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ABSTRACT
At present, focus of the SiC crystal growth development is on improving the
crystalline quality without polytype inclusions, micropipes and the occurrence of
extended defects. The purity of the grown material, as well as intentional doping
must be well controlled and the processes understood. High-quality substrates will
significantly improve device performance and yield. One of the aims of the thesis is
further understanding of polytype inclusion formation as well as impurity control in
SiC bulk crystals grown using PVT method also termed seeded sublimation method.
Carbonization of the source was identified as a major reason behind the polytype
inclusion occurrence during the growth. The aim of this work was further
understanding of sublimation growth process of 4H-SiC bulk crystals in vacuum, in
absence of an inert gas. For comparison growth in argon atmosphere (at 5 mbar) was
performed. The effect of the ambient on the impurity incorporation was studied for
different growth temperatures. For better control of the process in vacuum, tantalum
as a carbon getter was utilized.
The focus of the SiC part of the thesis was put on further understanding of the PVT
epitaxy with an emphasis on the high growth rate and purity of grown layers.
High resistivity 4H-SiC samples grown by sublimation with high growth rate were
studied. The measurements show resistivity values up to high 104 Ωcm. By
correlation between the growth conditions and SIMS results, a model was applied in
which it is proposed that an isolated carbon vacancy donor-like level is a possible
candidate responsible for compensation of the shallow acceptors in p-type 4H-SiC. A
relation between cathodoluminescence (CL) and DLTS data is taken into account to
support the model.
To meet the requirements for high voltage blocking devices such as high voltage
Schottky diodes and MOSFETs, 4H-SiC epitaxial layers have to exhibit low doping
concentration in order to block reverse voltages up to few keV and at the same time
have a low on-state resistance (Ron). High Ron leads to enhanced power consumption
in the operation mode of the devices. In growth of thick layers for high voltage
blocking devices, the conditions to achieve good on-state characteristics become
more challenging due to the low doping and pronounced thicknesses needed,
preferably in short growth periods. In case of high-speed epitaxy such as the
sublimation, the need to apply higher growth temperature to yield the high growth
rate, results in an increased concentration of background impurities in the layers as
well as an influence on the intrinsic defects.
On-state resistance Ron estimated from current density-voltage characteristics of
Schottky diodes on thick sublimation layers exhibits variations from tens of mΩ.cm2
to tens of Ω.cm2 for different doping levels. In order to understand the occurrence of
high on-state resistance, Schottky barrier heights were first estimated for both
forward and reverse bias with the application of thermionic emission theory and
were in agreement with literature reported values. Decrease in mobility with
increasing temperature was observed and its dependencies of T–1.3 and T–2.0 for
moderately doped and low doped samples, respectively, were estimated. From deep
level measurements by Minority Carrier Transient Spectroscopy (MCTS), an
influence of shallow boron related levels and D-center on the on-state resistance was
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observed, being more pronounced in low doped samples. Similar tendency was
observed in depth profiling of Ron. This suggests a major role of boron in a
compensation mechanism.
In the second part of the thesis growth and characterization of GaN is presented.
Excellent electron transport properties with high electron saturate drift velocity make
GaN an excellent candidate for electronic devices. The strong spontaneous and
piezoelectric polarization due to the lattice mismatch between AlGaN and GaN is
responsible for the high free electron concentrations present in the vicinity of the
interface. Due to the spatial separation of electrons and ionized donors or surface
states, the two-dimensional electron gas (2DEG) formed near the interface of the
heterostructure exhibits high mobility. In this study, Al0.23Ga0.77N/GaN based HEMT
structures with an AlN exclusion layer on 100 mm semiinsulating 4H-SiC substrates
have been grown by hot-wall MOCVD. The electrical properties of 2DEG such as
electron mobility, sheet carrier density and sheet resistance were obtained from Hall
measurements, capacitance-voltage and contact-less eddy-current techniques. The
effect of different scattering mechanisms on the mobility have been taken into
account and compared to the experimental data. Hall measurements were performed
in the range of 80 to 600 K. Hall electron mobility is equal to 17140 cm2(Vs)-1 at 80 K,
2310 cm2(Vs)-1 at room temperature, and as high as 800 cm2(Vs)-1 at 450 K, while the
sheet carrier density is 1.04x1013 cm-2 at room temperature and does not vary very
much with temperature. Estimation of different electron scattering mechanisms
reveals that at temperatures higher than room temperature, the mobility is mainly
limited by optical phonon scattering. At relevant high power device operating
temperature (450 K) there is still an increase of the mobility due to the AlN exclusion
layer.
The behaviour of Ga-face GaN epilayers after in-situ thermal treatment in different
gas mixtures in a hot-wall MOCVD reactor was also studied. Influence of N2,
N2+NH3 and N2+NH3+H2 ambient on the morphology was investigated in this work.
The most stable thermal treatment conditions were obtained in the case of N2+NH3
gas ambients. In order to establish proper etching conditions for hot-wall MOCVD
growth the effect of the increased molar ratio of hydrogen on surface morphology
was also studied.
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PREFACE
This thesis is divided into two main sections. The first one gives a background of the
SiC growth technology, characterization techniques utilized in the thesis and the
motivation for conducting this research. The second one presents experimental
results compiled in 7 publications (2 conference and 5 journal papers).
The thesis is based on bulk and epitaxial growth of 4H-SiC and 6H-SiC, the
characterization of Schottky diodes processed on 4H-SiC epilayers as well as growth
of bulk and epitaxial layers of GaN and characterization of AlGan/GaN based
HEMT structures. The thesis work was carried out at the Materials Science Division,
Department of Physics, Chemistry and Biology at the Linköping University in
Sweden between September 2002 and December 2007.
PAPERS INCLUDED IN THE THESIS
I. Effect of Ambient on 4H-SiC Bulk Crystals grown by Sublimation
R.R. Ciechonski, R. Yakimova, M. Syväjärvi, and E. Janzén; Proc. of the
ECSCRM2002; Linköping, Sweden; September 1 - 5, 2003; Mater. Sci. Forum. 433-436,
75 (2003).
II. Structural instabilities in growth of SiC crystals
R.R. Ciechonski, M. Syväjärvi, J. ul-Hassan, and R. Yakimova; J Crystal Growth 273,
e467-e472 (2005).
III. Effect of boron on the resistivity of compensated 4H-SiC
R.R. Ciechonski, M. Syväjärvi, A. Kakanakova-Georgieva, and R. Yakimova, J.
Electron. Mater. Vol 32, 352 (2003).
IV. Evaluation of On-state Resistance and Boron-related Levels in n-type 4H-SiC
R.R. Ciechonski, M. Syväjärvi, S. Porro, and R. Yakimova; Proc. of the ECSCRM2004;
Bologna, Italy; August 31 - September 4, 2004; Mater. Sci. Forum 483-485, 425 (2005).
V. Electrical Analysis and Interface States Evaluation of Sublimation Grown 4HSiC Based Ni Schottky Diodes
S. Porro, R.R. Ciechonski, M. Syväjärvi, and R. Yakimova, Phys. Stat. Sol. (a) 202 (13),
2508-2514 (2005)
VI. High 2DEG mobility of HEMT structures grown on 100 mm SI 4H-SiC
substrates by hot-wall MOCVD
R.R. Ciechonski, A. Lundskog, U. Forsberg, A. Kakanakova-Georgieva, H. Pedersen
and E. Janzén, submitted manuscript
VII. In-situ treatment of GaN epilayers in hot-wall MOCVD
R.R. Ciechonski, A. Kakanakova-Georgieva, H. Pedersen, A. Lundskog, U. Forsberg
and E. Janzén, submitted manuscript
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MY CONTRIBUTION TO THE PAPERS
Paper I
I took part in planning the experiments. I was responsible for the growth of boules,
diode processing, electrical characterization and CL. I wrote the manuscript with the
co-authors.
Paper II
I took part in planning the experiments. I was partially responsible for the growth of
boules and defect characterization by Nomarski microscope. I participated in the
writing of the manuscript.
Paper III
I took part in planning the experiments. I was partly responsible for the growth of
epitaxial layers, diode processing, electrical characterization including DLTS and
MCTS and also CL measurements. I wrote the manuscript after discussion with coauthors.
Paper IV
I took part in planning the experiments. I was partly responsible for the growth of
epitaxial layers, diode processing, DLTS and MCTS characterization. I wrote the
manuscript after discussion with co-authors.
Paper V
I took part in planning the experiments. I was partly responsible for the growth of
epitaxial layers and diode processing. I wrote some parts of the manuscript after
discussion with co-authors.
Paper VI
I took part in planning the experiments. I was responsible for Hall measurements. I
wrote the manuscript after discussion with co-authors.
Paper VII
I took part in planning the experiments. I was responsible for etching and
measurements. I wrote the manuscript after discussion with co-authors.
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MATLAB
R.R. Ciechonski
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Introduction to SiC and GaN

1. Introduction to SiC and GaN
1.1.

SiC

1.1.1. Brief history
Silicon Carbide (SiC) was first synthetized in 1824 by the Swedish scientist Jöns Jacob
Berzelius[1], who received part of his education in Linköping. SiC is also known as
carborundum or moissanite, in natural form it is found in meteorites[2].
SiC is a hard and stable compound maintaining its mechanical properties above
1000ºC. In the Mohs scale of hardness SiC is placed with a number 9, while diamond
is 10 and corundum 8.
The interest in SiC began to grow from its excellent mechanical properties. In the
Acheson process[3] SiC was manufactured by the electrochemical reaction of sand
and carbon at high temperatures (up to 2550ºC). As an abrasive material it has found
its application for cutting, grinding and polishing.
SiC is a very promising wide bandgap semiconductor due to its physical and
electrical properties. The first electroluminescence has been reported in 1907[4], when
a SiC light emitting diode was made. The limitations in material properties of silicon
have further increased the interest in SiC and in the last decade it has been growing
rapidly. While most of the present semiconductor applications are using Si-based
devices, there are some for which silicon will never be applicable due to its physical
limitations. Silicon is limited to maximum operating temperature of 150ºC. It cannot
be used in optoelectronics and operate at very high voltages. In comparison, silicon
carbide has excellent material properties, which makes it superior to Si in a wide
range of applications.
One method for growing high quality SiC crystals was presented by J.A. Lely in
1955[5]. The method was based on sublimation and enabled growth of α-SiC platelets.
This invention has initiated a lot of research on SiC electronic applications. However,
due to unsteady crystal supply, limited crystal size and the fact that most often 6H
polytype was grown, the research ceased at the early 70’s although it was maintained
in the Soviet Union. The breakthrough was made in 1978. The modified Lely method
was reported by Tairov and Tsvetkov[6]. The method uses a seeded sublimation
process and reduces the problems with yield and polytype control, even though
crystalline quality was low. The method is commonly termed physical vapour
transport (PVT).
The new technique brought new problems in the form of high defect density in the
grown crystals. The most severe is the so-called micropipe, a hollow core penetrating
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through the crystal. It can degrade the electrical properties of devices and became an
obstacle for successful commercialization of SiC for electronic applications.
The seeded sublimation technique is used to grow SiC boules from which wafers are
commercially produced today. In 1987 Cree Research Inc. was founded and it was
the first commercial vendor of SiC wafers. During the years the diameter of the
wafers has increased and micropipe densities have decreased. There are
commercially available 4-inch wafers of 4H-SiC. At present, the micropipe densities
have decreased to less than 1 cm-2 in 4-inch wafers.
Nowadays, the commonly used method to grow SiC epitaxial layers is chemical
vapour deposition (CVD). It provides good structural quality and excellent doping
control, however it suffers from low growth rates of about 3-5 µm/hour, thus growth
of very thick layers is time consuming and creates a need for long-term process
control. In this thesis sublimation epitaxy was employed to provide high growth rate
while maintaining device quality surface morphology and reasonably low doping
The growth technique was particularly developed for a European programme
devoted to fabrication of high voltage devices (EU project ESCAPEE – Establish
Silicon Carbide Applications for Power Electronics in Europe). The epilayers grown
within the scope of this thesis met requirements for high power electronics within the
ESCAPEE. MOS structures processed on the thick layers exhibited record high peak
field electron mobility in 4H-SiC (210 cm2/Vs).
1.1.2. Chemical bonding and crystal structure
The physical and electronic properties of SiC make it an excellent semiconductor
material for high temperature, radiation resistant, and high-power/high-frequency
electronic devices. A summary of the most important properties in comparison to
other relevant semiconductors is shown in Table 1.
Table 1. Properties of common semiconductors in comparison to SiC;
superscript 1) stands for values measured along c-axis.
Material

Eg at 300 K
[eV]

µn
[cm2 (Vs)-1]

Ec
[x106 Vcm-1]

vsat
[x107cm s-1]

λ
[W (cm K)-1

Si

1.1

1350

0.3

1.0

1.5

GaAs

1.4

8500

0.4

2.0

0.5

GaN

3.43

1000

4

2.7

1.3

3C-SiC

2.3

900

1.2

2.0

4.5

4H-SiC

3.26

7201)

2.0

2.0

4.5

6H-SiC

3.0

3701)

2.4

2.0

4.5

AlN

6.2

1100

11.7

1.8

2.5

Diamond

5.45

1900

5.6

2.7

20

Electronic devices based on SiC can operate at extremely high temperatures without
suffering from intrinsic conduction effects because of the wide energy bandgap. Also,
this property allows SiC to emit and detect short wavelength light, which makes the
fabrication of blue light emitting diodes and UV photodetectors possible, even
12
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though the indirect bandgap makes the efficiency low. SiC can withstand an electric
field over eight times greater than Si or GaAs without undergoing avalanche
breakdown. This high breakdown electric field enables the fabrication of very highvoltage, high-power devices such as diodes and power transistors as well as high
power microwave devices. Additionally, it allows the devices to be placed very close,
providing high device packing density for integrated circuits.
SiC is an excellent thermal conductor. At room temperature, SiC has a higher thermal
conductivity than any metal. This property enables SiC devices to operate at
extremely high power levels and still dissipate the large amounts of excess heat
generated. SiC devices can operate at high frequencies (RF and microwave) because
of the high-saturated electron drift velocity in SiC. Finally, SiC is the only compound
semiconductor, which can be thermally oxidized to form a high quality native oxide
(SiO2). This makes it possible to fabricate MOSFETs, insulated gate bipolar
transistors, and MOS-controlled thyristors in SiC.
SiC is a IV-IV compound semiconductor with a covalent bonding of about 12%
ionicity. It is known to exist in more than 200 polytypes[7]. The main building block
for all forms is a tetrahedron consisting of a carbon atom bonded to four silicon
atoms and vice versa (Fig 1.1). The distance a between two neighboring silicon or
carbon atoms is approximately 3.08Å, while the very strong sp3 bond between carbon
and silicon is (3/8)1/2 or approximately 1.89Å. The plane with the three silicon atoms
at the bottom of the tetragonal structure is at the closer distance to the plane with
central carbon than the plane with single silicon atom at the top, along (0001) axis.
Cutting of SiC perpendicular to this direction will most likely result in breaking
single bond between central carbon and the single silicon. The crystal will be then
split into two different faces, one denoted as the Si-face and the other as the C-face.

Fig.1.1. SiC building block tetrahedron consisting of a carbon atom bonded to four silicon
atoms.
The structure is closed packed. The polytypes differ by the stacking sequence of the
tetrahedrally bonded Si-C bilayers. The c-axis height varies between polytypes. The
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most common polytypes are the hexagonal (H), the cubic (C) and the rhombohedral
(R) crystal structures [8].

Fig.1.2. Stacking sequence in closed packed structure.
One can denote the first layer of atoms with position A, then the next layer may be
placed according to the stacking in a closed packed structure on the B position. There
are two possible choices to place atoms of the third layer. It may be constructed by
placing them on the new C or A position (Fig.1.2).

3C

(11 2 0)

k
k
k

6H

4H

k
h

k2

k

k1

h

h

Fig.1.3. Stacking sequence of 3C-, 4H- and 6H-SiC in (11 2 0) plane
The different polytypes are formed by repeated permutations of the three positions.
For instance, the only known SiC cubic polytype that is 3C has a stacking sequence of
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ABCABCABC or ACBACBACB. The fact of two possible stacking sequences leads to
so-called Double Position Boundary, which is common in 3C-SiC. During growth
atoms are aided to move into the right position in the stacking of the specific
polytype. If the crystal is observed from the side as shown in Fig.1.3, the zig-zag
pattern is revealed. The different polytypes have mostly different material properties.
The bandgap varies between 2.3 eV for 3C-SiC to about 3.3 eV for 2H-SiC. Some of
the material properties are included in Table 1. The properties depend also on the
atom position and its surroundings in the polytype. For instance, in 6H-SiC the A
position is hexagonal site (h). The B and C sites are cubic and denoted by (k1) and
(k2). The 4H-SiC has a hexagonal site (h) and one cubic site (k). The dopant atoms
replacing host atoms have different binding energies depending on the site it
resides[9].
1.2.

GaN

1.2.1. Historical background
First GaN was synthesized in powder form in the early thirties of this century[10].
The history of GaN growth began in 1968 when Maruska[11] at RCA started a project
on GaN for blue LED application using Halide Vapour Phase Epitaxy (HVPE)
aproach. First GaN crystals were grown below 600oC to prevent decomposition and
polycrystalline. Through optimization of process and raising the temperature to
950oC better quality single crystal layers of GaN were fabricated, however Maruska
never overcome the problem of p-type doping and the devices were of very low
efficiency of violet light. The research on GaN was abandoned in 1974 for some time.
It started all again in 1986, when Amano and his co-workers[12, 13] have improved the
quality of GaN epilayers by inserting an AlN nucleation layer, which resulted in
improvement of optical and electrical properties of the material. Also not until 1988
the problem of p-type was solved[14]. Finally, Shuji Nakamura at Nichia Corp.
developed blue and green GaN heterostructure LEDs with efficiencies exceeding
10%[15]. But GaN is not only suitable for LED applications. Other GaN based
electronic-devices such as the bipolar junction transistor (BJT), heterojunction bipolar
transistors (HBT) and the high electron mobility transistor (HEMT) can also be
realized and due to the intrinsic properties of GaN, such devices can excel over
similar devices in Si or GaAs. Due to its properties, GaN has arisen as an excellent
candidate for high temperature and high-power/high-frequency electronic devices
(Table 1). Due to the high thermal conductivity of GaN such devices can operate at
much higher temperatures with less external cooling required. Excellent electron
transport properties with high electron saturate drift velocity make GaN an excellent
candidate for such electronic devices. GaN based devices can withstand a high
breakdown field due to the high breakdown voltage which this semiconductor offers.
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1.2.2. Crystallographic structure
GaN is group III-V semiconductor which can crystallize in three different lattice
formations: wurtzite, zincblende and rocksalt. Under thermodynamically stable
growth conditions, GaN and its ternary alloys including AlGaN will form thermally
stable hexagonal wurtzite structure. The other two structures, i.e. the zincblende and
rocksalt are metastable, which means that the structure is not in a stable minimum
energy state. The wurtzite structure has a hexagonal unit cell and consists of two
sublattices, one lattice consists of gallium atomsand the other of nitrogen atoms. The
two sublattices brought together form the wurtzite structure. The offset of the two
lattices is 5/8c (Fig.1.4)
All growth of III-nitrides during the time of this dissertation was performed under
thermodynamically stable conditions, thus all the GaN and AlGaN epilayers are of
wurtzite crystallographic structure.

Gallium

Nitrogen

c
5/8c

a
Fig.1.4. The wurtzite conventional unit cell of GaN
Since the wurtzite structure is asymmetric in the c direction, it leads to the presence
of a polarization field. In the case of GaN where gallium and nitrogen are highly
ionic atoms this field is significantly stronger than in other materials. Such
polarization is called spontaneous. In the bulk material the spatial polarization field
is compensated by the rearrangement of atoms on the surface. However in the case of
inhomogeneous thin layers or heterostructures, variations in the composition can
contribute to the polarization field.
If an atom is pulled from its equilibrium position, the change of position can enhance
the polarization field within the material. Such polarization is due to piezoelectric
field. The piezoelectric polarization can be achieved through a misfit of thermal
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expansion coefficient and lattice constant in the heterostructures or by adding high
amount of impurities to the lattice. Both the spontanous and the piezoelectric
polarization can be beneficial for device engineering in GaN and its alloys. They are
believed to be responsible for the high concentration of electrons in the 2DEG gas in
HEMT.
1.3.

Structural defects.

There is no perfect crystal. Even in the thermodynamic equilibrium a crystal
structure contains point defects by the absence of atoms or presence of extra atoms.
In a compound semiconductor such as SiC or GaN, antisite defect, i.e. Si substitutes
for C sites and vice versa in the case of SiC or Ga substitutes for N sites and vice
versa in GaN, will be also present. These defects may alter the electrical and optical
properties.
If a host atom is removed from the lattice, a vacancy is formed. This results in four
unsaturated bonds, which have impact on electrical properties of the crystal. If the
atom is inserted (either host or impurity atom) into an interstitial site, Schottky
interstitial is formed. In the case of the interstitial atom staying in the vicinity of the
vacancy, the Frenkel interstitial is formed. The distortion energy associated with the
interstitials is reduced. The impurities as substitutional point defects are discussed in
the subchapter 1.6.
Dislocations are one-dimensional line defects and they may extend through the
entire lattice. These defects are very common in GaN and other III-nitrides. There are
two main types of dislocations, with screw and edge character. The dislocation is a
local distortion of the crystal and associated with stress. The specification depends on
the mechanism of their formation and the so-called Burgers vector b. To define a
Burgers vector one considers a closed contour in the perfect crystal passing over the
lattice sites containing a series of Bravais vectors. A contour containg Bravais vectors
is drawn around the dislocation line. A supplementary vector is Burgers vector b, see
Fig.1.5. An edge dislocation is formed by removing from the crystal a half of atoms
plane terminating on the dislocation line and then joining the two planes in the way
to restore order in the crystal.
A screw dislocation can be explained in the following manner. The crystal has been
slipped above the dislocation line by a lattice vector parallel to the line and then
rejoined to the part below the dislocation line to restore crystalline order, see Fig.1.6.
The same sequence of the Bravais vectors is traversed onto the location around the
dislocation line. In the case of screw dislocation, the contour is not closeda and the
remaining Bravais vector, is called the Burgers vector b of the dislocation. For the
edge dislocation the Burgers vector is perpendicular to the dislocation line, while for
the screw dislocation it is parallel (compare Fig.1.5 and Fig.1.6). Dislocations
influence crystal growth and they have impact on electron transport and mechanical
properties.
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Fig.1.5. Edge dislocation

Fig.1.6. Screw dislocation

A structural defect, which has attracted most attention in the SiC research, is the
micropipe. It is a hollow core propagating along the [0001] direction. The diameter of
the micropipe is several or tens of micrometers. The usual density in the bulk crystals
varies between 10-100 cm-2. The recent reports show a tremendous decrease in the
micropipe density to as low as zero micropipe in 4 inch wafers[16]. This severe defect
tends to agglomerate into groups and/or at domain boundaries, while there are large
areas where the micropipe densities approach zero. The micropipes are known to
degrade the device performance and yield, e.g. they reduce the breakdown voltage of
Schottky diodes[17, 18].
Similar hollow core defects are also present in GaN. They are called nanopipes due to
their diameter, which is measured in several nanometers.
In the case of AlGan/GaN heterostructure, dislocations can act as scattering centers
for electrons thus decreasing the electron mobility of the 2DEG gas in the channel if
the dislocation density is high enough. These dislocations are primarily due to
growth on a foreign substrate but can also be due to lattice or thermal expansion
differences between epitaxial layers.
In the paper II, misoriented grains, which may occur on the growth front of 6H-SiC
boules have been studied in relation to their appearance during sublimation growth.
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The effect was obtained by applying growth conditions at which the source powder
was gradually approaching graphitisation and the vapour becoming C-rich.
Micropipes propagating in the single crystal area and facing the misoriented grain
have been studied, and it is shown that they may either be terminated at the grain or
their propagation is altered to be parallel with the grain boundary. The polytype of
the grains may switch from 6H to 4H, which is explained by the change of the Si/C
ratio in the vapour. The defects initially formed as small prismatic platelets and with
continued growth the defect formation became more dominating. Grains with high
misorientation extended on the surfaces and became the preferred nucleation centre
rather than the single crystal material. This demonstrates that defect formation,
which could be local appearances, may severely degrade the whole crystals. In the
course of the crystal growth the vapour composition, i.e. Si/C ratio change towards
C-rich conditions, which in turn promote switching of the polytype.
1.5. Growth basis
Boule growth of SiC commonly proceeds via spiral growth. It was suggested by
Frank [19], that a presence of a screw dislocation in the crystal provides a step or
multiple steps, which spirals under the flux of adatoms. This provides a mechanism
for continuous growth at a modest supersaturation. The whole spiral rotates steadily
around its emergence point with uniform angular velocity and stationary shape
(Fig.1.7).

a)

b)

Fig.1.7. Growth in a vicinity of a screw dislocation; a) screw dislocation, b) a growth spirale,
from [18].
A theoretical model was suggested in the classic scientific paper by Burton, Cabrera
and Frank[20] and gives a theory of the spiral growth mechanism known as BCF
theory.
This theory introduces a supersaturation, which is the thermodynamic driving force
for growth
S = (p/pe)
(1.1)
where p- low vapour pressure, pe – equilibrium vapour pressure
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The difference in chemical potential is given by Δμ = kT lnS. Δμ is zero in
equilibrium, positive during condensation, negative during sublimation /
evaporation. The deposition rate R is related, using kinetic theory, to p as
R = p/(2πmkT)1/2

(1.2)

When an atom adsorbs on the surface, it becomes an adatom, with an adsorption
energy Ea, relative to zero in the vapour. The rate at which the adatom desorbs is
given by νa e-(E/kT), where the pre-exponential frequency is specified as νa to
distinguish it from other frequencies. It may vary relatively slowly but not
exponentially with T.
Furthermore, the adatom can diffuse over the surface, with energy Ed and
corresponding pre-exponential νa. The adatom diffusion coefficient is then
approximately
D = (νaa2/4) exp-(Ea/kT)

(1.3)

and the adatom lifetime before desorption,
τa = νa-1 exp(Ea/kT)

(1.4)

BCF theory showed that
Xs = (Dτa)1/2

(1.5)

which is a characteristic length, that governs the behaviour of the adatom, and
defines the role of ledges or steps in evaporation or condensation.
It should be considered that crystal growth is difficult on a perfect terrace, and
substantial supersaturation is required. When growth does occur, it proceeds
through nucleation and growth stages, with monolayer thick islands having to be
nucleated before growth can proceed.
The presence of a ledge, or step on the surface, which captures arriving atoms within
a zone of width xs (Eq.1.5) either side of the step, plays an important role in
sublimation growth of the crystal. If there are only individual steps running across
the terrace, then these will eventually grow out, and the resulting terrace will grow
much slower. In general, rough surfaces grow faster than smooth surfaces, so that the
final growth form consists entirely of slow growing faces.
1.6.

Impurities and intrinsic levels in SiC

Impurities are foreign atoms that are incorporated into the crystal structure of the
semiconductor. The incorporation of the impurities can either be unintentional or
intentional with a purpose to provide free carriers in the semiconductor.
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In order to generate free carriers two conditions need to be fulfilled: i) a presence of
impurities in the semiconductor, ii) the impurities have to be ionized to provide
electrons to the conduction band in the case of donors, or holes to the valence band in
the case of acceptors.
Shallow impurities are impurities, which require little energy - typically around the
thermal energy at room temperature or less - to be ionized. Deep impurities require
energies higher than the thermal energy at room temperature to be ionized so that in
practice only a fraction of the impurities present in the semiconductor contribute to
free carriers. In the case of wide bandgap semiconductors such as SiC and GaN
donors and acceptors are deep impurities and are not fully ionized at room
temperature. Deep levels are very unlikely to be ionized at room temperature. Such
impurities can be effective recombination centers, in which electrons and holes
recombine and annihilate each other. Such deep impurities are also called traps.
A semiconductor in which ionized donors provide free electrons, is called n-type,
while a semiconductor in which ionized acceptors provide free holes, is referred as a
p-type semiconductor.
The ionization of the impurities is dependent on the thermal energy and the position
of the impurity level within the energy band gap. Statistical thermodynamics can be
used to obtain the probability that the impurity is ionized. The resulting expression is
similar to the Fermi-Dirac probability function except for a factor that accounts for
the fact that the impurity can only provide one hole or one electron and also accounts
for the degeneracy of the valence band[21]. Ionized shallow impurities provide free
carriers that equal the impurity concentration for complete ionization.
In the case of SiC the most common donors are nitrogen and phosphorus. Nitrogen
substitutes on carbon sites in the lattice, while phosphorus on silicon sites. The most
common acceptors are aluminum and boron. They all substitute on silicon sites with
some specification for boron, which will be discussed later in the thesis. The site is
not polytype dependent, but the energy level depends on the particular polytype[22].
Nitrogen and aluminum are the most common dopants.
The impurities may be introduced during the growth, via ion implantation technique
or by diffusion. Diffusion is a common doping method of the active layer; however,
the diffusion coefficients of impurities in SiC are small. Ion implantation is frequently
used in SiC device fabrication. The main drawbacks are the lattice damage caused
during the ion bombardment and the occurrence of amorphous material of the ion
implanted volume. The aim in the case of PVT bulk growth is to obtain uniformly
doped substrates. The lowest unintentional doping concentrations vary in this
method; for nitrogen mid 1015 cm-3, which is the limiting factor for the n-type
material, for aluminum 1013 cm-3 and for boron mid 1015 cm-3, which is the limiting
factor in the case of p-type substrates. Nitrogen incorporation decreases
exponentially, while aluminum increases exponentially with the growth
temperature[23]. The incorporation depends also on the vapor pressure. In the case of
nitrogen it increases with the square root of the nitrogen partial pressure in the
growth cell, while for aluminum the relation is linear[23, 24]. The nitrogen and
aluminum incorporation depends on the polarity of the crystal. In general, growth on
C-face for 4H- and 6H-SiC results in higher concentration of nitrogen than on Si–face,
while the situation is reversed in the case of aluminum, i.e. incorporation of Al is
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higher on Si-face than on the C-face[23, 24]. However, the dependence on the polarity
becomes weaker with increase of growth temperature. The nitrogen incorporation
decreases with increasing the growth rate.
As it is presented in paper I boule growth in vacuum and with presence of Ta
shielding may be an option of interest to decrease the background concentration of
impurities. The boron concentration in the crystal is significantly decreased about
two orders of magnitude in comparison to the crystals grown from sources which are
not shielded by tantalum. High growth rates may be favourable for formation of
deep boron centers, while low growth rates may result in preference for shallow
boron. As it is known nitrogen is a residual impurity coming from air adsorption in
the graphite enclosure or from the SiC powder source. Comparing growth in Ar
ambient and vacuum, dynamic vacuum growth (base pressure of 7.3x10-5 mbar)
results in higher N concentration than growth in Ar ambient. In the static vacuum
growth the material is more graphitised, which suggests the possibility of a lower
Si/C ratio at the growth interface. This means less N incorporation based on site
competition effect. However, Ta foil used in the vacuum growth may cause an
increased Si/C ratio which would result in higher N concentration based on site
competition effect.
Deep levels were studied in the thesis by means of cathodoluminescence (paper
I), deep level transient spectroscopy (DLTS) and minority carrier transient
spectroscopy (MCTS) in papers III and IV. As it was shown in paper I, high growth
rates may be favorable for formation of deep boron centers, while low growth rates
may result in preference for shallow boron.
It is known that one way to obtain information on the compensation in 4H-SiC is
to grow pure material with low net doping concentration with presence of both
donors and acceptors, i.e. nitrogen (donor), aluminum and boron (acceptors). These
impurities are common background impurities in SiC material due to their presence
in the growth environment. Hence, compensation will naturally occur. It is believed
that the “shallow” boron level at EA = EV + 0.28 eV[24], is a boron atom residing on a
silicon site. It was also predicted that it may occupy a carbon site. Besides, boron is
known to form deep levels, e.g. D-center at EA = EV + 0.61 eV[24] and probably even
deeper ones. The origin of the deep boron level has been suggested as a boron atom
on a Si site next to a C vacancy, thus forming a complex. The isolated carbon vacancy
is suggested to act as a deep donor-like level. Thus it should be taken into account as
a possible compensation center in p-type 4H-SiC. In paper III results on highly
compensated p-type SiC epitaxial layers and the variations of the resultant resistivity
are reported. P-type material was obtained in both cases when: i) the atomic
concentration of aluminum acceptors (NAl) exceeded nitrogen donors (NN) and boron
acceptors (NB) and ii) the atomic concentration of boron acceptors (NB) exceeded
nitrogen donors (NN) and aluminum acceptors (NAl). These cases were intentionally
selected to study Al and B contribution to the resistivity. In the paper III we propose
a model of resistivity variations due to deep level contributions. In this contribution
deep level measurements by DLTS and MCTS are supported by CL results.
Paper IV deals with n-type epilayers. On-state resistance Ron estimated from
current density-voltage characteristics of Schottky diodes on thick layers exhibits
variations from tens of mΩ.cm2 to tens of Ωcm2 for different doping levels. From
B

B
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deep level measurements by Minority Carrier Transient Spectroscopy, an influence
of shallow boron related levels and D-center with on-state resistance was observed,
being more pronounced in low doped samples. Similar tendency was observed in
depth profiling of Ron. This suggests a major role of boron in a compensation
mechanism thus resulting in high Ron.
Another common deep center present in 4H-SiC sublimation grown material is
an electron trap called Z1/2 with activation energy of EA=EC-0.7 eV[25]. It appears in
low concentration even in the layers grown in the best doping conditions. This center
is very difficult to anneal (Annealing temperature is 1300oC). It has been shown that
it consists of two closely spaced peaks which both have negative-U properties. There
exist many interpretations about its macroscopic structure. It has been speculated
that this defect may be divacancy or antisite pair. In the recent report a model of Z1/2
related to a carbon vacancy has been proposed[26].
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2. Growth and Characterization
2.1. Seeded sublimation growth of SiC
The main SiC bulk growth method is the seeded sublimation growth method also
known as physical vapour transport (PVT), and often referred to as modified Lely
method. This is the most successful SiC bulk growth method and nowadays widely
used in the industry to grow monocrystalline 4H and 6H-SiC boules[6].
In the method, a SiC source and a SiC seed are placed inside quasi-closed graphite or
TaC crucible. To prevent contamination from falling particles the seed is placed at
the top of the crucible.
Lely platelets or modified Lely grown wafers of high quality are used as a seed. It is
important to obtain a high quality material with reduced defect and micropipe
densities. By selecting the best wafers it is possible to gradually eliminate the
micropipes.
The driving force in the process is provided by applying a temperature difference
between the source (higher temperature T2) and the seed (lower temperature T1) in a
low pressure of inert gas (argon at 5-30 mbar), see Fig.2.1.
The temperature is obtained by applying induction (frequency of 10-100 kHz)
heating of the crucible. Since graphite has good thermal and electrical conductivity,
the crucible design contributes to temperature control of the crystal growth. The
temperatures are measured with two pyrometers at the top and the bottom of the
crucible.
Both SiC powder and polycrystalline boules were used as source material, usually
purified and sintered before growth to reduce contamination of the crystal from
impurities and obtain more stable growth behaviour.
The source material sublimes at applied high temperature (1800-2600ºC) and at low
inert gas (argon) pressure. The Si and C bearing species (of which Si, SiC2, Si2C are
the main ones) are transported to the growing surface. A long source-to-seed
distance (5-30mm) is required to grow long boules and there will be an interaction of
Si containg species in the vapour with the graphite walls. This makes the growth
process difficult to control.
In the vapour equilibrium the total pressure is determined the sum of all partial
pressures. The component with the highest partial pressure has the highest impact
on the total pressure. Silicon has the highest vapour pressure in the regime of the
used growth temperatures. In the sublimation growth performed in the quasi-closed
crucible Si losses might easily occur, especially if growth is conducted in vacuum
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ambient. This results in graphitization of the source and causes undesired growth
conditions. There are two ways to control Si vapour behaviour a) introduce excess Si
to the powder or b) getter C. The former option may lead to extreme excess of Si,
especially at the initial stage of growth when Si liquid drops are formed at the seed
substrate and cause growth disturbances. The latter option is using a refractory
metal, which absorbs carbon and forms stable carbides at the growth temperatures.
Tantalum as a carbon getter has been utilized in this work (paper I).

Fig.2.1. SiC sublimation bulk growth method in schematic picture, from [12]
The introduction of Ta shielding shows an improvement in surface morphology
of the crystals by better control of the stoichiometry in the vapour phase. However,
the improvement is achieved with a cost of the growth rate which is substantially
decreased. Ta shielding was introduced for growth in vacuum, which is one way to
decrease impurity incorporation in bulk crystals. The activation energies for a growth
in vacuum above 2075oC are of same order as typically reported for sublimation
growth whereas significantly smaller activation energies for growth temperatures
below 2075oC are observed. The small change of growth rate with temperature in
vacuum growth for temperatures below 2075°C may be due to the fact that the
stoichiometry at the growth interface near the crystal surface is influenced by
liberated species only from the source and the interaction with the graphite crucible
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walls below that temperature is low. Thus the low supersaturation may be kept
constant.
The next important issue in the SiC growth is the polytype occurrence with
respect to the temperature[27] (Fig.2.2). The formation of 4H polytype is more
probable at lower temperature, while 6H is found to be more stable at higher
temperatures.
The 3C polytype is metastable and it can form at non-equilibrium during crystal
growth, e.g. excess silicon is known to increase the probability of the 3C occurrence.
As we state in the paper II, the graphitization of the source and C-rich vapour may
provide conditions for polytype inclusion occurrence.
The formation of desired polytype can be enhanced by using a SiC source of the
desired polytype and can be controlled by the polytype of the seed, e.g. 4H-SiC can
be grown on the C-face of 6H-SiC or 4H-SiC[28-30].

Fig.2.2. Relation between polytype occurrence and growth temperature in unseeded
sublimation technique; from[27]
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2.2. Sublimation epitaxial growth
The principle of sublimation epitaxy also known as PVT epitaxy is similar to that of
sublimation bulk, i.e. the driving force in the process is provided by applying a
temperature difference between the source (higher temperature) and the seed (lower
temperature), which are closely-spaced, usually 1 mm. However, the growth is in
vacuum and the interaction of subliming species with the walls of the crucible is
diminished compared to sublimation bulk growth.
Sublimation epitaxy has proven to be a suitable technique for growth of thick (up to
100 µm) epitaxial layers with smooth as-grown surfaces. Reproducible quality of
these surfaces is obtained with growth rates ranging from 2 to 100 µm/h in the
temperature range from 1600 to 1800°C, measured at the seed. The structural quality
of the epilayer improves compared with the substrate. A detailed study of the
technique was presented in Ref. [12].
The remaining issue necessary for epi-fabrication using sublimation epitaxy is
growth of high-purity layers. At high temperatures, residual impurities in the
epilayers are introduced from the growth environment, mainly the SiC source
material, graphite and tantalum. The temperature gradient is controlled and can be
adjusted by movable RF coil. To prevent absorption of nitrogen in the graphite and
also nitrogen diffusion from ambient into the growth chamber during loading, argon
flushed glove box as a loading chamber was implemented. Net doping
concentrations as low as ND-NA~1x1015 cm-3 have been achieved. Under such
conditions compensation in the epilayers is present. We have observed that
compensating impurities influence not only the electrical, but also the optical
properties of the grown material. By varying growth parameters such as growth rate,
tantalum environment, heating ramp and Si/C ratio, the relative incorporation of the
impurities can be changed. One interesting finding is that selecting the growth
conditions can change the preferred occupation of boron in the shallow or deep level.
The electrical activation of acceptors has been studied. The interplay between
nitrogen, aluminum and boron is subject for continued investigations for further
understanding of the compensation mechanism. Availability of more pure source
material is expected to decrease the residual doping and degree of compensation in
the sublimation grown epilayers.
Devices such as Schottky diodes and Metal-oxide-semiconductor capacitors were
processed on sublimation grown epilayers. The results from electrical
characterization of Schottky diodes are reported in the papers III-V, including
compensation mechanism proposed models based on DLTS, MCTS and CL
measurements.
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2.3. Metal-organic chemical vapour deposition of GaN and AlGaN
At present, nitrides are grown by three most popular growth methods: Chemical
Vapour Deposition (CVD), Hydride Vapour Phase Epitaxy (HVPE) and Molecular
Beam Epitaxy (MBE). Further discussion will focus on CVD as a method of choice in
this work.
CVD is a method of forming dense crystal films using a decomposition of relatively
high vapour pressure gas precursors. Gaseous components are transported to the
substrate surface, where reactions and final deposition of selected material occurs.
This growth method is used to produce almost any metallic or non-metallic
compound in the form of coating or thin layer. There are many advantages of CVD
method over other growth techniques. The precursors are gases thus the growth can
be controlled by selecting proper characteristics of gases.
High purity of available gases (typically in the range of 99.9999 or better) allows
having a strict control on the doping of the grown material. High purity well
controlled epilayers and semiconductor structures can be produced. CVD is also a
versatile technique. Growth of any compound can easily be obtained.
The CVD technique can be divided into subgroups depending on chemical reactions
which are initiated or process conditions, i.e. operating pressure (for example:
Atmospheric Pressure CVD (APCVD), Low pressure CVD (LPCVD) and Ultra high
vacuum-CVD (UHVCVD)), characteristics of the vapour (Aerosol assisted CVD
(AACVD)) or a chemical nature of precursors (Metalorganic CVD), but they all a can
be characterized by the same principle of the growth process.
For every CVD, the precursors are transported from a supply to the heated surface at
which the deposition occurs. The decomposition of precursors takes place in the hot
zone where they are fragmented into elements or smaller chemical compounds.
These fragments diffuse towards the surface and nucleate forming thin film.
One can distinguish several processes which take place in the vicinity of the surface
or at the surface. The simple graphical presentation of all process in the CVD growth
is seen in Fig. 2.3.
The growth process involves many steps:
1. Transport of precursors into the hot zone.
2. Generation of reactants from precursors at the hot zone due to their thermal
decomposition.
3. Diffusion of the reactants to the growth surface.
4. Adsorption/Desorption of species to/from the surface.
5. Surface diffusion – migration of reactants over the surface
6. Nucleation of the reactants on the surface, preferably preferential nuclation.
Thermodynamics play a fundamental role in these processes. To understand the
growth processes taking place in the reactor, use of calculation tools to model
physical phenomena in the CVD process is very helpful[31]. The driving force of the
process is to minimize the chemical potential between the solid and gas phase. The
growth rate of this thin film can be controlled either by surface kinetics and reaction
rate or limited by mass transport to the surface.
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Fig.2.3. Schematic representation of gas phase and surface processes during CVD growth.
While designing the CVD reactor, one has to restrict the occurrence of the reactions
to the substrate closest vicinity. Any parasitic growth may be detrimental for the
layer growth. Any presence of condensation on the inlet or susceptor walls may lead
to a large particle formation, which can be unintentionally embedded and be
responsible for defect formation in the grown material. The design of the susceptor,
which is the heating element, is crucial for obtaining high crystal/quality epilayers.
The most common design present in the industry or research is the so-called coldwall reactor. In this configuration the heating of the susceptor is supplied from one
side. In most cases the substrate is heated from beneath. This results in rather high
temperature gradient between the top and bottom of the substrate. In this work
another approach has been tried, so called hot-wall design.
A hot-wall susceptor is heated inductively from all sides. The temperature
homogeneity in this case is far better than in a cold-wall configuration, thus it is
easier to control reactant generation in the hot zone. Uniform heating ensures lower
vertical and horizontal temperature gradients, thus minimizing bowing of the
substrate during the growth, which results in less strain accumulated in the epilayer.
The susceptor is made of graphite and can be coated to prevent carbon
contamination of the grown material. The heating is supplied by radio frequency
(RF) induction using a coil. In order to improve reactant distribution in the susceptor,
thus improving the thickness and doping uniformity of the grown material, the
substrate is rotated around its central axis. The exhaust gases are treated in a
scrubber.
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2.3.1. Bulk GaN
Due to lack of native large area substrate available, most of GaN and its alloys are
grown by heteroepitaxy. Within the scope of this dissertation some work in the area
of bulk GaN has been performed. As it was shown in the work of Ö. Danielsson et al
[32], a nitrogen molecule can be a source for atomic nitrogen. By cracking molecular
nitrogen using hydrogen gas in high temperature above 1700oC, one could obtain
efficient source of nitrogen.
Within the work an experimental vertical hot-wall CVD reactor has been designed
(Fig.2.4). Boron nitride was selected as a material for susceptor. It can withstand high
temperature up to 1800oC and does not react with the reactants used in the
experiment.
Gallium is put in the boat-like vessel. For precursors, molecular nitrogen and liquid
gallium have been used. As a carrier gas hydrogen and purified argon have been
utilized. Hydrogen’s role is also to generate atomic nitrogen by cracking the bond in
the nitrogen molecule. Growth temperature was in the range between 1000 and
1050oC, the temperature in the hot zone was in the range between 1700oC and
1800oC. Thin GaN layers on SiC substrate were used as a seed.
Graphite
insulation

Boron
nitride
GaN seed

RF coil

Liquid GaN
vessel

Argon

Argon

H2
N2
Fig.2.4. Schematic of bulk GaN MOCVD
Grown layers were of polycrystalline nature; liquid gallium partially covered the
surface of the seed. 2D nucleation was dominant growth mode. Hexagonal islands
merge together forming continuous GaN film (Fig.2.5). Growth rate of about
1µm/hour has been achieved.
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The low growth rate was a result of premature sublimation of Ga from the container
due to limited control over sublimation of gallium. This resulted in the Ga coverage
of the substrate and limited the growth of GaN. Also, high amount of hydrogen in
the growth zone resulted in severe etching, even though the substrate of the seed has
been stabilized by nitrogen prior to the growth.

Fig.2.5. Optical micrographs of as-grown GaN surface in bulk MOCVD.
Hexagonal islands of GaN merge together forming a continuous layer.
2.3.2. Epitaxy of GaN and its alloys
Common precursors of gallium and aluminium in a MOCVD are trimethylgallium
(TMGa or (CH3)3Ga) and trimethylaluminum (TMAl or (CH3)3Al) respectively.
Ammonia (NH3) is used as a precursor for nitrogen. The V-III ratio is usually of few
hundreds to thousands in magnitude, which means that the nitrogen supply is much
larger than the metal supply. One has to keep in mind that ammonia and group III
metals easily can form adducts as a byproduct of chemical reactions in the gas phase.
These adducts can form depositions on the heated parts of the susceptor, can
contaminate grown material and be a source for structural defects, thus affecting
negatively grown epitaxial layers.
As carrier gas both hydrogen and nitrogen are used and are also active in the
chemical reactions and help in the uniform heat distribution. Typical growth
temperatures are in the range of 1000-1200oC. Growth pressure varies from 50 to 1000
mbar[33].
Due to the lack of native substrate most of the nitride epitaxy performed nowadays is
still heterepitaxy. Most common substrates used in the growth are sapphire and SiC.
The choice of the substrate depends mainly on the type of the grown epilayer and its
application. For growth of high electron mobility transistors based on AlGaN/GaN
heterostructures, semiinsulating SiC substrates have been selected.

32

Growth and characterization

2.4. Characterization Techniques
2.4.1. Optical microscopy with Nomarski interference contrast
Nomarski microscopy has been utilised to study surfaces of as-grown boules.
Optical microscopy is an important tool to study defects and may be useful to obtain
more information on their formation mechanism.
The main principle of the Nomarski interference contrast consists in the difference of
the optical path (Fig.2.6). The Nomarski prism splits an incident plane light beam
into two polarised components, an ordinary and an extraordinary ray. After
reflection on the sample, the light beam passes through the prism to an analyser. A
difference in the optical path allows distinguishing between objects on the surface,
which have a very small height difference between them thus making this technique
a sensitive tool to study defects.
Polarizer

Mirror

Nomarski prism

Objective
extraordinary ray

ordinary ray
Sample

Fig.2.6. Schematic principle of the Nomarski interference contrast

2.4.2. KOH etching
To study defects and interfaces in detail the surfaces have been etched in molten
KOH.
The etching process can be considered as a reverse process to the growth. SiC, which
is very resistant to chemical solutions, can be etched in molten KOH. By etching it is
possible to reveal crystal symmetries and defects in the grown SiC material. The two
faces of SiC behave in different ways when etched in molten KOH. The Si-face is
etched preferentially whereas the C-face is etched isotropically. It is also energetically
easier to etch at dislocations and other structural defects, thus producing
characteristic etch pits. The micropipes on the surface were observed after treating by
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molten KOH and their number per unit area was counted. Different defect shapes
have been observed, i.e. hexagonal or rounded pits and shell-like pits – an evidence
of screw and edge dislocations, respectively[34, 35].

2.4.3. Scanning Electron Microscopy and Cathodoluminescence
Scanning Electron Microscopy (SEM) uses a beam of electrons to scan the surface of a
sample to build a three-dimensional image of the specimen. It is a versatile technique
to study surface features. A large depth of field allows a large area of the sample to
be in focus at one time. The SEM can also produce images of high resolution, thus
closely spaced features on the surface can be examined at a high magnification. The
technique is nondestructive and preparation of the samples is easy to perform. The
combination of high magnification, large depth of focus, good resolution makes the
SEM technique one of the most useful surface sensitive instruments used in research.
There are two modes which were used in the thesis: primary and secondary electron
imaging.
Primary electron imaging.
An electron may be scattered on a nucleus due to the coulombic attraction known as
Rutherford elastic scattering. Some of the electrons called primary electrons will be
backscattered, re-emerging from the incident surface of the sample. The primary
electrons collected at a selected detector position can be used to yield images
containing both topological and compositional information.
Secondary electron imaging.
The high energy incident electrons can also interact with the conduction band
electrons in the sample. Due to these interactions, the secondary electrons that are
produced within a very short distance of the surface are able to leave the sample and
be collected by the detector. Since this mode ensures high resolution of the
topographical images, it is the most common mode of the SEM.
Cathodoluminescence (CL) is a measurement technique suited to investigate the
optical properties of simple and complex semiconductor structures spatially,
spectrally and time-resolved. The focused beam of a scanning electron microscope is
scanned over the sample (plan view or cross section) and excitation of carriers results
in luminescence from the sample, which is subsequently detected with a variety of
monochromator/detector combinations. There are two cathodoluminescence modes,
i.e. CL spectroscopy and CL microscopy. In the former one a luminescence spectrum
from a specified region of the sample is obtained. In the latter mode luminescence
maps of the regions are displayed.
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It is possible using CL to evaluate the following:
1. Space distribution of luminescence and therefore the space distribution of defects
or impurities that give rise to the CL,
2. The influence of mechanical defects on the distribution of luminescence centers,
3. Electronic band structure of the material,
4. Microcharacterization of semiconductor devices.
Luminescence is the emission of light from a solid, when carriers excited by some
form of energy to excited states relax radiatively to the ground state. In
cathodoluminescence an electron beam is used as excitation source.
The luminescence process is a result of electronic transitions from higher energy state
such as the conduction band to the lower energy state such as the valence band. It
may also occur between defect levels placed within the forbidden bandgap.
There are many transition processes that may occur, as shown in Fig.2.7.
B-B

FE

D-BE

FB

DAP

CB
DL
”+-”

AL
R

VB

Fig.2.7. Radiative recombination after exciting electron-hole pair in a semiconductor.
The following recombinations are denoted in the figure: B-B - band to band; FE – free exciton;
D-BE – donor bound exciton; FB – free-to-bound exciton and DAP – donor-acceptor pair.
Upon the excitation with energy higher than the bandgap, free electrons are formed
in the conduction band together with free holes in the valence band. These carriers
will recombine in the relaxation process. This is an intrinsic luminescence.
If an electron due to the Coulomb interaction feels the attraction from a hole, an
exciton may be formed. It is called a free exciton (FE), since it is mobile in the lattice.
A free exciton may be captured by a defect or an impurity, resulting in the so-called
bound exciton (BE).
There is also a possibility for a hole (electron) bound to an acceptor (donor) to
recombine with an electron (hole) directly from the conduction (valence) band. These
are transitions into the localized states in the bandgap. They are called free-to-bound
transitions.
Finally, a radiative recombination may occur between an electron bound to a donor
and a hole bound to an acceptor resulting in donor to acceptor pair (DAP)
luminescence. Both donor and acceptor are being charged in the process, the donor

35

Growth and characterization

positively and the acceptor negatively. The Coulomb interaction between them
results in an additional energy in the final state. This energy is added to the radiative
recombination and depends on the relative distance R between the donor and
acceptor impurities.
SiC is an indirect bandgap semiconductor, with the valence band maximum and the
conduction band minimum localized at different points of the Brillouin zone with
different values of k. Thus to conserve crystal momentum the exciton recombination
is only possible with the assistance of phonons. This will result in the exciton
luminescence peak and phonon replicas in the CL spectrum.
CL can be performed at room temperature, however, to reduce noise and thermal
line-broadening cooling of the specimen to 4K is preferable in many cases. Thus the
shallow impurity transitions may be resolved.
2.4.4. Hall Effect measurements
If an electric current I flows through a semiconductor in a magnetic field B, the
moving charge carriers experience a transverse voltage which pushes them to one
side of the semiconductor. This process can be illustrated on a thin flat
semiconductor as shown in Fig 2.8. There is a buildup of charge present at the sides
of the semiconductor, which will balance the magnetic influence, leading to a
measurable voltage between the two sides of the semiconductor. The presence of the
transverse voltage VH is called the Hall effect after E. H. Hall who discovered it in
1879. The Hall effect is a conduction phenomenon which is different for different
charge carriers. The Hall voltage has a different polarity in the case of positive and
negative charge carriers. This technique has been used to study the details of
conduction in semiconductors and other materials which show a combination of
negative and positive charge carriers.

d
I
E
w

I
y
VH
z

x

B

Fig. 2.8. The Hall effect in a p-type semiconductor; w-width, d-thickness of the sample
The Hall effect can be used to measure the average drift velocity of the charge
carriers by mechanically moving the Hall probe at different speeds until the Hall
voltage disappears, showing that the charge carriers are not moving with respect to
the magnetic field. Electron mobility µHall and sheet carrier density ns of the carriers
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can be evaluated from the measurements. Other types of investigations of carrier
behavior are studied in the quantum Hall effect.
Results of Hall measurements on AlGaN/GaN based HEMTs structures are
presented in paper VI. Hall measurements were also performed at elevated
temperatures ranging from 80 to 600 K. Hall electron mobility is equal to 17140
cm2(Vs)-1 at 80 K, 2310 cm2(Vs)-1 at room temperature, and as high as 800 cm2(Vs)-1 at
450 K, while the sheet carrier density is 1.04x1013 cm-2 at room temperature and does
not vary very much with temperature. For comparison studies similar AlGaN/GaN
HEMT without AlN exclusion layer was grown. The temperature dependence of the
Hall mobilities and sheet carrier densities ns for the structure of AlGaN/GaN with
the AlN exclusion layer and without the AlN exclusion layer were measured in the
range of 80 to 600 K and shown in Fig. 2.9.
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Fig.2.9. The temperature dependence of electron mobilities and sheet carrier densities in hot-wall
MOCVD grown AlGaN/AlN/GaN and AlGaN/GaN structures on semiinsulating SiC substrate.

Various carrier scattering mechanisms may affect the electron transport properties in
AlGaN/GaN heterostructures such as scattering by polar optical phonons, acoustic
phonons, random-alloy, ionized impurities, interface roughness and dislocations. In
order to understand the electron transport properties in AlGaN/GaN
heterostructures the effect of different scattering mechanisms on the mobility have
been taken into account and compared to the experimental data (paper VI).
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2.4.5. Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a high-resolution surface sensitive measurements
technique. This technique has a resolution of fraction of nanometer and can be
utilized to obtain a three dimensional image of the surface.
The AFM consists of a cantilever with a sharp tip at the end which is used to probe
the surface of the sample. The tip is of few nanometers in radius of curvature. While
approaching the surface, the tip is being deflected by such forces as chemical
bonding, Van der Waals force, electrostatic force or magnetic force. Deflected tip
pushes up the cantilever to which it is attached. By measuring the changes in the tip
movement by laser deflection, one can measure these forces and obtain the image of
the surface.
Results of AFM study of the surface topography in etching studies of GaN are
presented in paper VII. Examples of the GaN surface after the thermal treatment in
different gas mixtures N2, N2+NH3 and N2+NH3+H2 are shown in Fig.2.10.

A

B

C
Fig.2.10. Surface topology obtained by AFM measurements for three different ambient cases A) N2, B)
N2+NH3, C) N2+NH3+H2. Process temperature 950oC. (Courtesy of H. Pedersen)
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3. Schottky Barrier Diodes
3.1.

Physics background

Band diagrams provide a way to model the electrical response of a Schottky diode.
Consider the metal/n-type semiconductor of Fig.3.1, where their respective work
function (Φ) and Fermi level (EF) magnitudes are given by ΦS < ΦM and EF,S < EF,M.
When both these materials are brought into contact, equilibrium of EF requires
transfer of electrons to the metal. Thus, this process depletes the semiconductor of
electrons in the vicinity of the interface. As a result, the semiconductor becomes less
in n-type character, and the valence and conduction band edges bend upwards at the
interface in the band diagram. The barrier between the metal and the semiconductor
can be illustrated with the energy band diagram. The barrier height, ΦB, is defined as
the potential difference between the Fermi energy of the metal and the band edge of
the semiconductor.
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Fig.3.1. (a) Band diagrams for a metal and n-type semiconductor. (b) Schottky barrier
formation at the metal/semiconductor contact
ΦM is the work function of the metal and χ is the electron affinity. In the case of ptype material, the barrier height is defined by the difference between the valence
band edge and the Fermi energy in the metal.
A metal-semiconductor junction will therefore form a barrier for electrons and holes
if the Fermi energy of the metal as drawn on the flatband diagram is somewhere
between the conduction and valence band edge. In addition, we define the built-in

39

Schottky Barrier Diodes

potential, ΦB as the difference between the Fermi energy of the metal and that of the
semiconductor.
The flatband diagram, shown in Figure Fig.3.1a, is not a thermal equilibrium
diagram, since the Fermi energy in the metal differs from that in the semiconductor.
Electrons in the n-type semiconductor can lower their energy by traversing the
junction. As the electrons leave the semiconductor, there is a positive charge present
in the depletion due to the ionized donors. This charge creates a negative field thus
lowering the band edges of the semiconductor. Flow of electrons into the metal is
sustained until equilibrium is reached between the diffusion of electrons from the
semiconductor into the metal and the drift of electrons caused by the field created by
the ionized impurity atoms. This equilibrium can be characterized by a constant
Fermi energy throughout the structure (Fig.3.1b).
A metal-semiconductor junction operating under applied forward and reverse bias
VA is shown in Fig 3.2.
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Fig. 3.2. Energy band diagram of a metal-semiconductor junction under (a) forward and (b)
reverse bias.
When a positive bias VA is applied to the metal, the Fermi energy of the metal is
lowered with respect to the Fermi energy in the semiconductor. This results in a
potential drop across the semiconductor. The equilibrium between diffusion and
drift is disturbed and more electrons will diffuse towards the metal than the number
drifting into the semiconductor. This leads to a positive current through the junction
at a voltage comparable to the built-in potential. As a negative voltage is applied, the
Fermi energy of the metal is raised with respect to the Fermi energy in the
semiconductor. The potential across the semiconductor increases, yielding a larger
depletion region and a higher electric field at the interface. The barrier restricting the
electrons to the metal is unchanged. The metal-semiconductor junction with a
positive barrier height has a rectifying behavior, i.e. a large current is present under
forward bias while almost no current exists in the reverse bias direction.
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3.2.

Electrical characterization techniques

3.2.1. Current-voltage and capacitance-voltage measurements
Current-voltage (I-V) and capacitance-voltage (C-V) measurements provide
information about carrier injection and conduction in materials.
CV measurements use a time-varying voltage of variable frequency to determine the
concentration of majority carriers in the bulk of the device, and energy levels of
interface states that often exist between the surfaces of dissimilar materials.
CV measurements can be obtained at frequencies ranging from quasi-static to 100
megahertz.
Current-voltage characteristics
An important consequence of forming the contact is that a potential energy barrier of
magnitude q(ΦM - ΦS) is formed at the junction. For low semiconductor doping
levels, the dominant electron transport mechanism is the thermionic emission. The
barrier that electron must surmount by thermal excitation is ΦB = ΦM - χ.
In the thermionic theory the relationship between current and voltage is given by:
B

⎛
⎛ qV ⎞ ⎞
⎟⎟ − 1⎟ ;
J = J S ⎜⎜ exp⎜⎜
⎟
⎝ nk B T ⎠ ⎠
⎝
⎛ qΦ B ⎞
⎟⎟ ,
J S = A∗∗T 2 exp⎜⎜ −
⎝ k BT ⎠

(3.1)
(3.2)

where J is the current density (A/cm2), q is the electron charge, V is the forward bias,
n is the ideality factor, kB is the Boltzmann constant, T is the absolute temperature,
and A** is the Richardson constant (a value of 146 Acm-2K-2 was used); qΦB is the
Schottky barrier height.
The barrier height is most commonly calculated from the current density JS, which is
determined by an extrapolation of the log (J) versus V curve to V = 0. The current
axis intercept for the straight-line portion of this semilog plot at V = 0 is given by JS.
For these calculations the (-1) factor in J-V equation can generally be neglected, since
for applied bias V >>3kT/q (= 0.078 V at room temperature), the exponential term is
much higher than 1.
B

B

The barrier height is then calculated from JS in (3.2) according to:
kT ⎛ A∗T 2 ⎞
⎟.
ΦB =
ln⎜
q ⎜⎝ J S ⎟⎠
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Capacitance-voltage Characteristics
One of the common methods to measure the value of barrier height of the Schottky
contact is the capacitance – voltage (C-V) measurement.
In C-V measurements, it can be demonstrated that if the C-V curves are converted to
1/C2 versus V curves, they follow a straight line for a uniformly doped
semiconductor
1
2
(3.4)
(Vbi − V ) ,
=
C 2 qε S A 2 ( N D − N A )
where ΦS is the dielectric constant of the material, A is the surface area, ND–NA is the
net donor concentration (for a n-type semiconductor), V is the applied reverse
voltage, and Vbi is the voltage intercept on the voltage axis in the graph of 1/C2
versus V.
From (3.4) it is possible to extrapolate the barrier height and the net doping
concentration, with a linear fit of 1/C2 in function of V. The net doping concentration
is calculated from the slope of this fit. The Schottky barrier height is determined from
the intercept voltage by:

ΦCV
B = Vbi + Vn −

kT
,
q

(3.5)

where Vn is the voltage difference between the bottom of the conduction band and
the Fermi level (n-type semiconductor).

Schottky Barrier Height (eV)

I-V measurements to evaluate the Schottky barrier height show a dependence on the
temperature of the measurement. The capacitance measurements, on the contrary,
are insensitive to potential fluctuations and they are not expected to show any
dependence with temperature, thus the Schottky barrier height obtained under
forward bias conditions from these two measurements shows a different behaviour
as a function of temperature as shown in Fig. 3.3.
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Fig. 3.3. Schottky barrier heights obtained from forward J-V and C-V characteristic as a
function of temperature.

42

Schottky Barrier Diodes

In order to analyze the difference between barrier height calculated from J-V and C-V
measurements as function of the temperature, the Werner-Guttler model can be
applied[36].
This model assumes a continuous barrier distribution at the interface between the
metal and semiconductor. The spatial distribution of the band bending at the
metal/semiconductor interface of Schottky contacts is mimed by a Gaussian
distribution with a standard deviation ΦS around a mean value.
A quantitative expression for the effective band bending and barrier Φb, which
control the net current density through an inhomogeneous Schottky contact, can be
derived with the help of the thermionic emission theory.
The difference between the barrier height obtained from C-V and J-V plotted as a
function of T-1 gives rise to a straight line:
q 2σ S2
qΦ CV
− qΦ bJV =
,
(3.6)
b
2kT
where qΦbJV and qΦbCV are the barrier heights calculated from J-V and C-V
respectively. From a fit of the barrier difference as a function of 1/T, the value of ΦS
(the standard deviation of the Gaussian distribution of the band bending) can be
extrapolated. It gives an evaluation of the error of the barrier values calculated from
C-V measurements (paper III).
3.2.2. Deep Level Transient Spectroscopy (DLTS) and Minority Carrier Transient
Spectroscopy (MCTS)
Deep defects are typically present in much smaller concentrations than the
concentration of shallow impurities, which are attributed to control the Fermi level in
the semiconductor. In such a case a measurement technique which is able to detect
small amount of deep level in the presence of large concentration of shallow
impurities must be employed. The transient techniques such as Deep Level Transient
Spectroscopy (DLTS) and Minority Carrier Transient Spectroscopy (MCTS) are
suitable for such task and they were used in this work to characterize deep states.
DLTS[37] is a versatile technique for determination of the parameters associated with
electron traps including density, thermal cross section, energy level and spatial
profile. By monitoring capacitance or current transients produced by pulsing the
semiconductor junction at different temperatures, a spectrum is generated which
exhibits a peak for each deep level. The height of the peak is proportional to the trap
density, its sign allows one to distinguish between majority and minority traps and
the position on the temperature axis leads to the determination of the fundamental
parameters governing thermal emission and capture (activation energy and cross
section).
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(a)

(b)
Fig. 3.4. DLTS working principle

Let us consider Schottky diode under applied bias VG as indicated with I in Fig. 3.4b.
In this case deep states of energy ET in space charge region are emptied (Fig.3.4a). For
a simplicity this figure does not show band bending at the metal/semiconductor
interface which would be far at the left side). After removing bias (pulse II in
Fig.3.4b), the deep states can trap electrons from the conduction band as according to
Shockley-Read-Hall theory with capture coefficient cn. If the gate bias VG is applied
again (III in Fig.3.4b) the deep traps will emit captured electrons (III in Fig.3.4a),
which are swept away from the depletion region. This causes change of the
capacitance (Fig.3.4b bottom) due to increase of the positive space charge in the
semiconductor (III in Fig.3.4a).
The capacitance, which is time dependent, is proportional to the space charge density
of the junction and can be described by:
(3.7)
ΔC(t) ∝ exp (-en t)
In order to characterize hole trap emission in the semiconductor Minority Carrier
Transient Spectroscopy (MCTS) can be utilized. This is important in case of SiC, since
deep level characterization of p-type SiC is limited in energy range due to electron
freeze out at the deep acceptors such as aluminum and boron. MCTS offers a simple
solution to this problem. Both DLTS and MCTS are performed at the same set of
diodes which is a convenient way to study deep states in n-type SiC.
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(a)

(b)
Fig. 3.5. MCTS working principle

In case of MCTS[38] the Schottky diode is biased with V as indicated with I in Fig.
3.5b. In this case deep states of energy ET in the bottom part of the bandgap are
ionized (Fig.3.5a). (For the simplicity as in case of above mentioned Fig.3.4, this
Figure does not show band bending at the metal/semiconductor). Instead of
removing the bias, the diode which has to be semitransparent for the incoming light,
is illuminated with the light of the energy higher than the bandgap of the
semiconductor and with a pulse width τp (part II in Fig.3.5b). Electron-hole
generation process takes places. After diffusion to the edge of the space charge
region, the electric field in the depletion sweeps the holes through the space charge
region and some of them are captured by defects. The holes from the valence band
are captured (part II). The pulse width indicates the length of the pulse in time scale.
After the pulse (III in Fig.3.5b) the deep traps will emit captured holes (III in
Fig.3.5a), which are swept away from the depletion region. This causes change of the
capacitance (Fig.3.5b bottom) due to decrease of the positive space charge in the
semiconductor (III in Fig.3.5a).
The emission of holes produces inversed transient with a decrease in the capacitance.
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4. Conclusions
As presented in paper I the introduction of Ta shielding showed an improvement in
surface morphology of the crystals by better control of the stoichiometry of the
vapour phase. The boron concentration in the crystal was significantly decreased
about two orders of magnitude in comparison to the crystals grown from sources
which were not shielded by tantalum. High growth rates may be favourable for
formation of deep boron centers, while low growth rates may result in preference for
shallow boron.
Paper II discussed a growth of 6H-SiC with temperature conditions to form
misoriented grains. The defects initially formed as small prismatic platelets and with
continued growth the defect formation became more dominating. Grains with high
misorientation extended on the surfaces and became the preferred nucleation centre
rather than the single crystal material. It was demonstrated that when in the course
of the crystal growth the vapour composition changes towards C-rich conditions,
switching of the polytype to 4H may occur.
Paper III considers the resistivity in relation to the compensation mechanism. A
model for the resistivity change in the epilayers based on the C-vacancy and the deep
boron D-center complexes was proposed.
Further study on compensation mechanism in the thick sublimation epitaxial layers
is discussed in paper IV. From MCTS measurements, an influence of shallow boron
related levels and D-center on Ron was observed, being more pronounced in low
doped samples. This suggested that B is involved in a compensation mechanism.
Evaluated electron mobility decreased with increasing temperature as T–1.3 and T–2.0
depending on the doping concentration.
Nickel Schottky barrier diodes on the sublimation grown layers were studied and the
results were summarized in paper V. The parameters from J-V (forward and reverse)
and C-V electrical measurements show a temperature behavior in agreement with
literature values. The interfacial layer between Ni and SiC was analyzed, and the
density of states in the interfacial layer has been estimated to be about 7-8x1011 eV1cm-2. This value is similar to densities of states obtained for MOS deliberated
structures as in Ref. [39] hence it was concluded that the interfacial layer is probably
composed by few molecular layers of silicon oxide in spite of the applied sacrificial
oxidation process.
The electrical properties of the two-dimensional electron gas (2DEG) in
Al0.23Ga0.77N/GaN based HEMT structures with an AlN exclusion layer grown on
100 mm semiinsulating 4H-SiC substrates by hot-wall MOCVD have been studied in
paper VI. In this paper we show the results of Hall measurements on AlGaN/GaN
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with and without 2 nm thick AlN exclusion layer grown by hot-wall MOCVD. Hall
mobilities obtained in measurements were compared with calculated mobilities
limited by several scattering mechanisms. Very high electron mobility in 2DEG
electron gas is due to the fact that the random-alloy scattering is strongly reduced by
insertion of the exclusion layer. The mobility measured in AlGaN/AlN/GaN in this
study is close to the theoretical limit at high temperatures where the polar optical
phonon scattering is the dominant factor. The AlN exclusion layer significantly
enhances the 2DEG mobility even at elevated temperatures.
The behaviour of Ga-face GaN epilayers in the thermal treatment under different
gas mixtures in the hot-wall MOCVD reactor has been studied in paper VII. The
most stable thermal treatment conditions were obtained in the case of nitrogen and
ammonia gas ambients. The effect of the increased molar ratio of hydrogen in order
to establish proper etch conditions for hot-wall MOCVD growth for the technological
applications was also studied.

48

Bibliography

Bibliography
[1]
[2]
[3]
[4]
[5]
[6]
[7]

J.J. Berzelius, Ann. Phys. Lpz., 1 (1824) 169-230.
H. Moissan, C.R. Acad. Sci. Paris, 140, 405, (1905).
E.G.Acheson, Engl..Pat. 17911 (1892).
H.J. Round, Electric World, 19 (1907) 309.
J.A. Lely, Ber.Deut. Keram. Ges., 32 (1955) 229.
Y.M. Tairov, V.F. Tsvetskov, J. Cryst. Growth 43, 209, (1978).
”Polymorphism and polytypism in crystals”, A. R. Verma and P. Krishna, John
Wiley & Sons Inc. New York (1966).
[8] R.S. Ramsdell, Am. Mineral. 32 (1947) 64.
[9] G.L. Harris, “Properties of SiC”, chapter 4.1, p.87-92, 1993.
[10] J.V. Lirman and H.S. Zhdanov, Acta Physicochem. USSR 6, (1930) 306.
[11] H.P. Maruska and J.J. Tietjen, Appl. Phys. Lett. 15, (1969) 327.
[12] H. Amano, N. Sawaki, I. Akasaki and Y. Toyoda, Appl. Phys. Lett. 48, (1986) 353.
[13] I. Akasaki, H. Amano, Y. Koide, K. Hiramatsu and N. Sawaki,, J. Crystal Growth.
98, (1989) 209.
[14] H. Amano, I. Akasaki, T. Kozowa, K. Hiramatsu, N. Sawaki, K. Ikeda and Y.
Ishii, J. Luminescence 40-41 (1988) 121.
[15] S. Nakamura, Semicond. Sci. Technol. 14, (1999) R27.
[16] www.cree.com
[17] P.G. Neudeck, IEEE Electron Device Lett. 15 (1994) 63.
[18] M. Syväjärvi, PhD thesis, Linköping University (1999).
[19] F.C. Frank, J.H. van der Merwe, Proc. R. Soc. (London) A 198 (1949) 205.
[20] W.K. Burton, N. Cabrera, F.C. Frank, Phil. Trans. Roy. Soc. London A243 (1951)
299-358.
[21] N.W.Ashcroft, N.D. Mermin, “Solid State Physics”, chap.28.
[22] An-Ben Chen, P. Srichaikul, Phys. Stat. Sol. (b) 202 (1997) 81-106.
[23] H.M. Hobgood, D.L. Barrett, J.P. McHugh, R.C. Clarke, S. Sriram, A.A. Burk, J.
Greggi, C.D. Brandt, R.H. Hopkins, W.J. Choyke, J. Crystal Growth 137 (1994)
181-186.
[24] T. Troffer, C. Hassler, G. Pensl, K.Holzlein, H. Mitlehner, J. Volkl, Inst. Phys.
Conf. Ser. 142, (1996) 281-4.
[25] T. Dalibor, C. Peppermüller, G. Pensl, S. Shidara, R. P. Devaty, W.J. Choyke, A.
Itoh, T.Kimoto, H. Matsunami, Inst. Phys. Conf. Ser. 142, (1996) 517-20.
[26] K. Danno, T. Hori and T. Kimoto,J Appl. Phys., 101, (2007) 53709-1-4
[27] W. F. Knippenberg, Philips Res. Rep. 18. (1963).
[28] R. Yakimova, M. Syväjärvi, T. Iakimov, H. Jacobsson, P. Råback, A. Vehanen, E.
Janzén, J. Crystal Growth 217, (2000) 255-262.

49

Bibliography

[29] V.D. Heydemann, N. Schulze, D.L. Barret, G. Pensl, Appl. Phys. Lett. 69 (1996)
3728.
[30] G. Augustine, H. McD. Hobgood, V. Balakrishna, G. Dunne, R.P. Hopkins, Phys.
Stat. Sol (b) 202 (1997) 137.
[31] Ö. Danielsson, PhD thesis, Linköping University 2002.
[32] Ö. Danielsson and E. Janzén; J. Cryst. Growth 253, (2003) 26.
[33] A. Kakanakova-Georgieva, U. Forsberg, I. G. Ivanov, and E. Janzén, J. Cryst.
Growth 300, 100-103 (2007)
[34] R. Yakimova, A-H. Hylén, M. Tuominen, M. Syväjärvi, E. Janzén, Diam. Rel.
Mat. 6 (1997) 1456-1458.
[35] J. Takahashi, M. Kanaya, Y. Fujiwara, J. Crystal Growth 135 (1994) 61.
[36] J.H. Werner and H.H. Guttler, J. Appl. Phys., Vol. 69, (1991), 1522-33.
[37] D.V. Lang, J. Appl. Phys. 45, (1974) 3023-32.
[38] R. Brunwin, B. Hamilton, P. Jordan, A.R. Peaker, Electron. Lett. 15, (1979) 349-50.
[39] D. Ziane, J.M. Bluet, G. Guillot, P. Godignon, J. Monserrat, R.R. Ciechonski, M.
Syväjärvi, R. Yakimova, L. Chen, P. Mawby, Mater. Sci. Forum 457-460, (2004)
1281-6.

50

