substrate to calculate the effective layer thickness for the Hall effect
characterization of β-Ga2O3. If I want to grow a layer with ND = 1016 cm−3 on a Mg
doped substrate, I suppose to grow at least 1 µm thick layers and take the charge
depletion layer of 675 nm into account.

Figure 6.1: Band diagram of homoepitaxial β-Ga2O3 layers with shallow donor concentrations
of ND = 1016 cm−3 (red), ND = 1017 cm−3 (black), and ND = 1018 cm−3 (blue)
on semi-insulating substrates calculated with the Schrödinger-Poisson solver of G. L.
Snider.[130]
(a) Layer on a Mg doped, semi-insulating, (100) oriented substrate. Mg is assumed
to have its acceptor level at Ec − ET(Mg) = 3.7 eV.[131, 132]
(b) Layer on an Fe doped, semi-insulating, (010) oriented substrate. Fe is assumed
to have its acceptor level at Ec − ET(Fe) = 0.7 eV.[133]

In Fig. 6.2 SIMS profiles of silicon in layers with a thickness of 200 nm grown on
either (100)-oriented, Mg doped substrates or (010)-oriented Fe doped substrates are
shown. In both cases, at the interface between the layer and the substrate a silicon
peak of 3× 1018 cm−3 is visible. Since silicon is supposed to be a shallow donor in
β-Ga2O3,[54] if it is incorporated on an electrically active site, the interface peak will
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influence the just calculated band diagram. To check if the silicon is incorporated
on an electrically active site, I performed C-V measurements on a 125 nm thick layer
grown on a (100)-oriented, conductive substrate. The net doping (ND−NA) profile
of the layer is shown in Fig. 6.3. A shallow donor peak of 1018 cm−3 at the interface
between substrate and layer is visible. The shallow donor peak shows an ionization
energy of 30 meV to 40 meV derived from an Arrhenius plot of the peak maximum
concentrations over the inverse temperature. I attribute this shallow donor peak to
the silicon peak in the SIMS measurements. Consequently, the Schrödinger-Poisson
calculations of the band diagram have to be adjusted by an interface layer with
ND = 3× 1018 cm−3 and a thickness of 10 nm and 15 nm for (100)-oriented and
(010)-oriented substrates, respectively.

Figure 6.2: SIMS profile of silicon in homoepitaxial β-Ga2O3 layers on either semi-insulating,
(100)-oriented, Mg doped substrates (red) or semi-insulating, (010)-oriented, Fe
doped substrates (black).

Figure 6.3: Net doping profile measured by C-V measurements of a β-Ga2O3 layer homoepitax-
ially grown by MOVPE on a conductive, (100)-oriented substrate at 100 K (blue),
200 K (cyan), 250 K (green), 300 K (yellow), 400 K (orange), and 450 K (red). A
donor interface peak occurs with an ionization energy of 30 meV to 40 meV.

Fig. 6.3(a)&(b) shows the band diagrams of layers on either (100)-oriented, Mg
doped substrates or (010)-oriented Fe doped substrates adjusted by a Si interface
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peak. For the Mg doped substrate (Fig. 6.3(a)), the charge depletion layer width
is just reduced due to the interface peak to 520 nm, 160 nm, and 35 nm for shallow
donor concentrations of 1016 cm−3, 1017 cm−3, and 1018 cm−3, respectively. In this
case a silicon interface peak helps to grow thinner layers. This can be also applied
to the growth process by growing a δ-doped interface layer to reduce the charge
depletion layer width. For the Fe doped substrate (Fig. 6.3(b)), the charge depletion
layer vanishes due to the Si interface peak. The inset of Fig. 6.3(b) shows that a
conductive channel forms at the interface of layer and substrate. Consequently,
a two channel model has to be applied for the Hall characterization. I also want
to note here that lateral devices may fail due to leakage current flowing over the
conductive interface channel.

Figure 6.4: Band diagram of homoepitaxial β-Ga2O3 layers with shallow donor concentrations
of ND = 1016 cm−3 (red), ND = 1017 cm−3 (black), and ND = 1018 cm−3

(blue) on semi-insulating substrates including a Si interface peak calculated with
the Schrödinger-Poisson solver of G. L. Snider.[130]
(a) Layer on a Mg doped, semi-insulating, (100) oriented substrate, including a Si
interface peak of 10 nm thickness and ND = 3× 1018 cm−3 from Fig. 6.3.
(b) Layer on a Fe doped, semi-insulating, (010) oriented substrate, including a Si
interface peak of 15 nm thickness and ND = 3× 1018 cm−3 from Fig. 6.3.

In conclusion, the substrates influences the electrical properties of thin layers due
to the kind of acceptor impurity compensating the unintentional n-type doping of the
crystals. For characterization of homoepitaxial β-Ga2O3 layers and device design all
circumstances like shallow donor doping, interface donor peaks and the substrates
have to be taken into account. Due to a reduced effective thickness the calculated
charge concentration from Hall effect measurements may be underestimated. By
reducing the effective thickness of the channel there can be surface scattering effects,
which can reduce the charge carrier mobility in the layers. The thicker the layers are
grown, the less effect the substrate has. However, for lateral devices thin layers are
needed. Here, the investigation of an acceptor with its deep level in the middle of
the band gap will reduce the effect of the substrate, since the depletion layer width
will be smaller than for Mg doped substrates, but the conductive interface layer is
still depleted. Potential candidates could be nickel or cobalt.[134]
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6.2 Influence of incoherent twin boundaries on
the electrical properties

This section is mainly based on the refereed journal article: [5] A. Fiedler, R.
Schewski, M. Baldini, Z. Galazka, G. Wagner, M. Albrecht and K. Irmscher; ”In-
fluence of incoherent twin boundaries on the electrical properties of homoepitaxial
β-Ga2O3 layers homoepitaxially grown by metal-organic vapor phase epitaxy” ; J.
Appl. Phys., 122, 165701, (2017). The contribution are as follows: I (A. Fiedler)
did the electrical characterization and developed the model which is the main focus
of the paper. K. Irmscher supervised me in this process. R. Schewski and M. Al-
brecht were responsible for the structural analysis using TEM. M. Baldini and G.
Wagner did the growth of the investigated layers using MOVPE. Z. Galazka pro-
vided the substrates for this investigation.

In the present section, I report on the electrical transport properties of Si doped
β-Ga2O3 layers homoepitaxially grown on (100) substrates of no or only slight off-
orientation. These layers behave electrically very similar to the Sn doped layers of
Ref. [49] with respect to low mobility values and mobility collapse below a threshold
electron concentration (here, n = 1 × 1018 cm3) as well as low doping efficiency.
By using transmission electron microscopy (TEM), we show that the layers contain
a high density of twin lamellae. High resolution scanning transmission electron mi-
croscopy (STEM) allows us to analyze the atomic structure of the twin boundaries,
which can be classified into coherent boundaries parallel to (100) and incoherent
ones parallel to (001). While the former ones preserve the atomic coordination,
this is not the case at the incoherent twin boundaries (ITBs). Our atomic model
of an ITB suggests that one dangling bond per unit cell is present. The dangling
bonds are arranged along the ITBs of thin twin lamellae and may act as acceptor
states. This is in analogy to the model of electrically active dislocations originally
suggested by Read [135] and further developed to explain unusual carrier mobility
behavior in highly dislocated GaN.[136–138] Here, we adapt this model to ITBs
in β-Ga2O3. Based on the density and geometry of the ITBs, estimated by TEM
measurements, corresponding calculations quantitatively confirm that mobility re-
duction and collapse as well as partly the compensation are due to the presence of
twin lamellae.

6.2.1 Electrical properties of layers grown on (100) on-oriented
substrates

Conductivity and Hall effect, as well as DLTS measurements, reveal the following
electrical properties of the Si doped β-Ga2O3 (100) layers:

(i) In Fig. 6.5, the electron Hall mobility µ is plotted versus the electron concen-
tration n. An unambiguous Hall effect is measurable only in layers with n >
1× 1018 cm−3 . Above this threshold, the mobility decreases from 30 cm2/Vs to
10 cm2/Vs for an increase in electron concentration by an order of magnitude, a
dependence qualitatively consistent with dominant scattering at ionized impu-
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rities. For n < 1× 1018 cm−3 the layers are still conductive, but a measurement
of the Hall effect is impossible which is ascribed to a sudden drop in electron
mobility with decreasing electron concentration (mobility collapse). A similar
mobility collapse below a critical carrier concentration is observed in GaN and
is explained by the presence of a high density of dislocations forming walls of
potential barriers for electron transport.[136–138]

(ii) The four-terminal resistances of the van der Pauw measurement in the (100)
plane of our layers are strongly anisotropic: the four-terminal resistance R[001]
with current flow along the [001] direction is about ten times higher than the
resistance R[010] with current flow along [010]. This large difference cannot be
explained by the monoclinic crystal structure of β-Ga2O3, since its electron
transport properties have turned out to be almost isotropic.[30, 31, 38, 54, 58]
Rather it suggests that anisotropically arranged, electrically active inhomo-
geneities, such as extended defects, are present in the layers.

(iii) The electron concentration, measurable by the Hall effect above 1× 1018 cm−3,
is lower by a factor of 3 to 30 than the Si dopant concentration measured by
SIMS in the respective range from 3× 1018 cm−3 to 2× 1020 cm−3 as repre-
sented in Fig. 6.6. This indicates high compensation of the Si donors by
acceptors and possibly, electrically inactive Si incorporation. Compensating
acceptors could be point defects (e.g., Ga vacancies [139]) and extended defects
rather than impurities in our layers.

(iv) In Fig. 6.7, a typical DLTS spectrum of a layer is compared with that of a con-
ductive substrate. The spectrum of the substrate is dominated by the DLTS
peak of an electron trap at 0.7 eV to 0.8 eV below the conduction band edge
that is omnipresent in melt-grown β-Ga2O3 bulk crystals in the mid 1016 cm−3

concentration range.[58, 140] This peak shows no broadening due to non- or
multiexponential thermal emission. Therefore, the peak should be due to a
point defect. Later Ingebrigtsen et al. found out that this peak is related to
the iron acceptor level.[133] In contrast, the DLTS spectrum of the layer con-
sists of broadened, overlapping peaks, while the iron acceptor peak is strongly
suppressed. This suggests that the underlying defects possess closely spaced
or continuously distributed energy levels as it is usually assumed for extended
defects. For the approximate center of gravity of the broad DLTS peak distri-
bution, we determine a thermal activation energy of 0.34 eV. Since we assume
that these defects significantly contribute to the electrical compensation, the
DLTS evaluation of their concentration, maximum of the peak distribution is
at about 1× 1016 cm−3, reflects only a small part of their real concentration.
This is because the electron concentration available for recharging during a
DLTS filling pulse, which is given by the difference between the concentration
of shallow donors and the concentration of compensating deep level defects,
is much smaller in the present case than the concentration of the deep level
defects, leading to incomplete filling.

In conclusion, our observations suggest that electrical transport in the layers is
ruled by anisotropically arranged, extended defects. A structural analysis by TEM,

- 76 -



6.2 Influence of incoherent twin boundaries on the electrical properties

presented in the subsequent paragraph, will provide direct evidence of extended
defects and their type.

Figure 6.5: Electron Hall mobility as a function of the electron Hall concentration at 300 K
for β-Ga2O3 homoepitaxially grown by MOVPE on (100) oriented substrates (black
squares).

Figure 6.6: Electron Hall concentration n at 300 K as a function of the silicon atomic concen-
tration measured by SIMS for β-Ga2O3 layers homoepitaxially grown by MOVPE on
(100) oriented substrates (black squares). The black line marks the upper electron
concentration limit in the ideal case of completely ionized, uncompensated Si donors.

Figure 6.7: DLTS spectrum of an (100) oriented, conductive β-Ga2O3 substrate (red dots) and
of a layer (black squares) grown by MOVPE on such a substrate. The time window
setting of 20 ms used here corresponds to the emission rate in the peak maximum of
en,max = 114 s−1.
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6.2.2 Structural analysis

The TEM analysis of the layers reveals the presence of a high density of planar
defects. A typical example is shown in Fig. 6.8(a) by a cross sectional dark field
image of a 150 nm thick layer grown on a substrate with a nominal miscut of 0.1◦.
While the substrate is free of planar defects and shows only speckled contrast due
to unavoidable surface damage caused by ion milling, the layer contains a high
density of planar defects. These defects turn out to be twin lamellae. Structural
details on the atomic scale of the boundaries of the twin lamellae are uncovered by
Z-contrast STEMHAADF images. Figure 6.8(b) shows a region of coalescence of
the two possible twin orientations projected along the [010] zone axis. Since the
atomic number of oxygen (Z=8) is much smaller than the atomic number of gallium
(Z=31), the contrast in these images arises from the gallium columns only. The
image has been overlaid with a stick and ball model of β-Ga2O3. The stacking
can be analyzed from the lozenge-shaped arrangement of the Ga atoms in the β-
Ga2O3 along this projection. The boundary in the (100) plane is marked by the red
dashed line. The lattice in this region can be continued by mirroring at the (100)
plane combined with a translation by a half c lattice parameter along [001]. This
produces a twinned crystal orientation, described by a c/2 glide reflection.

Let us focus on the (100) twin boundary first. The structural model shown in
Fig. 6.8(c), derived from the Ga positions in Fig. 6.8(b), shows that all atoms in
the boundary are fully coordinated, i.e., the twin boundary at the (100) plane is
coherent. We consider now the twin boundary formed by coalescence along [001] of
two twinned nuclei marked by I and II in Fig. 4(b). The boundary (highlighted by
a yellow, dotted line) can be recognized by the different orientation of the lozenge-
shaped arrangement of the Ga atoms. In the stick and ball model of Fig. 6.8(c),
the oxygen atoms, invisible in STEM and TEM images, have been placed based on
the principle of plausibility, i.e., considering their coordination and the distortion
of the bonds. According to this model, the boundary is formed of two structural
units that are highlighted by violet, dashed and blue, solid rectangles. In the first
structural unit [enlarged in Fig. 6.8(d)], an oxygen column is coordinated by two
octahedral gallium columns and arranged in a planar geometry. This is very likely
an energetically unfavorable configuration and may lead to local lattice relaxation.
The second structural unit [enlarged in Fig. 6.8(e)] is formed of two columns of
tetrahedrally bound gallium atoms bound to an oxygen column. The oxygen atoms
in this column are only coordinated by two gallium atoms, i.e., a single nearest Ga
neighbor is missing compared to the corresponding undisturbed lattice site. The
(001) twin boundary thus is an incoherent boundary that exhibits dangling bonds
and local lattice relaxations. It is natural to assume that these (001) twin boundaries
introduce deep states in the energy gap of β-Ga2O3 which influence the electrical
properties of the layers in a negative way. A corresponding quantitative model
will be developed in Sec. 6.2.3. A prerequisite for any quantitative model is the
knowledge of the density of active defects introduced by these boundaries. Therefore,
we measure the dimensions and density of the incoherent twin boundaries (ITBs),
i.e., their average height, lateral extension, and mean distance as sketched in Fig.
6.9, from TEM micrographs.
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Figure 6.8: (a) Cross sectional TEM dark field image of a typical MOVPE layer. For imaging,
we used a g vector parallel to [001].
(b) High resolution STEM-HAADF image showing a region where two twin orien-
tations coalesce. The red dashed line indicates the (100) twin boundary, while the
yellow dotted line represents the (001) twin boundary.
(c) Structural model of the boundaries developed from the STEM image. Bright
green and grey indicating octahedrally bound Ga atoms, and dark green and black
correspond to tetrahedrally bound Ga atoms, respectively. Red balls correspond to
oxygen atoms.
(d) and (e) represent enlarged models of atomic bonding at the (001) boundary
corresponding to the, respectively, highlighted structural units in (c).
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Figure 6.9: Scheme of the distribution of incoherent twin boundaries (ITBs) as seen in a cross
sectional TEM image. The yellow stripes represent the ITBs at the (001)-plane. B
is the thickness of the layer, A is the width of the image, L is the thickness of the
TEM sample, D is the mean distance between each two neighboring ITBs, t is the
distance between two adjacent dangling bonds within an ITB, and hi are the heights
of the ITBs.

From the analysis of 3566 twins in β-Ga2O3, we find that their heights hi range
from half a unit cell up to several 10 nm with 96 % below 10 nm and an average value
of 3.2 nm. Additionally, we extract the mean distance D = (40± 20) nm between
each two neighboring ITBs by measuring each distance of related neighboring (001)
boundaries. The thickness of the TEM sample is L = 50 nm, which is a lower bound
for the length of the ITBs, because we see no distortion of the atom columns in the
high-resolution STEM-HAADF images [see Fig. 6.8(b)]. Since hi � D and hi � L
and the average vertical separation (along a∗) is about 10 nm, it is possible to treat
the ITBs as separate line defects. According to our model of atomic bonding, one
dangling bond per unit cell is present in the ITB. Hence, we can quantify the density
of columnar arranged dangling bonds by

Nitb =
∑
i hi

A · B · a · sin(β) , (6.1)

where i is the index of the ITBs, a = 1.223 nm is the lattice parameter,[78]
β = 103.7◦ is the monoclinic angle,[78] A is the width of the image and B is the
thickness of the layer. The hereby determined density of ITBs ranges from Nitb =
1× 1011 cm−2 to 1.5× 1012 cm−2 with the mean value < Nitb >= 6× 1011 cm−2.
The distance t between two dangling bonds within an ITB is equal to the lattice
parameter b = 0.304 nm,[78] since there is one dangling bond per unit cell.

6.2.3 Modeling of the electrical transport in the presence of
incoherent twin boundaries

From the structural analysis we know that the incoherent twin boundaries (ITBs)
at the (001) plane contain dangling bonds. These normally form acceptor-like deep
states in an n−type semiconductor.[141] Since we investigate moderately to highly
n−type doped material, the Fermi level is located above or pinned by the deep
dangling bond state. Hence, the dangling bond acceptor catches a free electron and
forms a negatively charged region. The valence and conduction band edges are bent
and a spherical space charge region forms around the dangling bond. Since the
dangling bonds are columnar arranged, like line defects, the resulting space charge
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region around an ITB has a cylindrical shape with the radius R and the cylinder
axis along [010] as shown in Fig. 6.10.

Figure 6.10: Scheme of the band bending due to dangling bonds introducing acceptor states (neg-
ative sign in a rectangle) in an n−type semiconductor. The axis system illustrates
the potential energy in the b-c plane in the case of incoherent twin boundaries
(ITBs). Cylindrical space charge regions of radius R and axis along [010] form
around the ITBs. D represents the mean distance between each two neighboring
ITBs.

Due to charge neutrality, we can define R in such a way that the cylinder contains
an amount of fixed positive charge equal to the negative charge at the ITB [142]:

πR2
(
N+

d −N−a
)

= f

b
⇒ R =

√√√√ f

πb
(
N+

d −N−a
) , (6.2)

where N+
d is the density of ionized donors, N−a is the density of ionized acceptors,

the difference
(
N+

d −N−a
)
is the electron concentration of an n-type semiconductor

without extended defects, b is the distance between two dangling bonds within an
ITB and f is the filling factor of the dangling bonds. Due to Coulomb repulsion,
the occupation of the closely spaced dangling bonds by electrons is limited. Hence,
the filling factor is somewhere between 0 and 1. The filling of dangling bonds is
determined using Read’s minimum energy approximation for line defects given in
Ref. [142]:

E∗ = E0f

[
3 ln

(
f

fc

)
− 0.232

]
, (6.3)

with E0 = e2

4πε0ε
1
b
being the energy of the interaction of two electrons in adjacent

sites, where εrε0 is the product of the absolute dielectric constant and the relative
static one,[93] fc = b

[
π
(
N+

d −N−a
)] 1

3 , and E∗ = (Ec − Eitb) − (Ec − Ed) is the
thermal activation energy of dangling bonds. Formula (6.3) is exact for T = 0 K
and gets more inaccurate with increasing temperature by underestimating the filling
of dangling bonds. Nevertheless, it is an appropriate approximation at 300 K and
gives a lower bound for f . For the ionization energy of the ITBs, we take Ec−Eitb ≈
0.34 eV, the center of gravity of the broad DLTS peak distribution (Fig. 6.7), as a
reasonable assumption. The shallow donor ionization energy is calculated after Ref.
[58],

Ec − Ed = 36.3 meV− 1.46 e
2N

1
3
d

4πε0ε
. (6.4)
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Assuming a homogeneous distribution of the ITBs, a periodical electrostatic
potential φ occurs (see Fig. 6.11). For the in-plane electrical transport through
the layer, the electrostatic potential along [001] is crucial (see Fig. 6.10), since
the ITBs form at the (001)-plane. The potential barrier that an electron has to
overcome when flowing in [001] is the difference between the potential maximum at
the ITB and the potential minimum at half way D/2 between adjacent ITBs. The
analytical calculation of φ was done by Krasavin for dislocations in GaN, which are
also columnar arranged,[137] and is adopted by us for the case of ITBs in β-Ga2O3,

− eφ(R,D, b) =
4e2

(
N+

d −N−a
)
R3

3ε0εD
− e2f

2bπε0ε
ln(2) . (6.5)

A strong dependence on the net doping concentration
(
N+

d −N−a
)

is visible

since φ is proportional to
(
N+

d −N−a
)
and to R3, with R ∝

(
N+

d −N−a
)− 1

2 . Hence,

φ ∝
(
N+

d −N−a
)− 1

2 , thus the barrier decreases with increasing doping concentration.
This is illustrated in Fig. 6.11. At lower doping concentrations the charge trans-
port is hindered by depletion zones. At the ”threshold” doping concentration the
charge transport is possible, but influenced by the depletion zones. At high doping
concentrations the charge transport is not influenced by the depletion zones.

Figure 6.11: Scheme of the charge depletion zones forming around incoherent twin boundaries.
A periodical electrostatic potential φ occurs. There is a strong dependence on the
net doping concentration visible.
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For the current flow between twinned regions, the barrier φ has to be overcome
by thermionic emission, like in polycrystalline or powdered semiconductors.[143]
Therefore, a twin boundary can be assumed as a back-to-back Schottky barrier and
it is possible to define an effective resistance for such a barrier. Using the effective
resistance, it is possible to define a quantity µitb, which has the dimensions of a
carrier mobility [143]:

µitb = eL√
8kBTπm∗

exp
{(
−eφ(R,D, b)

kBT

)}
, (6.6)

where m∗ = 0.28m0 is the effective electron mass.[54] µitb can be interpreted
either in terms of a constant carrier density associated with a thermally activated
mobility or conversely in terms of a constant mobility and thermally activated carrier
density.[143] Following Matthiessen’s rule, the total mobility results from

µtot = 1
µbulk

+ 1
µitb

, (6.7)

where µbulk is the bulk mobility of β-Ga2O3 due to normal scattering processes.
The bulk mobility is calculated using an empirical expression given in Eq. (7) of
Ref. [29]. To obtain the dependence of the mobility µ on the electron concentration
n like in Fig. 6.12, it is necessary to calculate n by solving (iteratively) the charge
neutrality equation. Since the dangling bonds within an ITB show acceptor-like
behavior, the charge neutrality equation as well has to be adjusted [137]:

n =
(
N+

d −N−a
)
− f Nitb

b
. (6.8)

Using the well-known expressions for the density of ionized donors (N+
d ) and ion-

ized acceptors (N−a ) as a function of the Fermi energy (EF), the temperature and the
respective ionization energies, and assuming Boltzmann statistics, one can calculate
the electron concentration n for a certain density of donors Nd, point defect related
acceptors Na, and acceptors related to ITBs Nitb. For Na, we take 5× 1015 cm−3,
a value measured by DLTS for layers on (100) substrates off-oriented by about 6◦
towards [001] which do not contain extended defects (see section 6.3), and hence, we
assume that this value accounts for point defect related acceptors. Furthermore, we
assume for the calculation that all Si atoms are incorporated as electrically active
shallow donors, i.e., Nd is taken equal to the Si atomic concentration. The resulting
mobility due to the presence of ITBs versus the electron concentration n is plotted
together with the experimental results in Fig. 6.12. Nearly all experimental val-
ues are in the calculated range given by the bounds for the density of ITBs using
the model of homogeneously distributed, charged barriers. The mobility collapse at
a critical electron concentration of about 1× 1018 cm−3 is also reproduced by our
model. The electron concentration n in the presence of ITBs versus the Si atomic
concentration is plotted together with the experimental results in Fig. 6.13. The
calculation shows that the given density of ITBs in the layers account for the strong
compensation, in particular, in the low Si doping range up to 3× 1019 cm−3. For
higher Si atomic concentrations, however, the model fails. Two reasons may be re-
sponsible for this failure: (i) the underestimation of the filling factor f by Eq. (6.3)
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and (ii) our assumption that all Si atoms are incorporated as electrically active shal-
low donors. In particular, the latter assumption is probably inapplicable for high
Si doping concentrations since incorporation on electrically inactive sites, including
the formation of defect complexes and gettering of Si at ITBs, may take place.

Figure 6.12: Electron Hall mobility as a function of the electron Hall concentration at 300 K
for β-Ga2O3 homoepitaxially grown by MOVPE on (100) oriented substrates (black
squares). The blue dashed line represents the calculated bulk mobility. The green
dash-dotted lines represent the calculated mobility due to incoherent twin boundaries
of the lowest (1× 1011 cm−2) and highest (1.5× 1012 cm−2) density determined
by TEM. The red-shaded area illustrates the total calculated mobility within these
bounds.

Figure 6.13: Electron Hall concentration n at 300 K as a function of the silicon atomic concen-
tration measured by SIMS for β-Ga2O3 layers homoepitaxially grown by MOVPE on
(100) oriented substrates (black squares). The black line marks the upper electron
concentration limit in the ideal case of completely ionized, uncompensated Si donors.
The red-shaded area predicts the electron concentrations in the presence of incoher-
ent twin boundaries with densities between 1× 1011 cm−2 and 1.5× 1012 cm−2.

Finally, we point out that a strong conductivity anisotropy is inherent to our
simple model. Since we have regarded only space charge cylinders expanded in the
[010] direction, the barrier for current flow along [001] has a maximum and reduces
for current flow away from this direction. This assumption is in accordance with the
principal arrangement of the twin lamellae and explains qualitatively the anisotropy
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in the four-terminal resistances measured by the van der Pauw method (see above).
The measured ratio R[001]/R[010] of about 10 overestimates the actual conductivity
anisotropy which should correspond to a ratio of only 2 according to Ref. [144]. The
reason for this unexpectedly low conductivity ratio may be due to the incoherent
twin boundaries, which form on the (010)-plane when two twinned islands coalesce
and which are not taken into account in the present model. From atomic force
microscopy images of the layers an aspect ratio of the length of an island in [010]
direction to the length in [001] direction of about 2 is obtained for every island
forming during MOVPE growth.[59] This is an indication for the density of ITBs in
[010] direction and might explain a two-to-one anisotropy in conductivity.

6.2.4 Summary and conclusion on the influence of incoher-
ent twin boundaries

β-Ga2O3 layers grown homoepitaxially by MOVPE on (100) substrates of slight
off-orientation below 0.4◦ showed a low mobility of at most 30 cm2/Vs, a mobility
collapse below a threshold electron concentration of 1× 1018 cm−3, as well as low
doping efficiency with electron concentrations being a factor of up to 30 lower than
the silicon donor doping concentration. Combining the structural investigations of
twin lamellae in these layers, in particular, the geometry anddensity of ITBs, with
a transport model for charged dislocations in GaN,[137] the low mobility and the
mobility collapse at low n-type doping can be well explained. The low doping ef-
ficiency is at least partly described by the model. Thus, we conclude that point
defects like Ga vacancies, which are considered to be important compensating ac-
ceptors in n-type β-Ga2O3,[139, 145] play only a minor role for compensation in our
samples. Our model may also explain the electrical behavior of n-type β-Ga2O3 lay-
ers grown on sapphire (0001) substrates by low pressure chemical vapor deposition,
where a similar trend in mobility over electron concentration was reported.[57] Such
heteroepitaxial growth results in 60◦ rotational domains of β-Ga2O3 as we observe
by MOVPE growth on (0001) sapphire and already reported by Lv et al.[146] We
expect that the grain boundaries between these domains behave electrically in a
similar way as the ITBs.

The most important task is to prevent the formation of the incoherent twin
boundaries to achieve device grade material. Solutions for this will be presented in
the following sections.

6.3 MOVPE grown layers on (100) substrates with
miscut

As already mentioned in the previous section, twinning occurs due to possible double
positioning of the Ga adatoms on the (100) plane. Hence, twin lamellae form if layer
by layer growth through nucleation of 2D islands takes place. Twinned islands will
coalesce and form the incoherent twin boundaries. The orientation of adatoms will
be given by the kink of a step if the adatom reaches it. Therefore, growing in step-
flow growth mode is the aim, since then no incoherent twin boundaries will form.
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Step-flow growth can be achieved if proper combinations of growth parameter and
miscut are chosen.[59] This is shown in Fig. 6.14, which shows AFM and TEM
investigation by my colleague Robert Schewski.[59] For constant growth parameters
the miscut along c is increased from 0.1◦ to 6◦. In the upper row of Fig. 6.14
the AFM images of the substrates are shown. Homogeneously stepped surfaces
can be seen, with step lengths corresponding to the miscut. The middle row of
Fig. 6.14 shows AFM images of the layers grown on these surfaces. The surface
morphology undergoes a transition from 2D island growth to step-flow growth with
increasing miscut angle. The arrows indicate the presence of two-dimensional islands
on the terraces. These islands form because the effective diffusion length is not long
enough, thus the adatoms do not reach the kink of the step. The bottom row
of Fig. 6.14 shows cross sectional TEM images of the layers. It is shown that the
density of incoherent twin boundaries decreases with decreasing island density in the
AFM images and, therefore, increasing miscut angle. A perfect step-flow growth is
achieved at a miscut of 6◦.

Figure 6.14: Upper row: AFM images of substrates with miscut-angles of 0.1◦, 2◦, 4◦ and 6◦

towards [001] direction.
Middle row: AFM images of epitaxially grown layers on these substrates.
Bottom row: Cross sectional TEM images of these epitaxially grown layers. The
[010] direction is the viewing axis.
The surface morphology undergoes a transition from 2D island growth to step-flow
growth with increasing miscut angle. The arrows indicate the presence of two-
dimensional islands on the terraces. The density of planar defects in the layers
decrease with increasing miscut.[59]
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Figure 6.15: Electron Hall mobility as a function of the electron Hall concentration at 300 K for
β-Ga2O3 homoepitaxially grown by MOVPE on substrates oriented (100) with a
miscut of 6◦ along c. The measuring points are divided into two clearly defined
groups, which is illustrated by black squares and red dots.

Let us now focus on the electrical properties of layers grown on 6◦ miscut along
c. The Hall mobility over the charge carrier density of β-Ga2O3 homoepitaxially
grown by MOVPE on substrates oriented (100) with a miscut of 6◦ along c is
shown in Fig. 6.15. The charge carrier mobilities clearly scatter between two ex-
tremes and are divided into two clearly defined groups, which is illustrated by black
squares and red dots. The samples illustrated by black squares show charge car-
rier mobilities in the range of (80± 15) cm2/Vs for charge carrier concentrations
in the range of (1.6± 0.3)× 1018 cm−3, which is comparable to bulk like values.
In contrast to that, the samples illustrated by red dots how charge carrier mobili-
ties in the range of (8± 3) cm2/Vs for charge carrier concentrations in the range of
(1.2± 0.4)× 1018 cm−3, which reminds on the electrical properties of layers grown
with incoherent twin boundaries. (see section 6.2) To understand this scattering in
two extremes we take a closer look on the influence of the miscut orientation on the
electrical properties of these layers.

6.3.1 Influence of the miscut orientation on the electrical
properties

Since the layers grown on substrates oriented (100) with a miscut of 6◦ along c
show such different results we had the hypothesis, that the miscut orientation has a
huge impact on the electrical properties. Since β-Ga2O3 has a monoclinic unit cell,
there may be a difference between a miscut with step down direction along [001̄] and
along [001]. To proof this thesis, we let prepare substrates in both directions and
grow with the same recipe layers on them. My colleague Robert Schewski did the
TEM investigations on these layers shown in Fig. 6.16. It shows cross-sectional TEM
bright field images of these layers. In the case of a miscut toward [001̄] (Fig. 6.16(a)),
the layer is hardly distinguishable from the substrate, i.e., it is free of extended
defects, as expected for layers grown in step-flow growth mode. In contrast, for
the miscut toward [001] (Fig. 6.16(b)), the interface between the substrate and the
layer is clearly visible, characterized by extended defects with a spacing of 50 nm
to 100 nm that climb through the layer. As reported in a previous paper, these
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are stacking mismatch boundaries, formed between two adjacent regions which are
shifted by half of a unit cell along the [100] direction against each other.[59] These
stacking mismatch boundaries are electrically active as compensation and scattering
centers reducing the concentration of charge carriers and their mobility, as described
in section 6.2. An even more striking result is obtained by analyzing selected area
electron diffraction patterns taken from the layer, the substrate, and both together.
Fig. 6.16(b-I) shows the diffraction pattern of the undisturbed substrate. The
diffraction pattern of the layer in Fig. 6.16(b-III) is, compared to the substrate,
mirrored at the (100) plane; i.e., the complete layer is twinned with respect to the
substrate. In the selected area diffraction pattern taken from the layer and substrate,
the twin relation of the layer is seen by the superposition of the gh00 spots originating
from the substrate and the film (Fig. 6.16(b-II)). The change in the orientation of
the layer with respect to the substrate is characterized by a c/2 glide reflection as
described in our previous work.[47, 59]

Figure 6.16: (a) Cross-sectional TEM bright field image of a layer grown on a substrate with a
miscut direction toward [001̄].
(b) Cross-sectional TEM bright field image of a layer grown on a substrate with
a miscut direction toward [001]. The white dashed-dotted lines correspond to the
interface between the layer and the substrate. The selected area diffraction pattern
is taken from I, II, and III and corresponds to the highlighted areas marked in (b).
Reprint from Ref. [6]
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With the help of structural analysis and the model for the influence of incoherent
twin boundaries on electrical properties, we can now describe the Hall results from
Fig. 6.15. First, we determine D = (70± 40) nm and Nitb = (5± 2)× 1012 cm−2

from the TEM images. Then, we put these values in the model from section 6.2.
The results are presented in Fig. 6.17. We can now attribute the measurement
points represented by black squares and red dots to the samples grown on substrates
oriented (100) with a miscut towards [001̄] and towards [001], respectively. It is
visible, that the samples grown on substrates oriented (100) with a miscut towards
[001̄] show bulk like mobility and fit well with the literature.[29] The mobility of
samples grown on substrates oriented (100) with a miscut towards [001] can be
well described by the model of incoherent twin boundaries. Hence, the twinning of
the whole layer on such substrates with the creation of incoherent twin boundaries
climbing through the whole layer is detrimental on the electrical properties. For
reproducible growth of device grade material on (100) oriented substrates a miscut
with step down direction towards [001̄] is crucial.

Figure 6.17: Electron Hall mobility as a function of the electron Hall concentration at 300 K for
β-Ga2O3 homoepitaxially grown by MOVPE on substrates oriented (100) with a
miscut either towards [001̄] (black squares) or [001] (red dots). The blue dashed
line represents the calculated bulk mobility. The green dash-dotted lines repre-
sent the calculated mobility due to incoherent twin boundaries with a density of
5× 1012 cm−2 determined by TEM. The red solid line illustrates the total calcu-
lated mobility within these bounds.

6.3.2 Optimization of the growth parameters - quick eval-
uation using Hall measurements and the model for
incoherent twin boundaries

The investigations described above revealed the problems in the growth of layers
using MOVPE on (100) oriented substrates. With the help of the characterization
it was possible to solve these problems. From now on it has been possible to grow
reproducibly layers with high quality. This finally enables us to work on the opti-
mization of the growth parameters to further improve the material quality and push
the properties to the theoretical limits. For the purpose a fast evaluation of the
material quality is needed, therefore the very successful, but very time-consuming
TEM investigations are not desired for a daily quality check. Since the model of the
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influence of incoherent twin boundaries on the electrical properties described the
results in the sections 6.2 and 6.3.1 quite well, I am going to use it the other way
round to predict from the electrical properties the quality of the layers.

The growth parameter are optimal for the growth on substrates with miscut of
6◦ towards [001̄]. Such a high miscut is not desired since the substrates are polished
with such an miscut, which leads to over 50 % material loss for 10 mm × 10 mm
substrates. For larger substrates, like 2 inch, which are needed for the implementa-
tion in industry the loss is even higher. The miscut is needed to adjust the terraces
length to the effective diffusion length, which will result in step flow growth. This is
illustrated in Fig. 6.18. If the effective diffusion length is shorter than the terraces
length, 2D island growth will take place and incoherent twin boundaries will form.
If the effective diffusion length is larger than the terraces length, step bunching will
take place and rough facets will grow, of which we do not know the influence on
the electrical properties. To reduce the miscut and save more material during the
substrate preparation, an increase in the effective diffusion length is needed. The
effective diffusion length is composed of/influence by:

Figure 6.18: Scheme of the growth modes depending on the ratio of the effective diffusion length
and the terraces length during MOVPE growth and AFM images of layers grown in
the respective growth modes. The surface morphology shows directly the growth
mode during the growth of the layers.

(i) the diffusion length of adatoms on the (100) surface of β-Ga2O3, which is
a material constant for a given temperature. This can be influenced by the
precursor or a surfactant effect of another material. In case of a surfactant
effect, the diffusion length of the adatoms on the surface of the other material
is dominant in the growth process.

(ii) the amount of adatoms reaching the surface. Too high adatom fluxes will
reduce the effective diffusion length due to nucleation of two or more adatoms
on the surface.

(iii) the background pressure during growth. Since desorption of volatile sub-oxides
reduces the effective diffusion length and this desorption can be reduced by in-
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creased background pressure, an increase in background pressure can increase
the effective diffusion length.

Since a homoepitaxial growth without any unintentional incorporation of im-
purities is desired, the surfactant effect has up to now not been considered for an
improvement of the diffusion length. Growing with a reduced flux of adatoms is
also not desired since the growth rate will be reduced. Since thick layers for ver-
tical power devices are the goal, a decrease of the growth rate is also not desired.
Therefore, we decided to optimize the effective diffusion length by increasing the
background pressure. I want to note here, that it is necessary to also increase the
push gas flux to give the adatoms more kinetic energy, otherwise pre-reactions in
the gas phase would take place leading to no growth at all. However, an increase
in kinetic energy of the adatoms may also increase the effective diffusion length.
Moreover, a reduction of the desorption leads to higher effective growth rates. The
results for the growth with increased background pressure and push gas flux for
substrates with 6◦ and 4◦ miscut are exemplarily shown in Fig. 6.19. Due to an in-
crease in the effective diffusion length, step bunching takes place during the growth
on substrates with 6◦ offcut and step flow growth takes place on substrates with
4◦ offcut. However, the mobilities of samples grown with step bunching are only
slightly reduced compared to mobilities of bulk or step flow grown samples, which
shows, that the forming of facets is not as detrimental as the formation of incoherent
twin boundaries during 2D island growth.

Figure 6.19: AFM images of β-Ga2O3 layers homoepitaxially grown by MOVPE on (100) sub-
strates with different miscut for optimized growth parameters.
(a) The sample on the 6◦ miscut substrate shows step bunching resulting in a Hall
mobility of µ = 120 cm2/Vs at a charge carrier concentration n = 2× 1017 cm−3.
(b) The sample on the 4◦ miscut substrate shows step flow growth resulting in a Hall
mobility of µ = 131 cm2/Vs at a charge carrier concentration n = 1.7× 1017 cm−3.

We have continuously worked on the improvement of the growth parameters and
increased the effective diffusion length so much that even step flow growth on 2◦
miscut substrates was observed in the AFM images. (see Fig. 6.20) We also tried to
change the gallium precursor from triethylgallium (TEGa) to tritertiarybutylgallium
(TTBGa) to increase the diffusion length further, which did not work, wherefore we
switched back later. For lower doping concentrations of mid 1016 cm−3 we observe
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again a ”threshold” at which the mobility drops with decreasing doping concentra-
tion like in section 6.2. Even for samples which show step flow growth in AFM
images the mobility is strongly reduced, like for the sample shown in Fig. 6.20,
which showed reduced mobility of only µ = 4 cm2/Vs at a charge carrier concentra-
tion n = 7× 1016 cm−3.

Figure 6.20: AFM image of a β-Ga2O3 layer homoepitaxially grown by MOVPE on a (100) sub-
strate with 2◦ miscut for optimized growth parameters. The sample shows step flow
growth resulting in a Hall mobility of µ = 4 cm2/Vs at a charge carrier concentration
n = 7× 1016 cm−3.

This example shows that it is not possible to determine the quality of the layer
just by the AFM image since these images show only a small area on the sample. In
Fig. 6.20, it is clearly visible that the terraces length is not constant, therefore the
miscut of these substrates is not homogeneous enough for such a local determination
of the quality. Hence, electrical measurements are needed for the evaluation of the
material quality. To be able to draw conclusions from the electrical properties on the
quality of the layers I used the model for incoherent twin boundaries and calculated
the mobility for incoherent twin boundary densities in the range from Nitb =108 cm−2

to 1012 cm−2. The mean distance between adjacent incoherent twin boundaries is
calculated with D = 35 nm + 5

√
1/(Nitb × 103), which was derived from various

TEM analyses. The calculations and the measurement points for the optimization
of the growth parameters are shown in Fig. 6.21. All measurement points refer
to a different sample grown with different growth parameters. It is visible, that
the mobility is underestimated in the doping region above 5× 1017 cm−3. In this
region the bulk mobility is dominant and therefore the calculations of Ma et al.
[29] has to be adjusted. For doping concentrations lower than 5× 1017 cm−3 the
measured mobilities fit in the areas defined by the model. If a measuring point lies
in an area between two lines, then it is told that approximately an incoherent twin
boundary density is to be expected as it is written at the respective lines. Thus it
can be seen that the lowest density of incoherent twin boundaries were reached in the
growth experiments with TEGa on substrates miscut by 4◦. Like in section 6.2 these
layers also show an anisotropy in the four-terminal resistances of the van der Pauw
measurement in the (100) plane. The four-terminal resistance R[001] with current flow
along the [001] direction is here about two to three times higher than the resistance
R[010] with current flow along [010]. This is also an indication for the presence of
incoherent twin boundaries since the electron transport properties of β-Ga2O3 have
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turned out to be almost isotropic.[30, 31, 38, 54, 58] The density Nitb ranges from
108 cm−2 to 5× 108 cm−2 for these layers, which is up to four orders of magnitude
lower than the density Nitb for layers on (100) on-oriented substrates described in
section 6.2. With such a density of incoherent twin boundaries it is possible to dope
down to 2× 1017 cm−3 shallow donor concentration without any influence of them
on the charge carrier mobility. However, the incoherent twin boundaries are still
present which is visible in the DLTS spectrum of a layer grown on a conductive
substrate with 6◦ miscut. (see Fig. 6.22(a)) Despite the fact that we see clear step
flow growth in the AFM image (Fig. 6.22(b)) of the layer, there is still a peak
Eitb which shows a broadening due to non- or multiexponential thermal emission.
This suggests that the underlying defects possess closely spaced or continuously
distributed energy levels as it is assumed for the incoherent twin boundaries see Fig.
6.7 in section 6.2.

Figure 6.21: Electron Hall mobility as a function of the electron Hall concentration at 300 K for
β-Ga2O3 homoepitaxially grown by MOVPE on substrates oriented (100) with 6◦,
4◦ and 2◦ as the miscut angle. The black solid line illustrates the total calculated
mobility in the presence of incoherent twin boundaries with densities ranging from
108 cm−2 to 1012 cm−2.
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Figure 6.22: (a) DLTS spectrum of an (100) oriented, conductive β-Ga2O3 substrate (red dots,
multiplied by 0.1 to fit in the diagram) and of a layer (black squares) grown by
MOVPE on a substrate with 6◦ miscut. The time window setting of 20 ms used
here corresponds to the emission rate in the peak maximum of en,max = 114 s−1.
The trap E2 has both samples in common, but the concentration is 2 orders of
magnitude lower in the MOVPE grown layer. The broad signal Eitb is related to the
incoherent twin boundaries like in Fig. 6.7.
(b) AFM image of a β-Ga2O3 layer homoepitaxially grown by MOVPE on a (100)
substrate with 6◦. The sample shows step flow growth. A net doping concentration
of Nd −Na = 9× 1017 cm−3 was determined by C-V measurements.

For the approximate center of gravity of the broad DLTS peak distribution Eitb,
a thermal activation energy of (0.2± 0.1) eV was determined which is roughly con-
sistent with the one determined for layers on (100) on-oriented substrates. However,
the maximum concentration of this broad distribution is lowered by one order of
magnitude and the distribution is much narrower than this one for layer on (100)
on-oriented substrates, indicating also a drastic reduction in the density of incoher-
ent twin boundaries. In the case of the layer grown on a 6◦ miscut substrate, it
is also possible to measure the peak E2, which is related to iron [133] and shows a
concentration of NT,Fe = 2.3× 1014 cm−3. A second peak E∗∗2 is indicated in Fig.
6.22(a) and is visible for the rate windows en,max = 11.4 s−1 and 1.14 s−1 (not shown
here). The mono-exponential peaks E2 and E∗∗2 can be analyzed by Arrhenius plots
of the measured temperature dependence of the electron emission times of these
traps. E∗∗2 is 0.8 eV below the conduction band and shows a capture cross section of
σ(E∗∗2 ) = 7× 10−17 cm2. Such a medial capture cross section is commonly related to
a neutral electron trap. Consequently, E∗∗2 is probably a deep acceptor level, which is
not ionized, i.e. transition of (0/-). The origin of this deep acceptor is still unclear.

A sample, which shows step flow growth in the AFM investigations, shows
a reduced room temperature mobility of µ(300 K) = 57 cm2/Vs for n(300 K) =
7.4× 1016 cm−3 (see Fig. 6.21), which is also the intended silicon doping concentra-
tion. In Fig. 6.23 the charge carrier concentration over inverse temperature of this
sample is shown. It is possible to fit the charge neutrality equation over three orders
of magnitude showing two different donor levels. A shallow one with ED,1 = 37 meV
coinciding with the effective-mass-theory donor ionization energy which is fully ac-

- 94 -



6.3 MOVPE grown layers on (100) substrates with miscut

tivated at room temperature with a concentration of ND,1 = 7× 1016 cm−3. And a
deeper one with an estimated ionization energy of ED,2 = 170 meV and concentration
of ND,2 = 4× 1017 cm−3. The concentration and energy of the second level is only
estimated since the charge carrier concentration does not even exceed an order of
magnitude in the high temperature region. However, a clear ionization of a second
donor species is visible, whose origin still has to be clarified.

Figure 6.23: Charge carrier concentration over inverse temperature of a β-Ga2O3 layer grown by
MOVPE on a substrate with 6◦ miscut. The charge neutrality equation was fitted
to the measurement.

6.3.3 Summary and conclusion on the the MOVPE layers
grown on (100) substrates with miscut

Using substrates with miscuts along the [001̄] direction reduces the density of inco-
herent twin boundaries by up to 4 orders of magnitude from Nitb =1.5× 1012 cm−2 to
1× 108 cm−2. Such low achieved incoherent twin boundary densities do not influence
the charge transport in the layer for shallow donor concentration above 2× 1017 cm−3

resulting in bulk like mobilities. Further reduction of the density of incoherent twin
boundaries is the aim of future studies. To use the electrical characterization via
Hall measurements lower shallow donor concentrations than 2× 1017 cm−3 must be
used. Since the density of incoherent twin boundaries is already too low to observe it
with TEM, the electrical characterization via Hall measurements accompanied with
the here introduced model or the DLTS measurements are the only way to determine
the density. This makes a close cooperation with characterization indispensable also
in the future.

Another approach to prevent the formation of incoherent twin boundaries is to
grow on a surface orientation of β-Ga2O3, where double-positioning does not occur.
This approach is shown in the following section.
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6.4 MOVPE grown layers on (010)-oriented sub-
strates

In this section I want to show the electrical properties of layers grown on (010)
oriented substrates. We decided to grow on this substrate orientation since by
symmetry it does not permit double positioning and therefore will not show twin
lamellae. We expect to achieve electron mobilities in the layers similar to the best
values observed in bulk crystals. I will show in this section TEM images and AFM
images measured by my colleagues Robert Schewski and Michele Baldini, respec-
tively. I focused on the electrical characterization of these layers. Some parts of this
section are part of the joint publication: [7] M. Baldini, M. Albrecht, A. Fiedler, K.
Irmscher, R. Schewski and G. Wagner; ”Si- and Sn-doped homoepitaxial β-Ga2O3
layers grown by MOVPE on (010)-oriented substrates” ; ECS J. Solid State Sci.
Technol., 6(2), Q3040, (2017).

In Fig. 6.24(a) the AFM image of an (010)-oriented substrate is shown. A
smooth damage layer from the polishing is visible. Since (010) is not a low energy
surface,[147] pre-treatment of the substrates will result in faceting.[148] Therefore,
we grow on directly on the damage layer. In Fig. 6.24(b) an AFM image of a
layer grown on such an (010)-oriented substrate is shown. 2D-island growth takes
place resulting in elongated islands forming facets with the surface orientation (110)
and (1̄10).[148] The surface of these layers is much rougher than the surface of the
layers grown in step flow growth on (100) miscut substrates. In Fig. 6.24(c) a cross-
sectional TEM bright field image of the layer on top of an (010) oriented substrate
is shown. The layer is supposed to be 200 nm thick, but there is no interface visible
since the layer and the substrate look identical in TEM. This is to be expected for
homoepitaxial growth with perfect reconstruction of the atomic lattice. As expected
no twin lamellae form during the growth of β-Ga2O3 on the (010) surface.

Figure 6.24: (a) AFM image of an (010)-oriented β-Ga2O3 substrate. A smooth damage layer
after the polishing is visible.
(b) AFM image of a β-Ga2O3 layer homoepitaxially grown by MOVPE on an (010)
substrate. Elongated islands are visible.
(c) Cross-sectional TEM bright field image of the layer on top of an (010) oriented
substrate. The viewing axis is the [201] direction. There is no difference visible
between the layer and the substrate.
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Figure 6.25: Electron Hall mobility as a function of the electron Hall concentration at 300 K for
β-Ga2O3 homoepitaxially grown by MOVPE on (010)-oriented substrates. (black
squares)

The four-terminal resistances of the van der Pauw measurement in the (010)
plane of our layers are isotropic, which was not the case for the layers grown on (100)-
oriented substrates. This suggests an absence of incoherent twin boundaries. In Fig.
6.25 the electron Hall mobility over the electron Hall concentration at 300 K for β-
Ga2O3 homoepitaxially grown by MOVPE on (010)-oriented substrates is shown.
These layers were either doped with tin or silicon, which makes no difference for
this measurement. The layers show high, bulk-like moblities in the range from
140 cm2/Vs to 50 cm2/Vs for charge carrier concentrations ranging from 1017 cm−3

to 1020 cm−3. Lower doping concentrations could not be achieved due to an uninten-
tional background doping during the MOVPE growth. Higher doping concentrations
could not be achieved due to the segregation limit of silicon for our growth method
and growth parameters. In the charge carrier concentration range of 1× 1017 cm−3

to 5× 1018 cm−3 the mobilities are similar for layers grown on (010)-oriented and
(100) miscut substrates. For higher doping concentrations the mobility of layers
grown on (010) oriented substrates is higher than the mobility on (100) miscut sub-
strates, which is not expected since the charge transport and thus the mobility is
supposed to be isotropic in β-Ga2O3.[30, 31, 38, 54, 58] I believe that this difference
occurs rather due to defects in the layers grown on (100) miscut substrates due to
segregation in the high doping regime. In Fig. 6.26 DLTS spectra of a typical layer
grown on an (010)-oriented, conductive substrate are shown. The layer showed a net
doping concentration of Nd−Na = 9.8× 1017 cm−3. Four electron traps E1 to E4 are
visible in the spectra. All peaks show no broadening due to non- or multiexponential
thermal emission. Therefore, the peaks should be due to point defects. In Fig. 6.27
Arrhenius plots of the measured temperature dependence of the electron emission
times of the traps E1 to E4 from the DLTS spectra of Fig. 6.26 are shown. E1 is
0.3 eV below the conduction band and shows the smallest capture cross section of
these four electron traps with σ(E1) = 2× 10−17 cm2. Such an capture cross section
value is normally attributed to neutral centers, in this case it is probably a filled,
not ionized donor. Joel B. Varley told us in a private communication (not pub-
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lished) that he calculated using DFT that the donor level of tin on the tetrahedral
site of the β-Ga2O3 lattice is 0.3 eV below the conduction band. This would fit to
our measured capture cross sections. However, this level has not been reported up
to now, even so EFG grown, tin doped bulk crystals has been investigated also by
us. Nevertheless, the incorporation of tin on the tetrahedral site during MOVPE
growth can be different since this growth technique is further away from the ther-
modynamic equilibrium then bulk growth from the melt. This hypothesis may be
proven by DLTS measurements of silicon doped MOVPE grown layers on (010)-
oriented, conductive substrates. Such sample does not exist up to now. Anyway,
with a concentration of NT(E1) = 1.3× 1015 cm−3 it does not influence the electrical
transport in the here presented doping regime. E2 is 0.7 eV below the conduction
band and shows a capture cross section of σ(E2) = 1× 10−15 cm2. Such a high
capture cross section is related to an attractive potential. The energy and capture
cross section fit perfectly to the acceptor state of iron.[133] Hence, a concentration of
NT(E2) = 4.3× 1014 cm−3 iron is included in this layer. Since this layer was grown
on a conductive substrate, diffusion from substrate can be neglected. It is more
likely that the iron comes from the steal tubes of the MOVPE reactor, when the
reactive precursors flow through them. E3 is 1.1 eV below the conduction band and
shows a capture cross section of σ(E3) = 1× 10−14 cm2. This capture cross section
also reflects an attractive center. Consequently, it is either an acceptor level or an
ionized donor level. In bulk samples a similar level has been reported at around
1 eV to 1.1 eV with σ varying from 0.2× 1013 cm2 to 6× 1013 cm2.[58, 140, 149] This
let us suggest that this electron trap may be related to an intrinsic defect and since
it could be an acceptor it may be related to the Ga vacancy. This would roughly
fit to DFT calculations by Varley et al..[145] The concentration of this defect varies
in literature from below the detection limit of 1× 1015 cm−3 to 4× 1016 cm−3. The
detection limit is so high in this case due to a superposition of the E3 to the E2 level.
The concentration in our layer is NT(E3) = 1.8× 1015 cm−3 which fits within the
observations from literature. Such a variation of the trap concentration within one
growth technique supports our hypothesis of the Ga vacancy, since intrinsic defects
depend more on the change of growth parameters like temperature or oxygen par-
tial pressure than unintentional impurities. Nevertheless, this hypothesis has to be
proven. E4 is 1.4 eV below the conduction band and shows the largest capture cross
section of the four electron traps with σ(E4) = 2× 10−13 cm2. However, only few
measurement points are available due to set-up limitations, which leads to a larger
uncertainty of these values. Nevertheless, similar values were reported for uninten-
tionally doped, (010)-oriented, EFG grown bulk crystals, with Ec−ET(E4) = 1.48 eV
and σ(E4) = 0.8× 10−13 cm2 to 6× 10−13 cm2.[149] Such a large capture cross sec-
tion is related to a very attractive trap. Hence, a double acceptor level, which means
an acceptor level that is two times positively charged and can capture two electrons,
or a doubly ionized donor level is possible. But even if it is a double acceptor level,
it will not influence the charge transport to much since its concentration is too low
with NT(E4) = 1.1× 1015 cm−3.
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Figure 6.26: DLTS spectra of a MOVPE layer on an (010)-oriented, conductive β-Ga2O3 sub-
strate measured at the emission rate in the peak maximum of en,max = 114 s−1

(black), en,max = 11.4 s−1 (red) and en,max = 1.14 s−1 (blue). The related DLTS
parameters are the reverse Voltage Vr = −2 V, the pulse Voltage Vp = 0 V, and
the pulse width tp = 100 µs. The here presented sample is tin doped and showed a
net doping concentration of Nd −Na = 9.8× 1017 cm−3.

Figure 6.27: Arrhenius plots of the measured temperature dependence of the electron emission
times of the traps E1 to E4 from the DLTS spectra of Fig. 6.26. The given energy
values E1 to E4 are the T 2 corrected trap depths Ec − ET.
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In Fig. 6.28 the Hall charge carrier concentration over inverse temperature of
two β-Ga2O3 layer grown by MOVPE on (010)-oriented substrates is shown. The
charge neutrality equation was fitted to the measurement resulting in an assumed
acceptor concentration of Na = 1× 1015 cm−3 to 5× 1015 cm−3, which fits to the
results of the DLTS measurements. The sample (a) shows bulk like mobility of
µ(300 K) = 131 cm2/Vs for n(300 K) = 1.2× 1017 cm−3 and is the sister sample of
the sample from Fig. 6.23, which was grown on a (100) 6◦ miscut substrate showing
reduced mobility and reduced charge carrier concentration. This again shows the
influence of incoherent twin boundaries. The sample (a) was not measurable for
temperatures above 300 K since it broke during the transfer from the sample holder
of the low-temperature system to the sample holder of the high-temperature system.
This perfectly illustrates the draw back of the (010)-oriented substrates that they
tend to cleave at the (100) plane which is the easy cleavage plane of β-Ga2O3. For
the low-temperature measurement a shallow donor ionization energy of ED = 32 meV
for a doping concentration of ND = 1.5× 1017 cm−3 was fitted. Sample (b) shows
a reduced room temperature mobility of µ(300 K) = 81 cm2/Vs for n(300 K) =
7.7× 1016 cm−3.

Figure 6.28: Charge carrier concentration over inverse temperature of two β-Ga2O3 layer grown
by MOVPE on (010)-oriented substrates. The charge neutrality equation was fitted
to the measurements,respectively.
(a) This is a typical sample on (010)-oriented substrates showing room temperature
values of µ(300 K) = 131 cm2/Vs for n(300 K) = 1.2× 1017 cm−3. This sample
was grown in the same run like the sample from Fig. 6.23.
(b) This sample shows a reduced room temperature mobility of µ(300 K) =
81 cm2/Vs for n(300 K) = 7.7× 1016 cm−3.

The result of the temperature-dependent Hall measurements looks similar to that
of the sample in Fig. 6.23 and the results are also similar. Sample (b) shows two
donor states, a shallow one and a deeper one. The shallow donor has an ionization
energy of ED,1 = 41 meV for a doping concentration of ND,1 = 7.5× 1016 cm−3 and
the deeper donor has an ionization energy of ED,2 = 160 meV for a doping concen-
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tration of ND,2 = 3× 1017 cm−3. In SIMS we measured a clear consistency between
the silicon or tin doping and the room temperature charge carrier concentration,[7]
which is mainly influenced by the shallow donor concentration. However, there is
an issue with reaching lower doping concentrations than mid 1016 cm−3 during the
growth. Assuming ED,2 = 160 meV with ND,2 = 3× 1017 cm−3 as the only donor,
a charge carrier density at room temperature of n(300 K) = 3× 1016 cm−3 can be
calculated. This second donor impurity is probably the reason for the unintentional
doping since it is present in layers grown on both (100) 6◦ miscut and on (010)-
oriented substrates. Since the donor concentration is higher than the charge carrier
concentration, the scattering at these donors is stronger than expected for such a
charge carrier concentration leading to slightly reduced mobilities. Preventing the
incorporation of the donor related to ED,2 will reduce the background doping and
increase the mobility for a given charge carrier concentration.

6.5 HVPE grown layers on (001)-oriented sub-
strates

Another method for growing β-Ga2O3 homoepitaxially is the halide vapor phase
epitaxy (HVPE).[35] Layers were grown on (001)-oriented substrates using HVPE
and silicon is used as a shallow donor. This growth method has its advantage in
the high growth rate, but this may bring trouble in the homogeneity with it. To
evaluate also this material, structural and electrical characterizations were carried
out. The results are compared to the MOVPE grown layers.

In Fig. 6.29 the electron Hall mobility as a function of the charge carrier con-
centration is shown for such layers. The red dots are related to a sample bought
from NCT (Novel Crystal Technology, Inc.), cut in four pieces of 5 mm × 5 mm
and measured using the Hall effect. A scattering of the results is visible with
µ = (150± 25) cm2/Vs for n = (5.5± 2.5)× 1015 cm−3 suggesting a strong inho-
mogeneity in the samples. The mean of our results on the HVPE grown layers fit
very well to the results from literature ([150]: black squares). Higher mobilities and
lower charge carrier densities are observed for the HVPE grown layers compared
to the MOVPE grown layers. However, the mobility is still lower than the limit
calculated from theory.[29]

We carried out structural analyses of the HVPE layers to check if there are
mobility reducing extended defects present (see Fig. 6.30(a)-(c)). The TEM analysis
was performed by my colleague Robert Schewski. Fig. 6.30(a) shows an AFM image
of a HVPE layer grown on a (001)-oriented substrate. The layers are polished after
the growth to achieve a homogeneous layer thickness. A smooth, stepped surface
with some extended defects/holes protruding from the surface is visible in the AFM
image. These extended defects are found to occur each 5 µm to 20 µm. Fig. 6.30(b)
shows a cross-sectional TEM bright field image of the layer. The extended defect at
the surface is also visible in the TEM image and it seems to be hole in the layer with
a diameter of about 50 nm. Fig. 6.30(c) shows a second cross-sectional TEM bright
field image of the layer, where some extended defects within the layer are visible.

- 101 -



6.5 HVPE grown layers on (001)-oriented substrates

Figure 6.29: Electron Hall mobility as a function of the electron Hall concentration at 300 K for
β-Ga2O3 homoepitaxially grown by HVPE on (001)-oriented substrates (red dots)
and reported literature values from K. Goto et al. ([150]: black squares).

Figure 6.30: (a) AFM image of a layer grown by HVPE on an (001)-oriented substrate. The
layer was polished after growth. A smooth, stepped surface is visible with some
extended defects/holes protruding from the surface.
(b) Cross-sectional TEM bright field image of the layer on top of an (001)-oriented
substrate. The viewing axis is the [010] direction. The extended defects at the
surface are also visible.
(c) Cross-sectional TEM bright field image of the layer on top of an (001)-oriented
substrate. The viewing axis is the [010] direction. Some defects within the layer are
visible.

The influence of these defects on the electrical properties has still to be clarified
by further characterization using high resolution TEM imaging. However, we saw in
section 6.2 that extended defects can deteriorate the electrical properties. If these
defects would have the same influence on the electrical properties like the incoherent
twin boundaries, the density of the extended defects shown in Fig. 6.30(c) would be
much too high for such high mobilities of about (150± 25) cm2/Vs. Nevertheless,
they are not present in each TEM image, which means that they are either not
homogeneously distributed or they are just generated by the TEM preparation of
the sample for Fig. 6.30(c).

To check the influence of the extended defects on the electrical properties further,
DLTS measurements were performed. For this measurements a grid of Ni Schottky
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contacts was prepared. While on the MOVPE grown layers each Schottky contact
forms a Schottky barrier suited for DLTS measurements, on the HVPE grown layers
the Schottky contacts show a quite high leakage current. Thus, only every 6th
contact was suitable for DLTS measurements. This is probably related to the surface
defects shown in Fig. 6.30(a)&(b). In Fig. 6.31(a) a DLTS spectrum of an HVPE
layer on an (001)-oriented, conductive β-Ga2O3 substrate is shown. Two electron
traps E2 and E3 are visible. In Fig. 6.31(b) an Arrhenius plot of the measured
temperature dependence of the electron emission times of the traps E2 and E3 from
the DLTS spectrum is shown. E2 is 0.8 eV below the conduction band and shows
a capture cross section of σ(E2) = 4× 10−15 cm2. The energy and capture cross
section fit perfectly to the acceptor state of iron.[133] Hence, a concentration of
NT(E2) = 3.5× 1013 cm−3 iron is included in this layer. Since this layer was grown
on a conductive substrate, diffusion from substrate can be neglected. It is more likely
that the iron comes from the source powder or the steal components of the HVPE
reactor, when the reactive precursors flow through them. E3 is 1.2 eV below the
conduction band and shows a capture cross section of σ(E2) = 6× 10−14 cm2. These
values fit to the E3 level in the MOVPE layers grown on (010)-oriented substrates,
where it was discussed to be related to the Ga vacancy (see section 6.4). The
concentration in the HVPE layer is NT(E3) = 7.3× 1012 cm−3.

Figure 6.31: (a) DLTS spectrum of an HVPE layer on an (001)-oriented, conductive β-Ga2O3
substrate measured at the emission rate in the peak maximum of en,max = 114 s−1.
The related DLTS parameters are the reverse Voltage Vr = −5 V, the pulse Voltage
Vp = 0 V, and the pulse width tp = 100 µs. The here presented sample is silicon
doped and showed a net doping concentration of Nd −Na = 1.2× 1016 cm−3.
(b) Arrhenius plot of the measured temperature dependence of the electron emission
times of the traps E2 and E3 from the DLTS spectrum of (a). The given energy
values E2 and E3 are the T 2 corrected trap depths Ec − ET.

Summarizing, the HVPE layers show high mobilities of µ = (150± 25) cm2/Vs
for n = (5.5± 2.5)× 1015 cm−3, some extended defects in the structural analyses
which were inhomogeneously distributed, but show no electronic level in the DLTS
spectra. However, DLTS spectra are only measurable every 6th Schottky contact,
which might be related to the extended defects leading only to DLTS spectra that do
not show any energy levels related to extended defects. The deep acceptor density
derived from DLTS measurements (only Eg/4 visible) is only in the mid 1013 cm−3

- 103 -



6.6 Comparison of MOVPE grown layers to HVPE grown layers

range suggesting quite pure material dopable down to 1014 cm−3.

6.6 Comparison of MOVPE grown layers to HVPE
grown layers

In this section, I am going to list the advantages and disadvantages of layers grown
either by MOVPE or HVPE. For this purpose, I will focus on the comparison of the
electrical properties since these are crucial for the desired application in high power
devices.

Figure 6.32: Comparison of the electron Hall mobility as a function of the electron Hall con-
centration at 300 K for β-Ga2O3 homoepitaxially grown by MOVPE and HVPE on
various substrates. The literature values for the HVPE layers are from K. Goto et
al. ([150]: orange octagons).

First, I compare the electrical transport within these layers. Fig. 6.32 shows
the electron Hall mobility as a function of the charge carrier density of MOVPE
and HVPE layers. It is visible, that HVPE layers show lower doping densities down
to mid 1015 cm−3 leading to higher overall mobilities due to reduced scattering of
electrons on ionized impurities. However, these values scatter a lot due to inho-
mogeneity in the layers. The MOVPE grown layers will not scatter so much if
incoherent twin boundaries are absent like for the layers grown on (010)-oriented
substrates. Comparing the mobilities in the same doping range (5× 1016 cm−3 to
2× 1018 cm−3), the MOVPE grown layers show higher mobilities than the HVPE
grown layers, probably, due to less structural defects. To check the homogeneity of
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the layers, net doping mappings of the layers grown by MOVPE or HVPE are carried
out using C-V measurements. Such mappings are shown in Fig. 6.33(a)&(b). For
MOVPE grown layers on (100)4◦ miscut substrates a mean deviation of 4 % from
the mean value ND−NA = 2.3× 1018 cm−3 is visible for a representative excerpt of
3 mm× 3 mm. This is higher than the deviations desired for optimal device reliabil-
ity, which is lower than 1 %. However, the HVPE grown layers show an even higher
mean deviation of 15 % from the mean value ND−NA = 1.2× 1016 cm−3.

Figure 6.33: Net doping mapping of homoepitaxially grown layers on conductive substrates using
C-V measurements.
(a) ND−NA mapping over 3 mm × 3 mm of a MOVPE grown layer on a (100)4◦

miscut substrate is shown. A mean deviation of 4 % from the mean value ND−NA =
2.3× 1018 cm−3 is visible.
(b) ND−NA mapping over 3 mm×3 mm of a HVPE grown layer on a (001)-oriented
substrate is shown. A mean deviation of 15 % from the mean value ND−NA =
1.2× 1016 cm−3 is visible.

Fig. 6.34 shows a comparison of the DLTS spectra of MOVPE and HVPE grown
layers. The HVPE layers show overall less density of deep electron trap states in the
measurable region of the bandgap from 0.1 eV to 1.4 eV below the conduction band.
However, the MOVPE layers show also a low enough acceptor density of about
1015 cm−3 to reach the shallow donor region of HVPE grown layers. The occurrence
in the respective layers of the electron traps and their parameters is summarized
in Tab. 6.1. The E2 electron trap related to the iron acceptor level is present in
all layers independent on the growth method. E1 and E4 is only present in the tin
doped layer. E3 is present in the MOVPE layer grown on (010)-oriented substrate
and in the HVPE grown layer. The possible origin of this trap is speculated to be the
gallium vacancy. If this hypothesis is correct, the MOVPE growth on (100)-oriented
will be gallium rich while the MOVPE growth on (010)-oriented substrates will be
oxygen rich under the same growth conditions. This would show, that the chemical
reactions with the used precursors (TEGa and O2) on the respective surfaces is much
more complex than expected and that the formation of point defects in MOVPE
growth can not simply be explained by chemical potentials.
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Figure 6.34: Comparison of the DLTS spectra of an HVPE layer on an (001)-oriented, and
MOVPE layers on either (010)-oriented or (100)6◦ miscut, conductive β-Ga2O3
substrates measured at the emission rate in the peak maximum of en,max = 114 s−1

The electron traps E2 and E3 have all samples in common.

NT (cm−3)
Ec−ET (eV) σ (cm2) MOVPE(100)6◦ MOVPE(010) HVPE(001)

E1 0.3 2× 10−17 - 1.3× 1015 -
E2 0.7 - 0.8 1 - 4× 10−15 2.3× 1014 4.3× 1014 3.5× 1013

E∗∗2 0.8 7× 10−17 2.9× 1014 - -
E3 1.1 - 1.2 1 - 6× 10−14 - 1.8× 1015 7.3× 1012

E4 1.4 2× 10−13 - 1.1× 1015 -

Table 6.1: Parameters of the deep electron traps of MOVPE and HVPE grown layers compared to
Cz grown bulk crystals. The given ranges of variation in trap energy and extrapolated
capture cross section cover the spread between different samples. The electron traps
E2 and E3 have all samples in common. But, it was not possible to determine the
parameters of E3 in the MOVPE layer grown on (100)6◦ miscut substrate due to
too less data points. While the MOVPE grown layer on (010)-oriented substrate is
tin doped, the HVPE grown layer and the MOVPE grown layer on (100)6◦ miscut
substrate are silicon doped.

All in all, the HVPE grown layers show better overall electrical properties than
the MOVPE grown layers. However, these values scatter a lot due to issues with the
homogeneity of the layers. The MOVPE grown layers show a better homogeneity
than the HVPE grown layers and higher mobilities comparing the same doping
region. However, it is not possible to dope the MOVPE grown layers down to the mid
1015 cm−3 due to unintentional doping issues. Also the unintentional concentration
of compensating acceptors has to be decreased further by one order of magnitude
from 1015 cm−3 to 1014 cm−3. Nevertheless, if the MOVPE grown layers prevent
the unintentional doping and reach lower charge carrier densities, the mobility will
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probably be higher than that of HVPE grown layers now a days. The HVPE grown
layers need to decreas structural defects and increase the homogeneity.

Concluding, the HVPE grown layers are well suited to demonstrate the potential
of β-Ga2O3 and high power devices. However, due to the inhomogeneity the reliabil-
ity of the devices is deteriorated (only every 6th Schottky contact worked). Hence,
for a reliable process in device manufacturing MOVPE grown layers are more suited
if the manage to prevent the incorporation of unintentional dopants.

6.7 Comparison of measured mobilities to litera-
ture and adjustment of the empirical fit

The results of the electrical properties of layers grown by MOVPE at IKZ and HVPE
at NCT are compared to the electrical properties of layers grown by MOVPE, MBE,
and PLD and to bulk crystals grown by Czochralski (Cz) and float zone (Fz) method.
Fig. 6.35 shows the electron Hall mobility as a function of the electron Hall con-
centration. It is visible that the layers grown by MOVPE at IKZ show the highest
mobility in the doping range from 7× 1017 cm−3 to 1× 1020 cm−3. Agnitron recog-
nized the potential of the MOVPE layer and build a MOVPE machine with reduced
background doping. Zhang et al. [115] and Feng et al. [116] lately reported on the
results of MOVPE grown layers with reduced unintentional background doping us-
ing an Agnitron machine leading to the highest mobility reported so far in β-Ga2O3
layers. Only the bulk crystals grown by Fz and Cz show even higher mobilities.
The latest results show the potential of β-Ga2O3 and give new insights in the real
limit of the material. For this purpose, the maximum mobilities for the respective
charge carrier densities are put together with the the empirical fit from Eq. (7) of
Ref. [29]. This is plotted in Fig. 6.36. It is visible that the old parameters barely
fit the latest experimental results. The formula from Eq. (7) of Ref. [29]. is fit to
the latest experimental data leading to the formula:

µHall =
46
(
exp

[
508
T (K)

]
− 1

)
(
1 + ND(cm−3)

[T (K)−278]·0.28× 1016

)0.21
cm2

Vs . (6.9)

The 300 K mobility is calculated using Eq. 6.9 and represented by the blue solid
line in Fig. 6.36. This expression offers a useful guideline for experiments and can
be easily embedded in device modeling.

It is possible to extrapolate a charge carrier mobility limit of about 200 cm2/Vs
for β-Ga2O3. This value should be used for the calculation of the Baliga’s figure of
merit instead the often used value of 300 cm2/Vs.[151]
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Figure 6.35: Comparison of the electron Hall mobility as a function of the electron Hall concen-
tration at 300 K for β-Ga2O3 with literature values. The measurement points for
the in IKZ, MOVPE grown layers ((100)4◦: dark green diamonds and (010): shiny
purple bowls) and the data points of HVPE grown layers (IKZ measured: black oc-
tagons and [150]: orange octagons) are transferred from Fig. 6.32. These values are
compared to values from MOVPE grown layers on (010)-oriented substrates with an
Agnitron machine ([115]: light green triangle and [116]: magenta triangle), MBE
grown layers on (010)-oriented substrates ([34]: red squares), PLD grown layers on
(010)-oriented substrates ([36]: dark blue stars), bulk crystals grown by float zone
(Fz) ([34]: pink crossed circles), and bulk crystals grown by Czochralski method
(Cz) (IKZ measured: blue crossed squares).

Figure 6.36: The electron Hall mobility as a function of the electron Hall concentration at 300 K
for β-Ga2O3 with empirical fit of the data points. The experimental data points are
the maximum mobilities for the respective charge carrier densities from Fig. 6.35.
The red doted line represents the empirical fit of Eq. (7) of Ref. [29] and the blue
solid line is the adjusted empirical fit from Eq. 6.9.
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7 Summary and Outlook
The presented results clarify some open questions concerning β-Ga2O3, showing its
potential as a material for next generation high power devices and also give an insight
in a new field of possible applications for β-Ga2O3. One of the main results of the
conducted research is the understanding of the obstacles in the growth of functional
layers for high power devices by detailed characterization. The understanding of
the obstacles was the first step in finding a solution for improving the electrical
properties. Consequently, material quality was improved to a device grade level
during epitaxy by fully understanding the influence, formation and avoidance of
twins.

Generally the results can be summarized in three categories: (i) the characteriza-
tion of fundamental properties, (ii) the pointing out of a further field of applications,
and (iii) helping to improve the functional layers by fully understanding of the lim-
iting defects.

(i) One fundamental property which was open for investigation is the anisotropy
of the static dielectric constant εr. Despite the monoclinic unit cell suggesting an
anisotropy of several properties, an isotropic εr was assumed in the past. Since
β-Ga2O3 devices are demonstrated using layers grown on substrates with surface
orientation along the principal planes (100), (010), or (001), a determination of εr
in the different space directions was needed to prove the expected anisotropy. The
relative static dielectric constant εr of β-Ga2O3 perpendicular to the planes (100),
(010), and (001) is determined in the temperature range from 25 K to 500 K by
measuring the AC capacitance of correspondingly oriented plate capacitor structures
using test frequencies of up to 1 MHz. This allows a direct quantification of the static
dielectric constant and a unique direction assignment of the obtained values. At
room temperature, εr perpendicular to the planes (100), (010), and (001) amounts
to 10.2± 0.2, 10.87± 0.08, and 12.4± 0.4, respectively, which clearly evidence the
anisotropy expected for β-Ga2O3 due to its monoclinic crystal structure. An increase
of εr by about 0.5 with increasing temperature from 25 K to 450 K was found for
all orientations. The εr data resolve the inconsistencies in the previously available
literature data with regard to absolute values and their directional assignment and
therefore provide a reliable basis for the simulation and design of devices.

Another fundamental investigation deals with highly n-type doped crystals, which
serve as substrates for vertical, high power devices. There are still some open ques-
tions concerning the dopants silicon and tin behaving like effective-mass-like donors
or whether they exhibit only metastable shallow states with a DX-center like be-
havior, the formation of an impurity band, and phonon plasmon coupling which
are tackled by Raman spectroscopic investigations.In β-Ga2O3 crystals degenerately
doped with silicon or tin Raman modes are discovered in addition to the well-known
intrinsic Raman allowed phonon modes. Most pronounced in intensity is a double
peak consisting of a broad line at 256 cm−1 and a sharp one at 280 cm−1. Addi-
tional peaks show up at 214, around 400, and a broadened one depending on the
charge carrier density at 552 or 560 cm−1. We attribute the broad line at 256 cm−1
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(≈ 32 meV) to an excitation of an electron from an effective-mass-like impurity band.
This statement is supported by the occurrence of a Fano resonance, which could be
utilized for the quantitative determination of the free carrier concentration in n-type
β-Ga2O3 using Raman spectroscopy as a contactless experimental technique. The
signals at 214, 280, around 400, and around 560 cm−1 are related to Raman forbid-
den, longitudinal phonon-plasmon modes Bku(LPP) and become visible due to the
Fröhlich scattering mechanism or free-electronic-charge-density fluctuations scatter-
ing lifting the Raman selection rules. At low temperature (T < 200 K) an additional
line occurs only in the silicon doped samples attributed to an electronic excitation
of an additional donor state. The results of the Raman spectroscopic investigation
support the theory of silicon and tin being real effective-mass-like donors in β-Ga2O3
and forming an impurity band for doping concentrations above 3× 1018 cm−3 and
its interaction with the phonon modes of β-Ga2O3. For a fixed excitation condition,
the line shape of the observed electronic single-particle excitations and associated
Fano interferences with discrete phonon-plasmon lines can be used with further cal-
ibration to evaluate the free carrier concentration in β-Ga2O3 without the need of
electrical contacts.

(ii) The large band gap offers the possibility to use β-Ga2O3 as host material
for optically active ions like e.g. chromium. The photoluminescence (PL) of Cr
doped β-Ga2O3 crystals at around 700 nm wavelength has been investigated for
quite some time in Verneuil grown crystals, which were semi-insulating probably
due to a high density of structural defects. Nowadays it is possible to grow semicon-
ducting β-Ga2O3 bulk crystals by Czochralski method with charge carrier densities
of up to 1019 cm−3 due to silicon or tin doping. Thus, we thought, that it may be
possible to electrically pump the intra-center transitions of optically active ions like
chromium. Bright, red electroluminescence is generated in reverse biased Schottky
barrier diodes based on β-Ga2O3 single crystals co-doped with chromium and silicon.
It is due to intra-center transitions of octahedrally coordinated Cr3+ ions excited
by electron impact in the depletion layer of the diodes. The electroluminescence
spectrum around 700 nm wavelength is nearly identical to the spectrum of the well-
known photoluminescence of Cr3+ in β-Ga2O3 which is featured by the two lines R1
and R2. In contrast to the photoluminescence, however, in the electroluminescence
each of the R1 and R2 lines is additionally split by 1.5 meV to 3 meV. Since the
R1/R2 lines correspond to transitions from two Kramers-degenerate states (split 2E
excited state) to the ground state 4A2, this splitting cannot be ascribed to the normal
Stark effect in the strong electric field of the Schottky barrier diode’s depletion layer.
Instead, we explain the splitting by the pseudo-Stark effect which occurs because
the Cr3+ ions replace Ga3+ at two kinds of energetically equivalent octahedral sites
which differ crystallographically by an inversion at the Cr ion. Superposition of the
dominating R1 doublet radiation would result in a tunable beat frequency of about
0.4 THz to 0.7 THz and might be utilized for a terahertz light source. The electro-
luminescence of chromium is representative of the ability to excite the luminescent
states of other transition metals. As such an electroluminescence is generated by
electrical pumping in just a small volume (50 nm to 60 nm) this effect may enable
the integration of high-temperature light emitting Schottky barrier diodes in dif-
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ferent colors on chips. The EL is reflected at the bottom contact and the sample
functioned as a wave guide to lead the light to the edges. Therefore, the coupling
in and out of the light would not have to be a problem. By integrating a resonator,
it might even be possible to realize an electrically pumped solid-state laser with for
chromium a tunable wavelength in the range from 660 nm to 840 nm.

(iii) At the beginning a huge obstacle for the implementation of MOVPE grown
layers in high power demonstrator devices was the observed low doping efficiencies
and low electron mobilities (10 cm2/Vs to 30 cm2/Vs) for layers grown on (100) ori-
ented substrates. Below an electron concentration n of about 5× 1017 cm−3 a Hall
effect could not be measured at all, equivalent to a mobility collapse. On the other
hand, doped β-Ga2O3 bulk crystals grown from the melt exhibit much higher elec-
tron mobilities at room temperature: µ = 130 cm2/Vs at n ≈ 1018 cm−3.[58] Such
mobility values are in agreement with theoretical predictions that take account of the
most important mechanisms of phonon and impurity scattering.[29, 30, 98] Hence,
other mechanisms must be responsible for the observed reduction of the mobility
and its collapse below a certain electron concentration. We present a quantitative
model that addresses the influence of incoherent twin boundaries on the electrical
properties in β-Ga2O3. This model can explain the mobility collapse below a thresh-
old electron concentration of 1018 cm−3 as well as partly the low doping efficiency
in β-Ga2O3 layers grown homoepitaxially by metal-organic vapor phase epitaxy on
(100) substrates of only slight off-orientation. A structural analysis by transmission
electron microscopy (TEM) reveals a high density of twin lamellae in these layers.
In contrast to the coherent twin boundaries parallel to the (100) plane, the lateral
incoherent twin boundaries exhibit one dangling bond per unit cell that act as accep-
tor like electron traps. Since the twin lamellae are thin, we consider the incoherent
twin boundaries to be line defects with a density of 1011 cm−2 to 1012 cm−2 as de-
termined by TEM. We estimate the influence of the incoherent twin boundaries on
the electrical transport properties by adapting Read’s model of charged dislocations.
Our calculations quantitatively confirm that the mobility reduction and collapse as
well as partly the compensation are due to the presence of twin lamellae. Thus, the
most important task is to prevent the fomation of the incoherent twin boundaries
to achieve device grade material.

Since incoherent twin boundaries form due to double positioning of the Ga
adatoms during the 2D island nucleation on the (100) terraces, the formation of
incoherent twin boundaries can be prevented by choosing of a proper miscut to
achieve step flow growth. However, the miscut direction is essential to achieve real
step flow growth on the (100)-oriented miscut substrates. We present a system-
atic study on the influence of the miscut orientation on structural and electronic
properties in the homoepitaxial growth on off-oriented β-Ga2O3 (100) substrates
by metalorganic chemical vapour phase epitaxy. Layers grown on (100) substrates
with 6◦ miscut toward the [001̄] direction show high electron mobilities of about
90 cm2/Vs at electron concentrations in the range of 1× 1018 cm−3 to 2× 1018 cm−3,
while layers grown under identical conditions but with 6◦ miscut toward the [001]
direction exhibit low electron mobilities of around 10 cm2/Vs. Structural analysis of
substrates with 6◦ miscut toward the [001] direction reveal incoherent twin bound-
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aries ”climbing” from the interface to the surface during growth due to twinning of
the whole layer. Using the model for the influence of incoherent twin boundaries
on electrical properties, we can also describe these results. As a result of which
substrates are miscut toward the [001̄] direction from now on. Consequently, it is
possible to grow reproducibly layers with high quality. This finally enables us to
work on the optimization of the growth parameters to further improve the material
quality and push the properties to the theoretical limits and decrease the needed
miscut for step flow growth by increasing the effective diffusion length. The layers
improved so much, that the density of incoherent twin boundaries is so much re-
duced, that it is not anymore possible to extract this information by characterizing
the layers with AFM and TEM. The electrical characterization by Hall effect mea-
surements accompanied by the model of the influence of incoherent twin boundaries
on the electrical properties and DLTS measurements will be the only way to give
useful feedback on the density of incoherent twin boundaries in the future.

Another possibility to prevent the formation of incoherent twin boundaries is to
use a substrate orientation where double positioning can not occur due to symme-
try reasons. β-Ga2O3 layer grown by MOVPE on (010)-oriented substrates show
no structural defects in TEM images resulting in high, bulk-like moblities in the
range from 140 cm2/Vs to 50 cm2/Vs for charge carrier concentrations ranging from
1017 cm−3 to 1020 cm−3. Lower doping concentrations could not be achieved due to
an unintentional background doping during the MOVPE growth. A second donor
impurity at ED,2 = 160 meV with ND,2 = 3× 1017 cm−3 has been determined. As-
suming this as the only donor, a charge carrier density at room temperature of
n(300 K) = 3× 1016 cm−3 can be calculated. This second donor impurity is prob-
ably the reason for the unintentional doping since it is present in layers grown
on both (100) 6◦ miscut and on (010)-oriented substrates. An deep compensating
acceptor density of Na = 1× 1015 cm−3 to 5× 1015 cm−3 was determined by both
DLTS and temperature-dependent Hall effect measurements. This acceptor density
suggests the possibility to achieve even less charge carrier densities by reducing the
unintentional doping in the layers. The electrical characterization by temperature
dependent Hall effect measurements will also give useful feedback on the density of
the unintentional dopant in the future.

The results of the MOVPE grown layers are compared to results on layers grown
by HVPE on (001)-oriented substrates by NCT (Novel Crystal Technology, Inc.).
We cut the HVPE samples in four pieces of 5 mm× 5 mm and measured them using
the Hall effect. A scattering of the results is visible with µ = (150± 25) cm2/Vs
for n = (5.5± 2.5)× 1015 cm−3 suggesting a strong inhomogeneity in the samples.
However, higher overall mobilities are reached due to the reduction of the scattering
of electrons on ionized impurities. Comparing the mobilities in the same doping
range (5× 1016 cm−3 to 2× 1018 cm−3), the MOVPE grown layers show higher mo-
bilities than the HVPE grown layers, probably, due to less structural defects. For
MOVPE grown layers on (100)4◦ miscut substrates a mean deviation of 4 % from
the mean value ND−NA = 2.3× 1018 cm−3 is visible for a representative excerpt of
3 mm × 3 mm. This is higher than the deviations desired for optimal device reli-
ability, which is lower than 1 %. However, the HVPE grown layers show an even
higher mean deviation of 15 % from the mean value ND−NA = 1.2× 1016 cm−3.
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Concluding, the HVPE grown layers are well suited to demonstrate the potential of
β-Ga2O3 and high power devices. However, due to the inhomogeneity the reliability
of the devices is deteriorated (only every 6th Schottky contact worked). Hence, for
a reliable process in device manufacturing MOVPE grown layers are more suited if
the manage to prevent the incorporation of unintentional dopants.

Comparing our results with lately published results on mobility of MOVPE
grown layers using an Agnitron machine, the potential of β-Ga2O3 becomes visible.
Combining our results with that from literature, it is possible to extract an empirical
formula for the mobility limit leading to an extrapolated limit of about 200 cm2/Vs
for β-Ga2O3. This value should be used for the calculation of the Baliga’s figure
of merit (BFOM) instead the often used value of 300 cm2/Vs.[28, 151] However, the
BFOM is with a mobility of 200 cm2/Vs still 2 times and 7 times higher than that
of GaN and 4H-SiC, respectively.

The improvement of the electrical properties of MOVPE grown layers led to the
use of these layers in demonstrator devices for high power electronics.[53, 152–154]
With the lately presented possibility to grow 6 inch β-Ga2O3 bulk crystals from
the melt [101] and the possibility to grow high quality layers on these substrates, it
is just a matter of time that β-Ga2O3 high power devices will beat GaN and SiC
high power devices in price and performance. Looking at the progress in recent
years, both the one presented here and the one in the international community, β-
Ga2O3 really seems to be deemed to be the material for next generation high power
devices.[100]
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