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Abstract
Silicon Carbide (SiC) is a semiconductor with a set of superior properties, including wide bandgap,
high thermal conductivity, high critical electric field and high electron mobility. This makes it an
excellent material for unipolar and bipolar electronic device applications that can operate under high
temperature and high power conditions. Despite major advancements in SiC bulk growth technology,
during last decade, the crystalline quality of bulk grown material is still not good enough to be used as
the active device structure. Also, doping of the material through high temperature diffusion is not
possible while ion implantation leads to severe damage to the crystalline quality of the material.
Therefore, to exploit the superior quality of the material, epitaxial growth is a preferred technology for
the active layers in SiC-based devices. Horizontal Hot-wall chemical vapor deposition is probably the
best way to produce high quality epitaxial layers where complete device structure with different
doping type or concentrations can be grown during a single growth run.
SiC exists in many different polytypes and to maintain the polytype stability during epitaxial
growth, off-cut substrates are required to utilize step-flow growth. The major disadvantage of growth
on off-cut substrates is the replication of basal plane dislocations from the substrate into the epilayer.
These are known to be the main source of degradation of bipolar devices during forward current
injection. The bipolar degradation is caused by expanding stacking faults which increases the
resistance and leads to fatal damage to the device. Structural defects replicated from the substrate are
also important for the formation of defects in the epitaxial layer. In this thesis we have developed an
epitaxial growth process to reduce the basal plane dislocations and the bipolar degradation. We have
further studied the properties of the epitaxial layer with a focus on morphological defects and
structural defects in the epitaxial layer.
The approach to avoid basal plane dislocation penetration from the substrate is to grow on
nominally on-axis substrate. The main obstacle with on-axis growth is to avoid the formation of
parasitic 3C polytype inclusions. The first results (Paper 1) on epitaxial growth on nominally on-axis
Si-face substrates showed that the 3C inclusions nucleated at the beginning of the growth and expand
laterally without following any particular crystallographic direction. Also, the extended defects in the
substrate like micropipes, clusters of threading screw and edge dislocations do not give rise to 3C
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inclusion. The substrate surface damage was instead found to be the main source. To improve the
starting surface different in-situ etching conditions were studied (Paper 2) and Si-rich conditions were
found to effectively remove the substrate surface damages with lowest roughness and more
importantly uniform distribution of steps on the surface. Therefore, in-situ etching under Si-rich
conditions was performed before epitaxial growth. Using this 100 % 4H polytype was obtained in the
epilayer on full 2” wafer (Paper 3) using an improved set of growth parameters with Si-rich
conditions at the beginning of the growth. Simple PiN diodes were processed on the on-axis material,
and tested for bipolar degradation. More than 70 % of these (Paper 4) showed a stable forward
voltage drop during constant high current injection.
High voltage power devices require thick epitaxial layers with low doping. In addition, the high
current needs large area devices with a reduced number of defects. Growth and properties of thick
epilayers have been studied in details (Paper 5) and the process parameters in Horizontal Hot-wall
chemical vapor deposition reactor are found to be stable during the growth of over 100 µm thick
epilayers.
An extensive study of epitaxial defect known as the carrot defect has been conducted to
investigate the structure of the defect and its probable relation to the extended defects in the substrate
(Paper 6). Other epitaxial defects observed and studied were different in-grown stacking faults which
frequently occur in as-grown epilayers (Paper 7) and also play an important role in the device
performance. Minority carrier lifetime is an important property especially for high power bipolar
devices. The influence of structural defects on minority carrier lifetime has been studied (Paper 8) in
several epilayers, using a unique high resolution photoluminescence decay mapping. The technique
has shown the influence on carrier lifetime from different structural defects, and also revealed the
presence of non-visible structural defects such as dislocations and stacking faults, normally not
observed with standard techniques.
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Sammanfattning
Kiselkarbid (SiC) är en halvledare med överlägsna materialegenskaper, stort bandgap, hög termisk
konduktivitet, hög kritisk fältstyrka och hög elektron mobilitet. Dessa gör den till ett utmärkt material
för unipolära och bipolära komponenter som kan användas vid höga temperaturer, höga spänningar
och höga strömmar. Trots stora framsteg under de senaste åren inom SiC bulk tillväxt, är material
kvalitén hos bulk material fortfarande inte tillräckligt bra för att användas för aktiva skikt i
komponenterna. Dessutom är dopning av materialet genom diffusion vid höga temperaturer inte
möjligt, medan dopning via jonimplantation ger upphov till stora skador i kristallstrukturen. Därför
behövs epitaxiell tillväxt av de aktive skikten i SiC baserade komponenter, för att fullt kunna utnyttja
materialets egenskaper. Horisontell CVD (Hot-Wall Chemical Vapor Deposition) är en av de bästa
tekniker att producera epitaxiella skikt med hög kvalité, där kompletta komponent strukturer med
olika dopnings typ och koncentrationer kan växas i samma körning.
SiC existerar i många polytyper och för att bibehålla polytype stabiliteten under tillväxt, används
substrat med lutande kristallplan för använda s.k. step-flow tillväxt. En stor nackdel med substrat med
lutande kristallplan är dock att dislokationer i basalplanet kommer att propagera från substratet in i det
epitaxiella skiktet under tillväxten. Dessa dislokationer är den huvudsakliga orsaken till den
degradering av bipolära komponenter som uppstår då höga strömmar går igenom komponenten. Den
bipolära degraderingen orsakas av expanderade staplingsfel, som successivt ökar resistansen och
slutligen förstörs komponenten. Strukturella defekter som replikeras från substratet är ofta även
orsaken till kritiska defekter som skapas i det epitaxiella skiktet under tillväxt. I den här avhandlingen
har vi utvecklat en epitaxiell som minskar problemet med basalplans dislokationer och bipolär
degradering. Vi har även studerat egenskaper hos de epitaxiella skikten med fokus på morfologiska
och strukturella defekter.
Tekniken att hindra dislokationerna att replikeras in i de epitaxiella skikten bygger på att
använda substrat utan lutning hos kristallplanen, s.k. on-axis substrat. Det hittills stora problemet med
att växa på on-axis substrat har varit svårigheterna att bibehålla polytyp stabiliteten och undvika
framförallt 3C polytyp inklusioner. Första försöken (Papper 1) försöken att växa epitaxi på on-axis
substrat på Si sidan visade att 3C inklusionerna alltid startade i början av tillväxten för att sedan sprida
sig lateralt under den fortsatta tillväxten. Vi kunde också visa att strukturella defekter som mikropipor,
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eller kluster av skruv- eller kant- dislokationer inte orsakade 3C inklusionerna. Den dominerande
orsaken till 3C inklusionerna var istället skador eller repor på substratets yta. För att förbättra ytan
innan den epitaxiella tillväxten studerade vi olika in-situ etsningar av ytan (Papper 2), och vi fann att
etsning under Si dominerande förhållanden effektivast tog bort de flesta skador på substratets yta och
gav en yta med minst ojämnheter. Dessutom skapades en homogen fördelning av atomära steg på
ytan, och denna förbehandling användes sedan inför den epitaxiella tillväxten. Genom att dessutom
optimera tillväxt förhållandena i inledningen av tillväxten kunde vi till 100% bibehålla samma polytyp
från substratet in i det epitaxiella skiktet för hela 2” substrat (Papper 3). Enkla bipolära PiN dioder
tillverkades och testades med avseende på bipolär degradering och mer än 70% av dioderna (Papper
4) visade ett stabilt framspänningsfall vid höga strömtätheter.
Kraftkomponenter för höga spänningar kräver tjocka epitaxiella skikt med låg dopning.
Dessutom, för höga strömmar krävs komponenter med stor aktiv area där kravet på lägre defekt
täthet blir allt viktigare. Vi har i detalj studerat tillväxt och egenskaper av tjocka skikt (Papper 5), och
funnit att de flesta material egenskaperna är stabila vid tillväxt av över 100 µm tjocka skikt i vår
horisontella CVD reaktor. Vi har även i detalj studerat uppkomst och egenskaper av en av de mest
kritiska epitaxiella defekterna, dem s.k. moroten (Papper 6). Speciellt har vi studerat dess uppkomst i
relation till strukturella defekter i substratet. Vi har även studerat ända epitaxiella defekter i form av
olika typer av staplingsfel (Papper 7), som även dessa har stor inverkan på komponenter. Livstiden
för minoritetsladdningsbärarna är en viktig egenskap hos speciellt bipolära komponenter. I (Papper 8)
har vi studerat hur denna påverkas av strukturella defekter i de epitaxiella skikten. Vi har använt en
unik mätmetod för att optiskt kunna mäta över hela skivor, med hög upplösning. Mätningarna har
lyckats påvisa hur olika strukturella defekter påverkar livstiden, och även kunnat visa på förekomsten
av defekter som inte har upptäckts med andra mätmetoder.
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Preface
The work presented in this doctorate thesis focuses on the epitaxial growth of 4H-SiC and material
characterization, mainly for high power electronic devices. The work was carried out at
Semiconductor Materials Division at the Department of Physics, Chemistry and Biology (IFM) at
Linköping University of Technology, Sweden, during the period 2004 – 2009. A growth process
was developed to control the polytype stability during the homoepitaxial CVD growth of thick SiC
epilayers on on-axis substrates. A comprehensive study of the structural defects in SiC epilayers
has been also conducted.
This thesis is compiled into two parts, the first part deals with an introduction to this
research field and a brief summary of our scientific work while the second part is composed of
some of the scientific publications included in this thesis.
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Chapter 1

1 Introduction
The world is changing every day and there are several things which influence the way we are living.
History tells us that materials are probably the most influencing things among all; mankind has
traveled from wood and stone to iron and steel – from the age of cattle driven cart to the age of jet
engine and space craft. Since the mid of the last century man has walked into the world of modern
science and technology which is lead by the electrical and electronics technologies.
The rapid advances in microelectronics and optoelectronics, communication technologies,
medical instrumentation, as well as energy and space technology were only possible after the
remarkable progress in the fabrication of large, high quality bulk crystals and of large diameter
epitaxial layers.
Silicon has been the leading semiconductor material since the beginning of the
microelectronics era. With the passage of time the demands on electronic devices are rapidly
changing from low-power to high-power and low-speed to high-speed with their compatibility in
very harsh environments like high temperature, high pressure and corrosive ambient. The physical
properties of Si do not allow such demands. Wide bandgap semiconductor materials like SiC, GaN,
AlN and diamond have gifted physical properties and can easily meet the current and near future
demands in electronic applications.
The advantage of wide bandgap materials is due to their outstanding material properties.
Power electronics devices based on wide bandgap semiconductor materials will likely result in
substantial improvements in the performance of power electronics systems in terms of higher
blocking voltages, efficiency, and reliability, as well as reduced thermal requirements.
Diamond with the widest bandgap has the highest electric breakdown field while SiC and
GaN have similar bandgap and electric field values which are significantly higher than those for Si. A
higher electric breakdown field results in power devices with higher breakdown voltages. The
bandgap also affects the maximum operating temperature of the semiconductor device. The
temperature limit is reached when the number of intrinsic carriers approaches the intentional doping
concentration. Therefore, wider bandgap will result in reduced number of intrinsic carrier
concentration at higher temperature. SiC and diamond has a greater thermal conductivity, so the
heat dissipation during device operation is removed more efficiently. Highly saturated electron drift
velocity is another merit of wide bandgap materials which enables device to switch at higher
frequency. Moreover, higher drift velocity allows charge in the depletion region of a diode to be
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removed faster therefore, the reverse recovery current of diodes based on wide bandgap
semiconductors is smaller, and the reverse recovery time is shorter.
Unfortunately all these materials are facing some sort of technological problems which need
to be solved. For example, there is no GaN substrate existing for homoepitaxial growth, similar is
the case for AlN. GaN devices are mainly focused on optoelectronics and radio frequency
applications, high power bipolar devices are not possible due to direct bandgap with short minority
carrier lifetime. Also, there is no native oxide known for GaN, which is required for MOS devices.
There is a very slow progress on the crystal growth of diamond and at the moment the material
quality is not good enough to be used for power device purpose. In addition p-type doping is not
possible at the moment.
SiC has probably the highest maturity compared to other wide bandgap materials. High
quality, doped and semi-insulating substrates up to 4” are commercially available [1]. High quality
epitaxial layers can be easily grown with both n- and p-type conductivity.
High quality 6H-SiC substrates are being used for epitaxial growth of GaN layers for blue
LEDs. The smaller lattice mismatch between SiC and GaN (~3.5 %) compared to other candidates
like Si and sapphire, gives reduced number of extended epi-defects. Also, high thermal conductivity
of SiC substrate results in efficient heat dissipation from the device structure.
Recently, SiC substrates have been demonstrated as a template for the epitaxial growth of
graphene which is a single layer of carbon atoms bounded through sp2 hybridization in the form of
honey comb net. Graphene exhibits astonishing electronic transport properties like very high
electron mobility and velocity at room temperature [2].
SiC unipolar devices such as Schottky diodes, junction field effect transistors (JFETs), and
metal oxide semiconductor field-effect transistors (MOSFETs) have much higher breakdown
voltages compared to Si counterparts, which make them suitable for use in medium-voltage
applications. At the present, SiC Schottky diodes with rating 600 – 1200 V and 1 – 20 A are the only
commercially available SiC devices [3-4]. These devices are being used in several different
applications and have shown increased system efficiency compared with Si device based systems.
Bipolar devices based on SiC are facing mainly two major problems i) low minority carrier
lifetime and ii) bipolar degradation. The minority carrier lifetime is not that high as it is in the case of
other indirect bandgap materials like Si (in ms). The difference comes from the growth technique
where Si bulk material is grown through a very mature Czochralski or floating zone process which
results in very high purity material. SiC growth processes are not as mature yet, bulk material has
high density of extended and point defects and measured lifetime is just few tens of ns. Epitaxial
layer are though high purity but the extended defects replicate from the substrate significantly affect
the minority carrier lifetime [5]. Optically detected lifetime up to 1 µs has been reported in the
epilayers. At the moment bipolar degradation is more critical and causes fatal damage to the device
where basal plane dislocations (BPDs) in the epilayer have been demonstrated as the main source.
The standard procedure of SiC epitaxial growth is the growth on off-cut substrates where BPDs
easily replicate into the epilayer. BPDs in the bipolar device active region, under high injection
conditions, convert into expanding SFs due to low SF energy in SiC. These phenomena result in the
forward voltage degradation.
Most of the BPDs in the substrate convert into threading edge dislocations in the epilayer
during epitaxial growth. In addition to this etching of the substrate prior to the epitaxial growth have
also shown enhanced conversion probability. Bipolar devices are mainly intended for high power
applications which require large active device area. Therefore, even a very low density of BPDs in
the epilayer could be detrimental.
An alternate way to avoid BPDs replication into epilayer is the growth on nominally on-axis
substrates where BPDs in the substrate will not replicate into the epilayer. Several attempts have
reported to grow homoepitaxial layers on nominally on-axis Si- and C-face 4H-SiC substrates. The
C- and Si-face respond differently during the growth mainly due to different surface energies. 100 %
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homoepitaxial layers can be easily achieved on C-face substrates but it is of less interest for high
power device due to higher background n-type doping in the device active layer and lower p-type
doping in the contact layer. Epitaxial growth on Si-face results in a random nucleation of 3C–SiC
inclusions along with 4H–SiC and hence polytype stability in the epilayer is very difficult to control.
During this study the problem of polytype instability was resolved and 100 % 4H-SiC
homoepitaxial layers were obtained on full 2” nominally on-axis Si-face 4H-SiC substrates. The
layers were found to be of high quality and free of typical epi-defects. Though the surface roughness
of the layers was quite high, the devices fabricated on these layers showed promising results with
stable forward voltage under high current injection.
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Chapter 2

2 Silicon Carbide (SiC)
2.1 Crystal structure
SiC is the only known naturally stable group-IV compound. The basic building block of SiC crystal
structure is tetrahedron, where each Si (C) atom is bounded with four C (Si) atoms through sp3
hybridization (Fig. 2-1a). The bond length between two Si (C) atoms i.e. along the sides of the
tetrahedron is 3.08 Å while the Si-C bond length is 1.89 Å [6]. Due to slightly higher
electronegativity of C atom the bond between Si and C is 88 % covalent and 12 % ionic [6].
SiC exhibits polymorphism that is the ability to occur in more than one crystal structure but
still having the same chemical composition. Polytypism is a one-dimensional variant of
polymorphism where the polytypes differ by the stacking sequence along one direction. The
polytypes of SiC are classified into three basic crystallographic structures, cubic (C), hexagonal (H)
and rhombohedral (R) [7] . In fact, SiC is one of the few compounds which form long-range stable
structures. The most common polytypes (in Ramsdell notations) [8] are 3C-, 4H-, 6H- and 15R-SiC

Fig. 2-1 (a) The basic building block of SiC crystal structure, a tetrahedron with C-atom in the
middle bounded with four Si-atoms at the four corners (b) the surface terminated with C-atom (Cface) (c) the surface terminated with Si-atom (Si-face) and (d) arrangement in Close-packed structure
where one sphere is considered as a Si-C bilayer.
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Polytype
(Ramsdell)

Stacking sequence

Lattice parameters
a[Å]
c[Å]

Hexagonality Atoms/ unit
[%]
cell

3C

ABC

4.359

4.359

0

6

2H

AB

3.076

5.048

100

4

4H

ABCB

3.073

10.053

50

8

6H

ABCACB

3.080

15.117

33

12

15R

ABCACBCABACABCB

3.079

37.78

40

30

Table 2-1. Stacking sequence and other physical parameters of some important polytypes of SiC [910].
where the digits represent the number of Si-C bilayers in the unit cell and the letters represent the
crystal structure. 3C-SiC is the only cubic structure, also referred as β-SiC, while the rest of the
polytypes are referred as α-SiC. Each polytype can be considered as a repeated stacking sequence of
Si-C bilayers along the c-axis. The bilayer is composed of a Si and a C atom lying exactly on the top
of each other. If we consider the first closed packed layer as at position “A” (Fig. 2-1d), the next
bilayer can be placed either at position “B” or “C” and so on… The freedom of every next layer to
choose between the two positions gives rise to several polytypes in SiC. In the conventional ABC
notations the stacking sequences of 3C, 4H, 6H and 15R along with other physical parameters are
given in the Table 2-1.
The crystal structures of all polytypes, except for 3C-SiC, are represented with four Miller

Fig. 2-2 (a) Cubic and (b) hexagonal closed packed structure with two atom basis. (c) Stacking
sequence of Si-C bilayers along c-axis viewed from ( 11 2 0 ) plane.
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indices (h, k, i, l) referred to the four axes (a1, a2, a3, c). The c-axis is perpendicular to the basal plane
created by the a-axis. The first three indices are related by the equation - i (h + k). The unit cell of
the tetrahedrally bounded cubic structure with two atom basis, also known as zincblende structure
with lattice constant ao is given in Fig. 2-2a. The three perpendicular basis vectors are labeled a1 to a3.
The unit cell of hexagonal closed packed structure with two atom basis, also known as wurtzite
structure, is shown in Fig. 2-2b. The two lattice constants are given as one edge of the basal plane a0
and the height of the unit cell as c. The basis vectors are labeled a1 to a3 and c. The ai lies in one plane
and form angles of 120o. In both unit cells the equivalent planes with the highest density of atoms
(111) for cubic and (0001) for hexagonal symmetry are also shown with a shortest translation vector
within the planes.
The hexagonality of a polytype depends on the percentage of hexagonal (h) and cubic (c) sites
in the unit cell. When viewed from the [ 1 1 2 0 ] direction (Fig. 2-2c), the α-SiC shows zig-zag
arrangement of the bilayers. At the turning point of the zig-zag patterns the local environment is
hexagonal (h) and between the turning points the local environment is said to be cubic (k). This
difference essentially gives rise to different ionization energies with the same atom species of the
substitution donor or acceptor atoms. The 3C-SiC polytype has obviously only cubic sites. Despite
of the large efforts, the under lying driving force for the existence of different polytypes is still
unclear.
The bulk growth of SiC is normally performed along the c-axis therefore the wafers are sliced
perpendicular to the c-axis. In the tetrahedron configuration the Si atom at the top has a larger
distance to the carbon atom as compared to the three Si atoms at the bottom. Therefore, when a SiC
crystal is cut perpendicular to the “c” direction, it is most likely that this bond will be broken.
Therefore, sliced wafers will have one face terminated with the C atoms, usually referred as C-face
(Fig. 2-1b)and the other face terminated with the Si atoms, usually referred as Si-face (Fig. 2-1c).

2.2 Physical properties
SiC is a wide bandgap semiconductor with excellent combination of physical properties. The
bandgap of SiC mainly depends on the polytype. The valence band maxima is located at the center
of the Brillouin zone (Γ – point) for all polytypes while the conduction band minimum is polytype
dependent (at X – point for 3C- and at M – point for 4H-SiC). The indirect gap varies from 2.3 eV for
3C-SiC to 3.2 eV for 4H-SiC.
A comparison of the physical properties of the most common SiC with conventional and
other wide bandgap semiconductors is given in Table 2-2. The high bonding energy of the Si-C
atoms (4.53 eV) with a short bond length 1.89 Å leads to a large energy difference between bonding
and anti-bonding states resulting in wide bandgap. This gives SiC a very high breakdown voltage
compared to the other conventional semiconductors (e.g., an order of magnitude higher than that of
Si). Because of its large bandgap it is very difficult to excite electrons thermally from the valance
band to the conduction band, which reduces the leakage current and the devices are more stable
even at higher temperature. Tight Si-C bonding also yields high frequency lattice vibration, which
results in high-energy phonons. High phonon energy brings a high-saturated electron drift velocity
(2 x 107 cm/s). Another important physical property of SiC is its high thermal conductivity which
depends on the polytype, doping type and concentration; the typical values exceed that of copper,
silver, Al2O3 and is about 5 times higher than that of Si. High thermal conductivity leads to reduced
requirements of cooling systems which lower the overall system volume and cost. In order to
increase the resistivity of conventional semiconductors to reach a high blocking voltage, a thick layer
with low doping level is required which ultimately increases the power consumption and also
enlarges the device size. The use of SiC material results in small device size and low power
consumption with thin and comparatively highly doped layer.
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Semiconductor

Eg
[eV]

vsat
7

µ
-1

[10 cm.s ]

2

[cm (Vs) ]
µe
µh

αtherm

EB

-1

6

-1

k
-1

[10 V·cm ]

[W·(cmK) ]

Si

1.12

1.0

1400

600

0.3

1.45

11.8

GaAs

1.43

2.0

8500

400

0.4

0.46

12.8

3C-SiC

2.39

2.7

1000

40

2.2

4.9

9.7

6H-SiC

3.08

2

600

50

2.4

4.9

9.66

4H-SiC

3.26

2.7

460

115

4

3.7

9.7

GaN

3.39

1.5

900

150

5

1.3

9

Diamond

5.45

2.7

2200

1600

10

1.5

5.5

AlN

6.2

1.4

1100

-

1.2

3.4

9.14

Table 2-2 Comparison the physical properties of most common SiC polytypes with conventional
and other wide bandgap materials. Eg is the bandgap at 300 K, νsat saturated electron drift velocity, µe
electron mobility, µh hole mobility, EB break down electric field, αtherm thermal conductivity and k
dielectric constant [9-14 ].

2.3 High power devices, structure and applications
A power conversion system is composed of semiconductor switches, a control system, passive
components (like, capacitor, inductor and transformers) and thermal management systems. The
main applications include high-voltage direct current (HVDC) converter and ac transmission system
devices to control and regulate ac power grids, variable-speed drives for motors, interfaces with
storage devices, drives in transportation system, solid state distribution transformers and switches.
Semiconductor switches play an important role in the power conversion system. The efficiency of
such electronic devices is based on their capability to handle higher power density, with minimal
switching loses and a rapid dissipation of the heat produced during the device operation. 4H-SiC
with its large bandgap, high breakdown electric field and large thermal conductivity found a good

Device

Unipolar

Bipolar

Power Diodes

SBD (Schottky Barrier Diodes)

PiN Diodes

Power MOS-Transistor

MOSFET (Metal Oxide
Semiconductor Field Effect
Transistor)

IGBT (Insulated Gate Bipolar
Transistor)

Power Junction Transistor

JFET (Junction Field Effect
Transistor)

GTO (Gate Turn-Off Thyristor)

Table 2-3 Power devices categorized under unipolar and bipolar devices.
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place in power electronics market. With higher breakdown electric field, thinner blocking layers with
even higher doping concentration for a given blocking voltage compared with the corresponding Sibased devices are possible. Indeed, the power losses can decrease dramatically with the use of SiC
based devices. High thermal conductivity facilitates an efficient removal of heat from the device,
operating at high power densities, with simple air cooling which of course lower the system volume
and the overall cost. The most common power electronic devices, categorized under unipolar and
bipolar behavior, are given in the Table 2-3. Only a few of these device structures were fabricated
during this study therefore, the basic characteristics of these devices are given are given below:

2.3.1 Schottky barrier diodes
Unipolar Schottky barrier diodes (SBD's) are rectifying metal-semiconductor junctions, and their
forward current consists of majority carriers injected from the semiconductor into the metal. SiC
SBDs are very attractive due to an order of magnitude higher breakdown field than in Si. Also, the
wide bandgap and the high thermal conductivity of SiC lead to high temperature operation of the
diodes. SBDs offer extremely high switching speed since they do not store minority carriers when
forward biased and also the reverse current transient is negligible, but they suffer from high leakage
current. SiC SBDs found their place with moderate power level applications. The schematic
illustration of SBDs structure along with different typical doping concentrations, epilayer thicknesses
and possible Schottky contacts is shown in Fig. 2-3. Several SBDs with different active layer
thicknesses and doping concentrations were grown under different growth conditions to study the
effect of growth parameters on the quality of grown layers and electrical characteristics of the
finished devices [28-34].

Schottky contact: Au, Ni or Al
Epilayer n- : 1 x 1014 – 1015 cm-3, 10 – 40 µm
Buffer layer n+ : 1-3 1018 cm-3, 1 – 2 µm
Substrate: n-type 1 x 1018 – 1019 cm-3
Ohmic contact: (Al + Ti) annealed 1000 oC, 10 min.
Fig. 2-3 Schematic illustration of SBD along with different typical doping concentrations, epilayer
thicknesses and possible Schottky metal contacts.

2.3.2 Bipolar PiN diodes
Bipolar devices operate through the conduction of both majority and minority carriers and
therefore can handle higher power but the reverse recovery current is higher during switching. On
the other hand a very low leakage current is observed in bipolar PiN diodes. The schematic
illustration of PiN structure along with different typical doping concentrations, epilayer thickneses
and possible ohmic contacts is shown in Fig. 2-4. The major issue with SiC bipolar PiN diodes is the
forward voltage degradation which is observed as an increase in the forward voltage drop after
forward current injection [15]. The formation of basal plane SFs in the device active region during
device operation is believed to be the source of forward voltage degradation [16] . It is now well
established that the basal plane dislocations in the epilayers are one of the major source of SFs
formation in the device active region [17] which result in increased resistance of the layer and hence
the forward voltage degradation [18-21].
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Ohmic contact: (Al + Ti) annealed 1000 oC, 10 min.
Epilayer p++ : 1-5 x 1019 cm-3, 2 – 3 µm
Epilayer n- : 1 x 1014 – 1015 cm-3, 20 – 100 µm
Buffer layer n+: 1-3 1018 cm-3, 1-2 µm
Substrate: n-type 1 x 1018 – 1019 cm-3
Ohmic contact: Ni
Fig. 2-4 Schematic illustration of PiN diode along with different typical doping concentrations in
different layers, epilayer thicknesses and possible Schottky and homic metal contacts.
In the bulk grown material the BPDs are believed to be formed during post growth, due to
high thermal gradient in the crucible where the plastic deformation occurs through the penetration
of BPDs from the edges of the boule. Due to the off-cut in the substrate BPDs easily replicate into
the epilayer during epitaxial growth. Most the BPDs in the substrate are found to convert into
threading edge dislocations (TEDs) in the epilayer [22-25] The main driving force for dislocation
conversion is believed to be the image force from the surface. The image force tends to keep the
dislocation line shortest, which done through the conversion of BPD into TED. Even though more
than 80% of the BPDs in the substrate convert into TEDs in the epilayer however, the
concentration of BPDs is still high enough to affect the device characteristics. This is mainly due to
the fact that the high power devices usually have large area and a single BPD in the device active
layer can proved to be fatal since the SFs will expand in the basal plane and may cover substantial
area of the device. Several techniques have been introduced to enhance the BPDs conversion
during epitaxial growth including substrate surface preparation through KOH etching or reactive ion
etching of photolithograpically patterned substrates or through applying interruptions during
epitaxial growth [26-27]. Most of the BPDs are found to get converted into TEDs close to the episubstrate interface however, the conversion process has shown to be active at the later stages of the
growth as well. Another approach to completely avoid the BPDs replication into the epilayer is
through homoepitaxial growth on nominally on-axis substrates which will be described in details in
chapter 6.
In this study several PiN diode structures were grown with different layer parameters, using
standard gas system (H2 + C3H8 + SiH4) in a horizontal Hot-wall chemical vapor deposition system
(HWCVD) under different growth conditions. Different optical and structural studies were
conducted on the grown material to correlate the electrical characteristics of the devices with
different kind of defects. Also, several complete PiN structures on as received, KOH etched or
photolithographically patterned reactive ion etched substrates were grown during single growth run
and mesa etched diodes were fabricated to study the effect of growth conditions on the electrical
response of the devices. The results are summarized in the following papers [28-34]. Etching of the
substrates prior to the epitaxial growth significantly reduced the BPDs in the epilayer and an
increased number of devices showed very stable forward voltage under high injection conditions.
The epitaxial growth process was also developed to grow on nominally on-axis Si-face substrate and
complete PiN structure was epitaxialy grown with 100 % 4H-polytype in the epilayers [35-37]. The
mesa etch diode fabricated on these layers did not show degradation phenomena and most of the
diodes showed stable forward characteristics [38]. Detailed characteristics of these devices are given
in Sec. 6.5.
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Top contact: Ni
Implanted p+ region: 1 - 5 x 1019 cm-3, 1 – 2 µm
Epilayer n- : 1 x 1014 – 1015 cm-3, 20 – 100 µm
Buffer layer n+: 1 - 3 1018 cm-3, 1 – 2 µm
Substrate: n-type 1 x 1018 – 1019 cm-3
Ohmic contact: Ni
Fig. 2-5 Schematic illustration of JBS diode along with different typical doping concentrations,
epilayer thicknesses and possible metal contacts.

2.3.3 Junction barrier Schottky diode
Junction barrier Schottky diode (JBS) comprises the properties of Schottky-like on-state and
switching characteristics, with PiN– like blocking characteristics. The schematic illustration of JBS
structure along with different typical doping concentrations, epilayer thicknesses and possible
contacts is shown in Fig. 2-5. The n- epilayer is epitaxialy grown while the p+ region is implanted
through ion implantation. Under forward biased conditions the current flows through unipolar
Schottky contact and voltage drop is determined by the Schottky barrier height while with increasing
forward bias the pn– junction also starts conducting and lowers the resistivity of the active device
layer through the injection of both electrons and holes. Under reverse bias the depletion region
under pn–junction spread into the channel, pinch-off the Schottky barrier and supports further
increase in reverse voltage. The spacing between p+ regions is optimized to pinch-off the Schottky
barrier.
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Chapter 3

3 Growth of SiC
The existence of synthetic Si-C bound was first observed by a Swedish scientist Jöns Jacob Berzelius
(1824) while he was trying to synthesize diamond. Silicon carbide does not naturally exist on earth
but instead was discovered by a French scientist Henri Moissan (1852-1907) in a meteorite found in
Diablo Canyon, Arizona USA. The mineral was later named Moissanite. In this chapter a brief
introduction of the bulk and the epitaxial growth processes of SiC is given.

3.1 Bulk Growth
3.1.1 The Acheson method
In the beginning, the potential of SiC was realized as a ceramic material with outstanding hardness
which could be used for grinding purpose. The first commercial process to synthesize SiC was
developed by Edward G. Acheson in 1891. The same process, with some minor variation, is still
used for the production of bulk SiC for abrasive applications. In this process [6], a mixture of silica
(50%), carbon (40% coke), sawdust with Al containing salts (7%), and common salt (3%) is filled
around the graphite core (Fig. 3-1). The graphite core, supplied with high current, acts as a heating

Fig. 3-1 Schematic illustration of the Acheson process [6].
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element. The furnace is heated up to 2000 – 2500 °C and the temperature is maintained for a certain
amount of time (depending on the mass of mixture) and then the temperature is gradually decreased.
The sawdust creates porosity in the mixture through which carbon monoxide and other gases can
escape. The gaseous byproducts, resulting from the reaction in the charge, build up pressure locally,
and also form voids and channels.
Different regions of the reactants are subjected to different temperatures. Close to the core
where the temperature is highest SiC is formed first, but as the temperature increases it decomposes
into graphite and Si. The Si vapor reacts with the carbon in the adjacent cooler regions and
crystalline α-SiC platelets (6H predominantly) up to 10-20 mm are formed in some hollow cavities,
created by the escape of carbon monoxide. The common salt reacts with the metallic impurities and
escapes in the form of chloride vapors improving the overall purity of the charge. Both aluminum
and nitrogen doped platelets (1021 cm-3) can be obtained. The polytype mixing in the single platelet is
also very common. The size of the crystallites decreases with increasing distance from the core of
the furnace. In between the outermost and innermost regions amorphous and β-SiC are produced.
The crystals produced in this way are grounded to powder to be used as abrasive. The quality of the
crystals depends on the purity of the mixture. Though, this method does not yield reproducible
quality and dimensions of single crystals, however carefully prepared SiC platelets can be selected as
seeds in physical vapor growth.

3.1.2 The Lely method
In order to produce high purity crystalline quality SiC, Lely in 1955 developed the sublimation
technique [39]. This was in fact the first step towards the electronic grade SiC. The process employs
a cylindrical graphite crucible with inner walls filled with SiC lumps (Fig. 3-2) which, for example,
could be obtained with the Acheson method. The graphite crucible is covered with a graphite or SiC
lid and is placed vertically inside the furnace. Inductive or resistive heating is employed to reach a
temperature of ~ 2500 oC in Ar atmosphere. A higher temperature close to the walls of the crucible
sublimes SiC which evaporates in the form of Si and C-containing species to the inner side of the
crucible along the radial temperature gradient. SiC platelets start to grow at the inner walls while

Fig. 3-2 Schematic illustration of the Lely process [6].

15
thicker layers are formed at the top lid, the colder surface of the crucible. The process is continued
until all of the SiC lumps are completely graphitized. Highest purity and crystalline quality platelets
can be obtained using this method. The main drawback of this method is the lack of control over
spontaneous nucleation. Also, the growth rate is very low. However, with a few modifications in
crucible design and better control of temperature gradient and argon pressure [40-41], large crystals
up to 20 × 20 mm2 have been grown. Similar to the Acheson process, crystals of 6H polytype are
predominantly produced by this method as well. The percentage of other polytypes such as 4H and
15R can be increased by changing the growth temperature, pressure and dopant concentration. As
the crystals produced with Lely method are of high structural quality and therefore are more suitable
to be used as seed crystal in the bulk growth.

3.1.3 Modified Lely method (Seeded sublimation)
Even though the SiC crystals produced by Lely method were of high purity and high crystalline
quality but they were not useful for electronic device purpose. This was mainly due to the small size
and irregular shape of the crystals. The main break through appeared in 1978 when Tairov and
Tsvetkov [42] introduced the seeded sublimation technique which is also known as modified Lely
method. Through the use of a seed crystal, they succeeded in the growth of single polytype large
area crystals. Since their first demonstration, a lot of efforts has been done for the improvement of
the basic design of the growth setup to get larger single crystals with low defect density [43-54].
Now-a-days with some minor changes this method is being employed to produce high quality SiC
single crystal substrates on commercial basis [55-56] and therefore, it will be discussed in more
details.
The basic configuration of this method, after some minor modifications, is shown in Fig. 3-3a.
The seed crystal is attached on the top lid while the source material, provided by a solid charge of
polycrystalline SiC in powder form, is placed at the bottom of the quasi-closed crucible made of
high purity graphite. The crucible is surrounded with thick graphite foam which is less dense
(porous) and thermally insulating. For temperature monitoring two openings are provided in the
insulating graphite foam for pyrometers which detect the temperature by the radiations emitted
from the dense crucible top and bottom surface. The quartz tube is air-cooled [54] while the
induction coil is water-cooled. The crucible is inductively heated to a temperature of 2000 – 2400 oC
with a mean axial temperature gradient of 10 – 40 oC/cm with the source temperature higher than
the seed temperature. At such high temperature induction heating is better than other heating
techniques, for example resistive heating. Using an optimum frequency the crucible can be directly

Fig. 3-3 (a) Schematic illustration of seeded sublimation process and (b) optical image taken form
the surface of as-grown boule.
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heated to a desired depth without affecting the thermal insulation also, the axial temperature
gradient can be controlled through changing the coil position at the same time.
A saturated vapor pressure is established through the sublimation of source material and Siand C-containing species in the vapor phase are transported along the temperature and
concentration gradient towards the seed crystal. On the surface of the seed crystal, the adatoms
diffuse to the steps produced by threading screw dislocations (TSD) and growth is followed by the
spiral growth mechanism (Fig. 3-3b). In order to increase the transport through the diffusion
process, the growth is usually performed under vacuum or at very low pressure of Argon (1 – 40
Torr). The growth rate mainly depends on the growth temperature, pressure and source to seed
distance [48]. Under optimized conditions a growth rate up to 4 mm/h can be achieved. The
diameter and length of the boule is limited by the dimensions of the crucible and the amount of
source powder. The axial temperature gradient influences the growth rate, whereas the radial
temperature gradient controls the shape of the growth front (convex or concave) and also changes
the diameter of the crystal [58].
Initially, a high quality Lely plates can be used as the seed crystal and the diameter of the
growing crystal can be increased through using appropriate crucible design and radial temperature
gradient. Carefully prepared wafers from the grown boules can be repeatedly used to obtain large
area high quality material.
The seed attachment is one of the big technological aspects in the bulk growth of SiC crystals.
The seed crystal is normally attached to the graphite top using a sugar melt [59], which decomposes
into carbon and gets bonded with the graphite lid. A uniform bonding is quite important since the
differential thermal expansion between the seed and the graphite lid can cause bending of the seed,
leading to the formation of domain-like structures, low angle boundaries, and polygonization [58]. If
there is any non-uniformity in the seed attachment voids will be formed between the seed and the
lid. The axial temperature gradient, through local sublimation inside the void, will push it through
the crystal towards the growth front, with a velocity comparable to the velocity of the growing
surface and may also give rise to other structural defects.
At high temperature, the evaporation rate of Si is higher than that of C which results in higher
Si vapor pressure and therefore, Si will be depleted from the quasi-closed crucible gradually, leaving
behind graphitized charge. The extra amount of Si can also be added to the charge to stabilize C/Si
ratio. The deviation from the stoichiometric conditions may lead to several problems like reduction
in the growth rate, switching of the polytype since different polytypes have shown better stability at
certain C/Si ratio, or may even results in polycrystalline material.
Since most of the defects nucleate at the beginning of the growth, damage free starting surface
is crucial for the growth of high quality material. In order to prepare the surface before growth, insitu thermal etching is usually employed through reverse temperature gradient. The growth is
initiated at a very slow rate and is increased gradually. At the beginning of the growth this is usually
done by changing the pressure of the Ar gas [53].
Experimental observations have shown the stability of different polytypes at different growth
temperatures. Also, along with the growth parameters, the seed polarity has a pronounced affect on
the polytype of the grown crystal e.g., growth on C-face ( 0 0 0 1 ) results in 4H-SiC while growth on
Si-face ( 0 0 0 1 ) favors 6H-SiC [60] growth. Bulk growth can be performed on both nominally onaxis or on vicinal surfaces. In the case of on-axis seed, the growth is followed by the spiral growth
through preferential incorporation of adatoms on the steps provided by TSDs. In the case of vicinal
surfaces, the growth is followed by step-flow growth mode. The main advantage of growth on
vicinal surfaces is a better control of polytype stability while the disadvantage is the extension of the
basal plane SFs in the boule. Several attempts [61-62] have been made to grow on the faces other
than {0 0 0 1} which resulted in reduced micropipe density but the generation of SFs on the basal
plane increased [63].
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Since direct monitoring of the growth of SiC is not easy due to the high growth temperature
and usage of opaque graphite materials in the hot-zone, controlling the growth is very difficult.
Techniques based on X-rays have been employed to study the growth fronts, interfaces and
graphitization of the source material during the growth process [64]. In-situ X-ray topography has
also been employed to study the defect generation during the growth process [65].
SiC crystals can be easily doped with N2 and Al to get n- and p-type doping respectively. The
dopants can be added to the source powder or can be supplied in gaseous form along with the flow
of Ar [67]. Both semi-insulating and highly conducting crystals can be obtained whereas 6H and 4H
polytypes show similar doping efficiency. Unintentionally doped crystals grown on Si-face (0 0 0 1)
seeds show p-type conductivity while C-face ( 0 0 0 1 ) shows n-type conductivity. Also, nitrogen

incorporates more efficiently on C-face ( 0 0 0 1 ) while aluminum on Si-face (0 0 0 1) [67]. At higher
growth temperatures nitrogen incorporation efficiency decreases while for aluminum it increases.
The major sources of residual background doping are the graphite material and the impurities in the
source material itself.

3.1.4 High temperature chemical vapor deposition (HTCVD)
High temperature CVD (HTCVD) is an alternate technique to grow high quality SiC bulk material,
introduced in 1995 at Linköping University [57, 68-70]. As obvious from the name the technique is
simply a CVD process but operated at higher temperature. The basic idea was to grow high purity
bulk crystals at higher growth rate, taking the advantage of the availability of high purity precursor
gases used in SiC CVD process. The growth is performed at higher temperature ~2000 oC and
reduced pressure. Vertical flow of the gases is used where buoyancy and forced flow of carrier gas
act together to push the reactants to the substrate surface, attached to the ceiling of the susceptor.
At such high growth temperature H2 affectively reacts with the graphite susceptor and even if the
susceptor is coated with SiC polycrystalline material that will be etched away very fast. Therefore, He
gas is used as a carrier gas in HTCVD process. Silane (SiH4) and ethylene (C2H4) are used as the
sources of Si and C, respectively. A high concentration of SiH4 and C2H4 is maintained in the small
flow of the carrier gas which results in homogeneous nucleation in the gas phase. The schematic
illustration of the growth cell is shown in Fig. 3-4 which can be divided into three zones – the

Fig. 3-4 Schematic illustration of HTCVD process.
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entrance zone, the sublimation zone and the growth zone.
At the entrance zone the precursor gases encounter a high temperature gradient and
decompose. First, Si droplets are formed which through reaction with C form microparticles of
SixCy. The microparticles then enter into the sublimation zone where due to high temperature they
sublime into Si, Si2C and SiC2 similar to seeded sublimation growth. An axial temperature gradient
between the sublimation and growth zone with low temperature in the growth zone derives the
sublime species to the seed surface.
A good control over the size of the microparticles, through appropriate flow of precursors
and pressure, formed in the entrance zone and efficient sublimation of the microparticles are very
crucial to avoid the depletion of Si- and C-containing species. Large size particles may not
completely sublime in the sublimation zone and therefore, will not take part in the growth resulting
in low growth rate. Also, if these particles get attached to the surface of the seed they may give rise
to the nucleation of defects in the crystal. A growth rate of 1 mm/h has been reported and crystals
with a length of 15 mm can be grown during a single growth run.
The major advantage of HTCVD is the use of high purity gases and a good control on
stoichiometry during growth which results in high quality and intrinsically semi-insulating crystals.
MESFET device structures grown and fabricated on the substrates obtained from this material have
shown increased performance due to reduced number of impurities.
The major problems in HTCVD process is the blocking of the inlet and outlet. The inlet is
blocked through the deposition of cracked silane species, the problem is solved by using coaxial
injector with silane pipe at the inner and He pipe on the outer side [71]. The outlet is blocked since
deposition is not only occurring on the seed surface but also on the top flange and side walls. The
growth has to be interrupted to clear the way out for the gases. Other related issues are the high
costs of relatively complex reactor, related parts and high purity graphite. On the other hand the
high purity gases used in HTCVD are less expansive than the high purity bulk source powder used
in seeded sublimation.

3.2 Epitaxial growth
In general, epitaxial growth [72] refers to the growth of thin solid layers on a heated surface from a
chemical reaction in the vapor phase with well controlled quality and thicknesses of the material.
The template used for the epitaxial growth of semiconductor materials is referred as substrate and
both homojunction epitaxy (substrate and epilayer are of same material) and heterojunction epitaxy
(substrate and epilayer are different materials) are commonly used in the crystal growth technology.
Electronic devices are composed of different layers of semiconductor material with different doping
type/concentration, thicknesses and sometimes the layers can even be from different
semiconducting materials (heterojunction epitaxy). The performance and reliability of the devices
primarily depend on the crystalline quality, control of doping concentration and thicknesses of these
layers. Since these layers are usually grown epitaxially, the development of the epitaxial growth
process is very crucial for the advancement of the electronic technology. There are several
techniques that can be used for the growth of epilayers but chemical vapor deposition (CVD), due
to its high flexibility and the availability of high purity gas sources, is commonly used for the growth
of high quality semiconducting layers. Structured layers with well controlled thicknesses, doping type
and concentration, depending on the device applications can be grown during single growth run.
Deposition of SiC layers using CVD was first demonstrated in mid 1980’s where a GaAs CVD
reactor was redesigned to meet the requirements for the growth of SiC. Since then a lot of efforts
have been made to improve the reactor design, growth processes and reactor capacity to fulfill the
requirements on the quality of the grown layers and to lower the overall coast of the process. Several
reactor designs have been presented with horizontal and vertical flow of the gasses, several different
designs of the susceptors including non-rotating and rotating substrates, multi wafer with planetary
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rotation with Hot-wall or cold-wall configurations. The Hot-wall concept was first adopted for the
epitaxial growth of SiC in early 1990’s at Linköping University [73]. The main advantage of the hotwall CVD (HWCVD) over the cold wall CVD reactors is more efficient and uniform heating and
also, the cracking of the precursor gases is more efficient. In this study we have used HWCVD
reactor, therefore the design and growth processes in HWCVD will be discussed in details.

3.2.1 Some aspects of chemical vapor deposition
The epitaxial growth process in CVD system is followed by the following processes:
•

Transport of the gases to the hot zone

•

Cracking of the precursors

•

Diffusion of the reacting species to the substrate surface

•

Adsorption of the reacting species at the substrate surface

•

Surface diffusion

•

Evaporation and/or incorporation of adsorbed molecules on the surface, preferably at kinks
and steps

A laminar flow of gas is maintained in the growth cell and is given by the Reynolds numbers:
dυρ
(1)
Re =
µ
where d is the diameter of the tube, ν is the gas velocity, ρ is the gas density and µ is the gas viscosity.
The gas flow is generally considered as laminar if Re < 500 and turbulent if Re > 2000. For a
CVD system Re is usually around 100.
On the top of the substrate surfaces a thin layer (boundary layer) of gas is formed which
moves slowly compared to the rest of the gas (Fig. 3-5). In order to reach the substrate surface the
reactants have to diffuse through the boundary layer. The transport flux through the boundary layer
is given by:
D
(2)
j = ( N g No )
δ
where D is the diffusion coefficient, Ng is the reactant concentration at the substrate surface, No is
the reactant concentration at the top of boundary layer and δ is the boundary layer thickness. The
gas phase diffusion coefficient is given by:
3

Ps
(3)
P
where T is the temperature, Ps is the partial pressure of diffusing species in the carrier gas and P is
the total pressure i.e., the pressure of the carrier gas, since the partial pressure of the precursors is
generally very small.
The reactants flux at the surface is given by:
D . Ks . N g
(4)
j =
D + δ . Ks
D ∝T 2

where Ks is the surface reaction rate and is given by:
K s = K´ e

EA
KT

(5)
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Fig. 3-5 Schematic illustration of laminar flow and boundary layer.
where K´ is the reaction constant, EA is the activation energy and KT is the thermal energy.
The reaction rate at the surface is given by:
D . Ks . N g
j
(6)
r =
=
γ
γ ( D + σ . Ks )

where γ is the number of atoms per unit volume of the reactants. At higher temperatures:
D . Ng
(7)
δ Ks >> D
r ≈
γ .δ
and at lower temperatures:
r ≈

Ks . N g
γ

D >> δ Ks

(8)

This shows that at low growth temperatures the deposition rate is mass transport limited while
at high temperatures the deposition rate is controlled by the surface reaction rate. Therefore,
through controlling the process parameters the growth regime can be changed from the gas phase
diffusion limited growth to the surface reaction rate. At higher temperature the adatom surface
mobility increases which results in more efficient incorporation of the adatom at the same time a
decrease in the total pressure will enhance the diffusion through gas phase and therefore, growth
rate can be enhanced if a sufficient amount of reactant gases are present.
Since CVD growth is normally performed at high temperatures therefore, in the presence of
heavy flow of carrier gas like hydrogen, etching of the substrate surface is also expected at the same
time. At the high temperature the growth and etching processes compete with each other depending
on the supersaturation which is defined as the ratio of the incident flux to the surface to the
evaporated flux from the surface. Growth will be happening only for a supersaturation higher than
1. Too high supersaturation is only needed to start 3D growth on perfectly smooth surfaces.
However, as given by Burton, Cabrera and Frank theory [74] the steps on the surface either
originated from the TSDs intersecting the surface or created by the off-cut on vicinal surface, act as
an efficient sink for the incoming atoms to the surface and the growth can start even at very low
supersaturation.

3.2.2 Horizontal Hot-wall chemical vapor deposition
The basic configuration of a Horizontal Hot-wall chemical vapor deposition (HWCVD) reactor is
shown in the schematic in Fig. 3-6. The susceptor is made up of high purity dense graphite coated
with SiC and is raped in graphite foam which acts as thermal insulation. The whole susceptor
assembly rests in air cooled quartz tube. The base vacuum (about 10-7 mbar) in the growth cell is
obtained with a wide-range turbomolecular pump with an oil-free backing pump. The vacuum is
measured with a combined Pirani/Penning gauge. The susceptor is inductively heated through water

21

Fig. 3-6 Schematic illustration of the cross-section of HWCVD growth cell.
cooled RF-coil. Using an appropriate current frequency in the RF-coil the susceptor can be heated
to a certain depth. The graphite foam around the susceptor does not couple with the magnetic field
and hence does not get heated directly but instead it insulates the susceptor from the surroundings.
Hot-wall configuration reduces the energy losses through minimizing the escape of thermal
radiations. The wafer gets heated from the bottom, top and side-walls simultaneously which helps
not only in efficient heating and cracking of the precursors but also a better temperature distribution
(< ±10 oC) over large area inside the susceptor is achieved. The temperature inside the susceptor is
monitored using an optical pyrometer facing the ceiling of the susceptor preferably above the wafer.
The temperature calibration of the pyrometer is performed through the melting of Si inside the
susceptor. The sample wafer is placed on a graphite plate coated with SiC (the carrier plate) and is
loaded inside the susceptor from the up-stream side of the reactor. The carrier plate rests inclined
inside the susceptor. A wafer placed on the same position on the carrier plate will always reach to
the same position inside the susceptor. The inclination of the plate compensates the depletion of
precursors and better thickness uniformity is obtained in the grown layers.
The susceptor is heated to the growth temperature of 1550 – 1650 oC under heavy flow of the
carrier gas (hydrogen) at a pressure of 50 – 200 mbar. The growth process starts through the
introduction of precursor gases to the main stream flow of the carrier gas at the growth temperature.
Several different precursor gases with different advantages and disadvantages are being used for the
epitaxial growth of SiC. Today the standard precursors are silane (SiH4) and propane (C3H8) and
were employed during this work. The gases are heated up in the hot-zone of the susceptor and the
precursor gas molecules get cracked through chemical reactions mainly with the carrier gas. The C
and Si containing molecules diffused to the substrate surface where through further chemical
reactions they get absorbed on the surface.
The starting substrate surface shows a very strong influence on the quality of grown epilayer.
As-received epi-ready substrates are usually in-situ etched in hydrogen carrier gas at growth
temperature for a few minutes which effectively removes the polishing related damages on the
substrate surface prior the epitaxial growth. At high temperature the atomic hydrogen react with the
carbon and the etching is followed by the formation of hydrocarbons and the thermal evaporation
of remaining Si on the surface. Under certain conditions the Si may condense on the surface in the
form of Si-droplets which may act as centers of defects nucleation in the epilayer. The Si-droplet
formation can be avoided either by increasing the evaporation rate of Si from the surface which can
be done using lower pressure or by decreasing the removal rate of C from the surface through the
addition of small fraction of C3H8 in the carrier gas.
A small percentage of Ar gas (5 – 10%) is usually added to the hydrogen carrier gas to
improve the temperature distribution inside the susceptor and hence an improved thickness and
doping uniformity in the layers is achieved [75].
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One of the major problems in the homoepitaxial growth of SiC, confronted during the early
years was the mixing of the foreign polytype inclusions in the epilayer. This was mainly due to island
growth on nearly on-axis substrates without any polytypic information passed from the substrate,
the islands are usually of 3C polytype due to its better thermal stability at the epitaxial growth
temperature. Step-controlled epitaxy was adopted in SiC where off-cut substrates are used [76]. A
small off-cut, usually 4 – 8o towards < 1 1 2 0 > in the substrate results in the formation of high
density steps on the surface. The growth on such vicinal surfaces is followed by the step-flow
growth mode. The adjacent steps offer unique sites for the incorporation of adatoms and act as a
continuous source of stacking sequence from the underlying layers. Epitaxial layers free of foreign
polytypes inclusion and with very smooth surfaces are obtained.

3.2.3 Some issues related to SiC HWCVD
In the case of high power devices, thick epilayers (> 100 µm) with low doping concentration (< 1 x
1015 cm-3) are the basic requirements. In HWCVD system, using standard precursors at standard
growth temperature and pressure, the typical growth rate is 5 – 6 µm/h. This means that in order to
grow complete structure during single growth run it would take more than 20 h. Several issues,
including growth process stability, number of down falls, susceptor conditions and overall cost of
the process will come into play. Therefore, it is highly desired to increase the growth rate keeping
the same quality and purity of the epilayers.
There have been several reports on deposition of epitaxial layers at high growth rate using
standard [77-80] and chlorine based precursors. In CVD process usually, the growth rate is limited
by the gas phase diffusion. The gas phase diffusion does not vary much with the temperature but
mainly depends on the ratio of the partial pressure of the diffusing species and total pressure.
Therefore, by reducing the total pressure (pressure of hydrogen), the diffusion through the gas
phase can be increased. Once the reactants have arrived at the substrate surface, they require high
surface mobility to reach a suitable site. The surface mobility can be increased by increasing the
growth temperature which also enhances the reaction rate and the adatom will efficiently get
incorporated on the surface. Therefore, using higher flow rate of the precursor gases at reduced
pressure and high growth temperature, the growth rate can be significantly increased. Through
increasing the precursors flow rate at higher growth temperature (~1650 oC) and reduced pressure
(50 – 70 mbar) a growth rate up to ~ 50 µm/h has been reported [77-80], using standard precursors.
Too high concentration of precursors in the gas phase may lead to the formation of Si-droplets and
homogeneous gas phase nucleation.
Addition of HCl to the standard precursors has also shown to increase the growth rate [81-85]
since Cl get bonds to Si therefore, Si-droplet and homogeneous gas phase nucleation is also avoided.
The use of chlorinated precursors like trichlorosilane (SiHCl3) [86-87] or chloromethane (CH3Cl)
[88-89] has also shown a significant increase in the growth rate ~ 100 µm and 20 µm, respectively
with high crystalline quality and good surface morphology of the epilayers. An alternate choice is to
use single precursor methyletrichlorosilane – MTS (SiCCl3H3) that includes Si, C and Cl. Recently,
growth experiments conducted at Linköping University [90-91] have shown high crystalline quality
thick epilayers grown at very high growth rate of 170 µm/h.
In standard SiC CVD process, variation in the growth rate has been observed at the beginning
of the growth. The growth rate has found to be increased from 0.04 µm/min to 0.09 µm/min in 7-8
minutes using 100 % flow of the precursor gases corresponding to 5.4 µm/h growth rate [99]. The
variation in the growth rate affects the doping incorporation and hence is discussed in more details
in Sec. 3.3.
Etching of the SiC coating from the susceptor and carrier plate by H2 at high temperature is
another issue. At high temperature (1600 oC) H2 molecules decompose into atomic hydrogen and
effectively etch the SiC coating. In the presence of precursor gases the etching effect is canceled by
the simultaneous deposition. The SiC coating from the parts of the susceptor that are not exposed
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to the precursor gases, decomposes very fast. Once the graphite is exposed, the chemical reaction
between hydrogen and graphite results in the formation of hydrocarbons in the gas phase. This
phenomenon not only decreases the life of the susceptor but also changes the stoichiometry in the
gas phase and influence the doping incorporation significantly. A small spacing between the bottom
of the substrate and the carrier plate, results in local sublimation of SiC coating from the carrier plate
to the bottom of the substrate. This results in non-homogeneous deposition on the backside of the
substrate and therefore, after the growth of thick epilayers backside polishing of the substrate is
required to remove polycrystalline deposition. The local sublimation leads to the graphitization of
the carrier plate and hence lowers its lifetime which significantly increases the cost of the process.
In the presence of H2, effective etching of the substrate surface starts when the temperature
inside the susceptor reaches about 1300 oC. In some cases, it is highly desired to completely avoid
the etching of the sample surface. This is especially the case when epitaxial re-growth has to be
performed on implanted samples to form buried junctions. The depth of implanted region is usually
not more than a few hundreds of nm. In HWCVD system, with induction heating it takes about 10
– 12 minutes to reach the stable growth temperature which is large enough to etch away completely
or significant thickness of the implanted regions in the sample. We have developed a temperature
ramp-up procedure in the presence of small flow of precursor gases to avoid etching significantly
before the temperature inside the susceptor reaches the growth temperature [99]. With the
increasing temperature, the evaporation rate from the sample surface increases. A small increase in
the flow rate of the precursor gases will suppress the evaporation from the surface. It is also very
important to avoid pre-mature growth before the temperature inside the susceptor reaches the
growth temperature because at low temperature the growth of 3C polytype is favorable. Therefore,
the flow rate of precursor gases should be as low as possible. The other requirement includes the
exact matching on the doping concentration in the epilayer to the starting surface. This was also
controlled through the studies of variations in the growth rate at the beginning of the growth which
significantly affect the doping incorporation.

3.3 Doping
Doping plays a very important role in the electrical and optical characteristics of the semiconductors.
Both n- and p-type dopants (group V and III) are substitutional atoms which replace the host atoms
in the crystal lattice and give rise to shallow energy states in the bandgap close to the
conduction/valence bands. In conventional semiconductors, the doping can be achieved through
high temperature diffusion processes but in the case of SiC, due to less diffusivity, doping through
diffusion is not possible. Ion implantation followed by the high temperature annealing is instead
performed for shallow doping. The high energy ion bombardment damages the crystal through the
introduction of point defects which may affect the electrical characteristics of the device. An
alternate method to dope SiC crystals is to use dopant gases during epitaxial growth (in-situ doping).
Both n- and p-type dopings are easily possible in SiC. This is rather a rare case for other wide
bandgap semiconductors such as GaN have difficulties in p-type doping and diamond does in ntype doping.
Nitrogen (N2) and Aluminum (Al) are the conventional n- and p-type dopants[92-93],
respectively used for doping of SiC crystals because they create relatively shallow donor and
acceptor levels below the conduction or the valence bands, respectively. Other possible n-type
dopant is phosphorus (tertiarybutylphosphine (TBP: C4H9PH2)) [94] while boron (B2H6) [92] or
gallium (TMGa) [95] can be used as p-type dopants in SiC.
High purity N2 gas is directly connected to the gas panel while Al is extracted from
Trimethylaluminum (TMA: Al(CH3)3) which is a liquid at room temperature and introduced into the
gas flow through using a bubbler. The N atom replaces the C atoms while the Al atom replaces the
Si atom in the crystal. The dopant incorporation depends on the flow rate of dopant gases and can
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be further enhanced using the site competition [96-97] during epitaxial growth. Since N replaces the
C atom, there by using a high C/Si ratio the probability of N incorporation is decreased and hence
very low doped n-type layers can be obtained. Al replaces Si atom, therefore at high C/Si ratio the
probability of Al incorporation is enhanced and hence very high p-type doping can be obtained in
P++ contact layer on the top of the PiN diode structure.
A wide range of both n- (5 x 1013 cm-3 to 2 x 1019 cm-3) and p-type (1 x 1015 cm-3 to 5 x 1019
-3
cm ) doping is possible during epitaxial growth. Site-competition model can be used to further
exploit the doping range by using different C/Si ratio.
The in-equivalent hexagonal and cubic sites in the SiC crystal give rise to corresponding
energy levels, e.g. in 4H-SiC the C-atom at the hexagonal site replaced by the N-atom gives shallow
energy level while the C-atom at the cubic site replaced by the N-atom gives comparatively deeper
energy level [98] (Sec. 5.2.1). The same also occurs in other polytypes.
For high power devices, low doped (<1 x 1015 cm-3) thick epilayers are required. At such low
doping a good control of residual background doping is very important. In order to keep the
background doping at such low level, highly doped layers are preferably not grown in the same
growth cell.
We have also studied N2 incorporation at the beginning of the growth for a fixed flow rate of
N2 gas [99]. An increased N2 incorporation was observed at the beginning of the growth, we also
observed variations in the growth rate (from low to high) at the beginning of the growth, no matter
whether the growth was started with precursor gases ramp up or 100% flow from the beginning of
the growth. Delta doped demarcation layers were grown to observe the effect of the variations in
the growth rate on N2 incorporation at the beginning of the growth. The growth was started with
100% flow of the precursors from the beginning of the growth. Epitaxial layers with thickness of 1
µm were grown and the variation of the growth rate and its influence on the nitrogen incorporation
during the first few minutes of the growth were studied.
The (Secondary ion mass spectrometry) SIMS doping depth profile and CV measurements
were used to estimate the growth rate during each minute and the doping concentration variations at
the beginning of the growth [99]. The data extracted from the SIMS measurements, plotted in Fig.
3-7a, shows that under standard growth conditions (growth rate ~5 µm/h, C/Si = 1, steady state
flow of precursors and nitrogen gas from the beginning of the growth), during the first few minutes,
the growth rate continuously increases until saturation occurs. The nitrogen incorporation is higher
by a factor of 2 – 3 at the beginning of the growth and then reduces with the growth time. The

Fig. 3-7 (a) Data extracted from SIMS analysis of a delta doped layer showing variation in growth
rate and doping concentration as a function of growth time, at the beginning of the growth. The
growth rate increases from 0.04 µm/min to 0.09 µm/min in 7-8 minutes and doping
concentration decreases during this time by a factor of 2-3 and (b) the SIMS result showing the
abruptness of the grown epilayer with the substrate which is < 10 nm.
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growth rate increases from 0.04 µm/min to 0.09 µm/min gradually during the first 7-8 minutes and
remains almost constant during the rest of the growth period. During the same time period the
doping concentration decreases and then becomes stable when the growth rate reached saturation
(Fig. 3-7a). The variation in doping concentration is found to be valid for both low- and high-doping
regime. The doping variations at the beginning of the growth can be controlled by using different
flow rates of nitrogen dopant gas at the beginning of the growth run and flat doping profile can be
achieved.
In several devices structures, an abrupt junction between two n-type (p-type) or between nand p-type layers is essential. Since the doping is done during epitaxial growth, after the growth of
highly doped n-type (p-type) layers there will always be some memory effects in the susceptor and it
takes a while to get rid of them. However, switching from low doped to high doped n-type (p-type)
layers during the same growth run is possible; the only problem is the abruptness in the doping
difference between the two layers. Site competition theory was used to make this transition sharp.
Along with the increased flow rate of N2 gas a simultaneous increase in C/Si ration further assist the
efficient incorporation of more N2 in the epilayer. A very sharp abruptness of about ~10 nm
(corresponding to the limitations of SIMS) was obtained going from 1 x 1016 cm-3 to 1 x 1019 cm-3
(Fig. 3-7b) in the epilayers.

Fig. 3-8 Doping depth profile measured by mercury probe CV measurements.
In some typical device applications like SiC Schottky diode varactors for the dynamic load
modulation of high power amplifiers a graded doping profile (2 x 1016 – 1017 cm-3) is required in a
very thin epilayer (0.5 – 1 µm). Such requirements are challenging in the high temperature epitaxial
growth of SiC where neither the growth rate nor the doping concentration are stable at the
beginning of the growth (Fig. 3-7a). The process was developed with varying flow rate of N2 at low
growth rate to meet the requirements for the device design (Fig. 3-8). The fabricated devices showed
promising results over similar device structure based on Si [100].
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Chapter 4

4 Structural Defects
4.1 Dislocations
Dislocations are the line defects, often observed in crystalline materials and play a very important
role in mechanical, optical and electrical properties as well as for the growth of semiconductor
crystals. The presence of dislocations in crystalline materials was first realized when, in order to
plastically deform a crystal, theoretical shear stress was found to be much higher than the applied
shear stress. The characteristic components of a dislocation are the dislocation line and the Burgers
vector. Geometrically, based on the dislocation line and the Burger vector, the dislocations are
categorized as edge dislocations and screw dislocations. For an edge dislocation the Burger vector is
normal to the dislocation line while for a screw dislocation the Burger vector is parallel to the
dislocation line (Fig. 4-1a-b).
Dislocations can easily move inside a crystal under an applied shear stress which results in a
plastic deformation of the crystal. Of course new dislocations can also be produced at the same time.
The movement of a perfect dislocation leaves behind a perfect crystal and it normally happens in
certain slip systems, depending on the crystal structure. A slip system is composed of a slip-plane
and a slip-direction. The slip-plane is normally the plane with the highest density of atoms and the
slip-direction is the direction with the shortest translation vector in the slip-plane. The movement of

Fig. 4-1 Schematic illustration of (a) an edge dislocation and (b) a screw dislocation. The Burgers
circuit along with the dislocation line l and the Burgers vector b are also shown.

28
a dislocation is divided into two categories:
i)
Glide or conservative motion – the dislocation moves in a plane containing both the
dislocation line and the Burgers vector i.e., the slip-plane.
ii)
Climb or non-conservative motion – the dislocation moves out of the slip plane. Climb
can only occur at higher temperature and through the absorption or emission of
vacancies or interstitials. Therefore, climb type motion leaves behind a trail of point
defects.
In the most general case dislocations exist as mixed dislocations (with both screw and edge
character) where the dislocation line has an arbitrary angle with the Burger vector. Dislocations can
also convert from one type of dislocation to another through changing the dislocation line direction
while the Burgers vector will remain unchanged. Also, dislocations can only end at the crystal
surface or at grain boundaries but can never terminate inside the crystal. The screw dislocations are
of special interest since due to geometric reason they produce a step on the crystal surface which can
never be even out and serves as nucleation site during the crystal growth under very low
supersaturation [110].
In hexagonal closed packed structure like 4H-SiC the most common slip system is
{0 0 0 1} < 1 1 2 0 > where the basal plane {0 0 0 1} is the close-packed plane and < 1 1 2 0 > are the
close-packed directions with the shortest lattice translation vector 1/3 < 1 1 2 0 > . Therefore, the
plastic deformation occurs through the glide of a perfect dislocation with a Burgers vector b =
1/3 < 1 1 2 0 > in the basal plane. Also, following the Frank’s rule a perfect dislocations in SiC can
split up into two partials since the total energy of the pair of partial dislocations is less than the
energy of a perfect dislocation.
1/3 [ 1 1 2 0 ] 
→ 1/ 3 [ 1 0 1 0 ] + [ 0 1 1 0 ]
Since the Burgers vector of a partial dislocations is not equal to the shortest translation vector,
the movement of one partial always leaves behind a faulted area – the stacking fault (SF), bounded

Fig. 4-2 Schematic illustration of dislocation (a) glide and (b) climb. The open circles indicate the
lattice points. The arrows indicate the direction of glide and climb.
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between the two partials. The separation of the two partials depends on competitive attractive and
repulsive forces between the two partials. The attractive force, which usually has a positive value,
depends on the energy cost to create a SF region between the two partials and is proportional to the
partial dislocation separation. The repulsive force depends on the strain energy between the two
dissociated partials and is inversely proportional to the partial dislocations separation. The glide of
one of the partial dislocations results in the expansion of the SF.
The partial dislocations are categorized as Shockley and Frank partials. Shockley partials along
with the SF can move in the same glide plane as that of a perfect dislocation. The Frank partial has a
Burger vector normal to the slip plane (edge type dislocation), hence can not glide under an applied
shear stress. However, it can climb at higher temperature.
The dislocations are very common defects in SiC and influence the optical and electrical
properties of the material as well as the electronic devices based on SiC. In SiC bulk crystals the
main source of threading edge and screw dislocations is the dislocations in the seed crystal. During
growth along the c-axis these dislocations extend along the c-axis together with the growing surface.
Other sources of threading dislocations are the foreign polytype inclusions and/or secondary phases
(precipitates) [101], where the non-basal plane interfaces between the different polytypes containing
crystallographic imperfections meet. Also, the formation of basal plane SFs at the initial stage of the
growth has been shown to enhance the formation of threading screw dislocation (TSD) pairs with
opposite sign [102]. The SFs formation was attributed to the nucleation of 2D-dimensional islands
on the surface of the seed crystal at the beginning of the growth. TEDs frequently appear in arrays
corresponding to the low angle grain boundaries. The threading dislocation density largely depends
on the growth conditions. Basal plane dislocations (BPD) formation during growth has been also
reported and studies based on SWBXT showed a network of BPDs around micropipes [103-104]. It
was argued that the micropipes may provide enough shear stress in the basal plane and the
generation of BPDs via Frank-Read type mechanism could be possible.
SiC single crystals are grown at high temperature >2000 oC. During the post-growth or
cooldown, a temperature gradient exists in the radial and vertical direction which induces stress in
the crystal [105-106]. The shear stress resolves in the prismatic and in the basal plane; both prismatic
and basal plane slip bands have been observed [105-106]. Bands and single arrays of oval shaped
etch pits typical of BPDs were observed on the surface of PVT grown KOH etched crystals. The
arrays/bands were aligned parallel to each other but perpendicular to the off-cut direction < 1 1 2 0 > .
These bands and arrays were interpreted as basal plane slip bands formed due to thermoelastic stress
caused by the non-uniform temperature distribution, during the growth or post-growth processes.
Prismatic slip bands have been also reported in SiC PVT grown single crystals [106]. Arrays of TED
related etch pits were observed on the KOH etched surface in the vicinity of the micropipes and at
the periphery of the wafer mainly around foreign polytype inclusions.

4.2 Micropipes
Conventionally, SiC bulk crystals are grown along the <0001> c-axis. One of the major problems
with growth along c-axis is the micropipe defects. The micropipes are hollow tubes with diameter
varying from 0.1 µm to 10 µm [107] extend along the c-axis in the crystal and have proven as fatal
defects in the devices based on SiC [108-109]. Frank [110] predicted that if the Burger vector of a
dislocation exceeds a critical value, the excess strain energy will be balanced through the formation
of a hollow core with radius r given by:

r=

µ b2
8̟γ

(1)

where µ is the shear modulus, b is the Burgers vector and γ is the surface energy.
Several studies have confirmed the validation of Frank relationship [111-115] between the
radius of the hollow core and the magnitude of the Burger vector for both 4H and 6H polytype. A
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significant reduction in micropipe density has been observed during the last decade and micropipe
density less than a few per square centimeter has been achieved in SiC substrates [116]. Recently, 4
inch 4H-SiC substrate with zero micropipe density has also been reported [1].
There have been several reports on the possible causes for the micropipe formation in SiC
crystal based on thermodynamic, kinetics and technological aspects [117-121]. Growth, performed
on micropipe free Lely crystals, close to near thermal equilibrium has shown micropipe free crystal
[118]. Growth instabilities, especially with larger deviation from the thermal equilibrium may lead to
the formation of secondary phase precipitates like Si droplets, graphite particles or even foreign
polytype inclusions. Micropipes have been found to be associated to theses defects in SiC crystals
[119-121]. Mixing of polytypes happens quite often during bulk growth. High strain energy exists at
the interface of the host and foreign polytype which is relieved by the formation of micropipe.
Several models have been proposed to elucidate the formation of micropipes [122-127].
Giocondi et al model [122] describes the accumulation of elementary screw dislocations in a
depression which is done through the advancement of macrosteps which push the dislocation along
with them. After the macrosteps pinned at an obstacle, bow around, reunifies and move further
leaving behind a depression containing several dislocations. A dislocation with Burger vector b = nc
(where n is an integer and c is the smallest translation vector) is energetically favorable compared to
the distribution of n elementary dislocations with a Burger vector c. Therefore, dislocations in the
depression merge together and evolve in the form of a micropipe (a superscrew dislocation).

4.3 Low angle grain boundaries
Miss-oriented domains in a crystal are the regions which have a small miss-orientation with respect
to each other where the boundaries between the grains are called low angle grain boundaries. Missoriented grain structures frequently occur in PVT grown bulk SiC crystals [123] . On KOH etched
surfaces grain boundaries are observed as the regions of high dislocation density. The dislocations
comprising the domain walls are TEDs with the Burger vector in < 1 1 2 0 > direction [124] and
usually aligned along < 1 1 0 0 > direction. HRXRD and reciprocal space mapping performed on
such crystals have shown multiple peaks corresponding to miss- oriented grains [58]. The formation
of high density grains in PVT growth process is attributed to the higher degree of supersaturation
which increases the nucleation density on the growth front. A twist misorientation between the two
growth nuclei may result in low angle grain boundaries at their intersection. The domain structures
penetrate the whole length of the boule and also replicate into the device structure grown through
CVD. The domain structure has also shown warpage in the substrate and in the subsequent epilayer
grown on it [125]. The warpage of SiC wafers severely affects the device fabrication processes.
Foreign polytype inclusions also give rise to domain structures in PVT grown SiC crystals
[126]. The stresses due to difference in the lattice constant and the coefficient of thermal expansion
between two different polytypes are released by the introduction of dislocations. During growth
these dislocations through glide and climb processes minimize their total energy by aligning along
< 1 1 0 0 > direction resulting in the formation of low angle grain boundaries.

4.5 Epitaxial defects
During the epitaxial growth on {0 0 0 1} face 4H-SiC substrates with 4o or 8o off-cut towards the
< 1 1 2 0 > direction, the structural defects in the substrate like TSDs, TEDs, BPDs, micropipes, low
angle grain boundaries and dislocation slip bands replicate into the epilayer. BPDs conversion into
TEDs during the epitaxial growth is well studied and more than 80 % BPDs in the substrate are
found to be converted into TEDs at the beginning of the epitaxial growth. BPD line makes a small
angle to the surface due to the off-cut in the substrate. The image force on BPD line from the
substrate surface is believed to be the driving force for the dislocation conversion. The conversion
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efficiency can be enhanced through the growth on etched substrate surface. Growth interruptions or
growth under certain conditions have also been shown to enhance the conversion of BPDs during
epitaxial growth.
Micropipe closing during liquid phase epitaxy (LPE) was first demonstrated in 1998 by
Yakimova et al [127]. Later on it has been shown that a large percentage of micropipes in the
substrate split into a number of closed core TSDs in the epilayer, under certain epitaxial growth
conditions with C/Si < 1 [128-130]. A low C/Si ratio was suggested to modify the surface kinetics
which enhances the step-flow growth against the spiral growth and hence results in the micropipe
dissociation. Micropipes formation or dissociation cannot occur during post-growth or during
device processing but can only happens during the crystal growth process [131]. However, the
micropipes splitting in the epilayer does not help to avoid the degradation of the devices fabricated
in this area [132]. Furthermore, micropipe closing with nearly 100 % probability, during the growth
of thick epilayers has been demonstrated using vertical HWCVD [133]. The SBD fabricated in the
areas with micropipes in the substrate have shown promising results [133].
Apart from the defects replicated from the substrate, the typical epitaxial defects formed
during epitaxial growth are the carrot defects, growth pits, half-moons, micropipes related wavy pits,
surface step-bunching in thick epilayers particularly grown on 4o off-cut substrates, in-grown SFs,
down falls and epi-crown.
Studies related to the carrot defects (Fig. 4-3a) have shown that they exist in several different
shapes and structures that are related to the origin of the defect itself. The structure of the carrot
defect has reported in [134-135], where TSD in the substrate is suggested as the probable origin.
Extensive studies based on SWBXT, CL and back polishing of the epilayers in steps of a few
micrometers followed by the KOH etching and optical imaging after each step have revealed
different structures of the carrot defects in the epilayers [136]. Most of the carrots showed similar
structure as reported in [134] however, defects other than TSDs in the substrate have also been
found to be the origin of the carrot defects [136].
Small pits (Fig. 4-3b), a few micrometers wide, are sometime observed on the epilayer surface.
These pits sometime occur in high density in the epilayers grown at relatively high temperature.
However, the origin of these pits is still unknown.
Half-moon shaped defects (Fig. 4-3c) have also been observed in the epilayer. The size of the

Fig. 4-3 Optical images taken from various epilayers with different thickness showing the (a)
carrot defect (b) growth pits (c) half moon (d) wavy pits related to the micropipes (e) down fall
and (f) epi-crown.
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defects has been found to increase with the increasing thickness of the layer: from a few microns for
30 – 40 µm thick epilayers to few tens of microns for more than 100 µm thick epilayers.
Micropipes related wavy pits (Fig. 4-3d) have been observed on the epilayers grown at
relatively high growth temperature. This could be due to the defect selective etching of the
micropipes prior to the growth. The etch pit formed on the surface interrupts the step-flow growth
which results in wavy shaped pit on the surface. Different dimensions of the wavy pits have been
observed on the surface which is probably related to the magnitude of the Burger vector associated
with the micropipes. Larger Burger vector will result in high stress around the core which results in a
high etch rate around such micropipes and hence large disturbance to the step-flow growth which
results in larger wavy pit on the surface.
Surface step-bunching is sometime observed in the thick epilayers (> 100 µm) grown on 8o
off-cut Si-face substrate and is mainly related to the surface preparation prior to the growth, growth
parameters especially the growth temperature and the growth rate. Heavy step-bunching is observed
on epitaxial layers grown on 4o off-cut Si-face substrates where it gives rise to high surface
roughness [137-138]. High surface energy on Si-face is lowered by decreasing the surface area
through step bunching. However, under certain growth conditions the step-bunching can be
controlled and recently a fairly good surface roughness on 30 µm thick epilayers grown on 4o off-cut
substrates has been reported [139].
There have been several reports on SFs formation and expansion during the epilayer growth
(in-grown type SFs) as well as in the bipolar device based on SiC where SFs expansion in the basal
plane has been observed during forward current operation [16]. Several studies have been conducted
on the formation, the structural and optical properties of in-grown SFs in 4H-SiC epitaxial layers
[18-21]. Most of the SFs have been reported with triangular and rectangular shape and are found to
be formed close to the epi-substrate interface during the epitaxial growth. Investigations based on
structural and optical techniques have shown that most of the SFs are 1c of either 3C or of 8H
polytype [140]. The formation of the fault was associated with the disturbance in the step-flow
growth which could be due either to the high growth rate or to the presence of morphological
defects on the surface. Double-layered Shockley-SFs are mainly reported in highly doped n-type SiC
[141]. More recently, intensive studies based on X-ray topography and transmission electron
microscopy (TEM) have shown the formation of Frank type SFs in as-grown epilayers where
elementary threading screw dislocation (TSD) in the substrate were found to be converted into four
Frank PDs with a Burgers vector of 1/4 [0001] type [140].
SFs expansion in the bipolar device during forward operation is well studied. Several optical
and electrical techniques have shown that these are single-layered Shockley-SFs. These SFs cause a
fatal degradation of the device electrical characteristics. Recently, the presence of Shockley-SFs has
been observed in as grown epilayers [142]. Studies based on structural and optical techniques have
shown that the faults were created close to the epi-substrate interface during the epitaxial growth
[142].
The down-falls (Fig. 4-3e) , usually a few micrometers wide, are small crystallites of SiC and
only occur if the proper cleaning and handling of the susceptor are not done before the growth.
Down falls are sometimes observed on the surface of thick epilayers. During long growth run small
crystallites of SiC are formed on the susceptor inlet and ceiling area which then can be transported
to the growth surface.
Epi-crown (Fig. 4-3f) is observed at the edges of the sample during the growth of thick
epilayers. It appears in the form of thick depositions of 3C polytype in the areas of a few tens of
microns along the edges of the wafer. Epi-crown has to be removed before the device processing
can be done on such wafers.
Epi-defects have found to be very sensitive to the crystalline quality of the substrate,
preparation of the starting surface, growth parameters especially at the beginning of the growth and
growth procedure.
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Chapter 5

5 Characterization of epilayers
Characterization of the epilayers is important for two reasons i) it gives feedback on the growth
parameters and related processes to improve the quality of the layers and ii) almost all kind on
intrinsic, extrinsic or extended defects in the epilayers influence the characteristics of the devices
fabricated on these layers. Therefore, investigations of the structural, optical and electrical properties
of the defects together with their nucleation and formation mechanism in as-grown and processed
epilayers are very important in the advancement of electronics technologies. Also, comparison of the
results based on the investigations of the same defect using different techniques is very important to
get detailed, confident and complete information. Following are the techniques used in this study to
observe the properties of the epilayers and subsequent devices fabricated on these layers.

5.1

Surface Techniques

5.1.1 Optical Microscopy
Through out this work, optical microscopy with Nomarski diffraction interference contrast has been
the preeminent tool to get information on the surface irregularities and distribution of
morphological defects on entire sample surface and gave a quick feed back on the control of the
growth parameters and other related processes. Schematic illustration of the microscope is shown in
Fig.5-1a. In principle, imaging with Nomarski microscope is based on the optical phase contrast.
Initially an un-polarized light is divided into two components with a physical separation of < 1 µm
and orthogonally polarized with the help of a Nomarski prism. The direction in which the
components are separated is called the shear direction or shear axis. The two components of light,
after hitting the sample, takes the same way back through the objective and the prism and are
therefore merge together before they reach the eyepiece. If there is a difference in the optical path
length of the two components, due to the surface irregularities, the two components will interfere
with each other. Depending on the phase difference, different regions of the sample surface will
appear brighter and darker. This makes it possible to observe even very small surface topological
inhomogeneities. In addition to this, a linear polarizer is inserted in the optical path to enhance the
relative intensity of the two interfering components. At highest sensitivity, produced with the help
of linear polarizer, the surface morphological defects appear with one side brighter than the
background and one side in shadow just like if the surface was illuminated with light at a glancing
incidence. Since most of the defects in the epilayer are extended along the step-flow direction
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therefore, imaging was performed with the defect’s long axis oriented perpendicular to shear axis,
the direction from which the glancing light seems to incident.
In some cases a careful manual mapping of the surface with optical microscopy, in
combination with etching of the sample surface in molten KOH and back polishing, has been a very
useful technique to track the defects like the carrot defects and in-growth SFs down to the substrate
surface. This has revealed not only the structure of defects inside the epilayer but also the defects
inside the substrate responsible for the epitaxial defects.

Fig.5-1 (a) Schematic illustration of Nomarski diffraction interference contrast microscope. Optical
image taken with transmission mode (b) cross sectional image, contrast between highly doped
substrate and undoped epilayer is visible and (c) plane view, contrast related to some of the
micropipes in epilayer are pointed with arrows.
The major defects, observed on the surface of as-received substrates are polishing related
scratches and depressions while on as-grown epilayer surface the carrot defects, growth pits, Sidroplets, wavy shaped depressions, triangular defects, foreign polytype inclusions and down falls are
observed. Usually epilayers are low doped compared to the substrate and therefore look different
under the microscope in transmission mode. Viewing through the cross sectional geometry of a
cleaved sample in transmission mode, makes it possible to measure the epilayer thickness (Fig. 5-1b).
When both sides of the samples are polished, it is also possible to see the micropipes in the bulk
material in transmission mode. Through changing the focus from the sample surface to the bottom
gradually, micropipes appeared as moving black threads extending along the c-axis (Fig. 5-1c).
Transmission mode has been also useful in finding the epithickness through cross-section view,
mainly due to the difference in the doping level between substrate and epilayer. On off-cut grown
epilayer, a rough estimation of epilayer thickness and hence the growth rate was also possible
through measuring the length of the carrot defects, using optical microscope, since it extends in the
basal plane along the off-cut direction.
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5.1.2 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is one of the best techniques to measure atomic scale roughness
on the sample surface in air ambient. No special sample preparation is needed provided that the
sample surface is very clean and free of dust particles. In the case of epilayers the best topographic
images are obtained when AFM is performed right after the sample is taken out of the growth
chamber.
AFM belongs to the family of instruments called scanning probe microscopes (SPMs) which
are mainly used to study the surface properties. The main feature which is common in all SPMs is
the use of a sharp probe which scans over the sample surface while maintaining a very close spacing
to the surface. A distinguished feature of AFM, which makes it superior to other SPMs based
instruments, is that no flow of current is needed between the probe and the sample therefore,
surface topographs from non-conducting samples can also be obtained. AFM can be operated in
different modes like in – contact mode, where the probe is dragged on the sample surface, – noncontact mode, where the probe is kept at a constant height from the sample surface and – tappingmode where the probe taps on the sample surface with very high frequency. Since only tappingmode AFM was used during this work therefore, the basic principle and results based on this
technique will be discussed.
Veeco Dimension 3100 microscope in tapping mode (Fig. 5-2a) was used in this study. The
microscope can be divided into six parts. i) A solid state laser diode ii) the scanning head assembly
which is composed of a piezoelectric cylindrical shaped crystal and a probe iii) the sample stage iv)
the detection assembly which is composed of segmented photo diode v) feed back electronics for
the scanner head and vi) a controlling computer. The scanner is made from a piezoelectric material,
which expands and contracts proportionally to an applied voltage. The expansion or contraction
depends upon the polarity of the applied voltage for each scan axis. The probe consists of a tip and
cantilever made from a single crystal of Si by etching technique. The length of the cantilever is ~125
µm with a spring constant in the range of 20 – 100 N/m and resonant frequency of 200 – 400 kHz.
The backside of the cantilever is normally coated with Aluminum or gold. The typical radius of
curvature of the tip is 5 – 10 nm. The force required to produce vibrations in the cantilever is given

Fig. 5-2 (a) Schematic illustration of atomic force microscope [143] and (b) tapping mode AFM
image taken from 4H-SiC substrate after in-situ etching, unit cell height (1 nm) steps are visible.
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by the Hook’s law:

F = - KX

(1)

where F is the force, K is the spring constant and X is the deflection of the tip. The interaction
between the tip and the sample, when they are in close vicinity, is controlled by the Van der Waals
force.
The microscope operates by scanning a tip attached to the end of an oscillating cantilever
across the sample surface. The oscillations are made by applying high frequency AC signal to the
piezoelectric crystal. The cantilever oscillation is set at a frequency slightly below its resonance
frequency with amplitude ranging typically from 20 – 100 nm. The tip lightly “taps” on the sample
surface during scanning, contacting the surface at the bottom of its swing. Laser light from a solid
state diode is reflected off the back of the cantilever and collected by a position sensitive detector
consisting of two closely spaced photodiodes whose output signal is collected by a differential
amplifier. Angular displacement of the cantilever results in one photodiode collecting more light
than the other photodiode, producing an output signal which is proportional to the deflection of the
cantilever. The cantilever deflections < 1 Å can be detected. A long beam path (several cm)
amplifies changes in beam angle.
A constant tip – sample interaction is maintained during imaging and any change in the
vibration amplitude of the probe due to the surface roughness, detected by the photodiode, is
controlled by the feedback loop which tends to keep the amplitude constant by adjusting the vertical
position of the scanner at each (x,y) data point. The change in height is stored in the computer and a
topographic image of the sample surface is formed by maintaining a constant oscillation amplitude.
The lateral resolution depends mainly on the geometry of the tip, scan size and number of
scan lines in the image in the x and y scan direction. During optimal condition x and y resolution is
typically 20 Å while z resolution is typically better than 1 Å. Since the resolution in the vertical
direction is not determined by the tip shape, it is primarily determined by the resolution of the
vertical scanner movement which is < 1 Å.
An example of tapping mode AFM image taken from 4H-SiC substrate after in-situ etching is
shown in Fig. 5-2b, where unit cell height (1 nm) steps are visible. The main advantages of tapping
mode is higher resolution, less damage to soft samples imaged in air and also that lateral forces are
virtually eliminated, so there is no scraping. The main disadvantage is a slower scan speed compared
to for example contact mode AFM.

5.2 Luminescence Spectroscopy and imaging
Luminescence spectroscopy involves the excitation of excess electrons (holes) to the conduction
(valance) bands and the detection of luminescence caused by the radiative recombination of excess
carriers. Based on the excitation source, there are several luminescence spectroscopic techniques. In
this work we have used low temperature photoluminescence (LTPL), electroluminescence (EL),
cathodoluminescence (CL) and time resolved photoluminescence (TRPL). Therefore, the basic
principles and results based on these techniques will be discussed in details.

5.2.1 Low Temperature Photoluminescence (LTPL)
Low temperature photoluminescence (LTPL) is one of the most established techniques for material
characterization. It is a simple, contactless, non-destructive technique and no special sample
preparation is required. A LTPL spectrum recorded from a sample contains information on the
excitonic bandgap of the material, different kinds and concentrations of impurities, energy levels
associated to them and their optical properties.
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Fig. 5-3 Schematic illustration of (a) different recombination mechanisms and (b) low temperature
photoluminescence experimental setup.
The sample, at very low temperature, is illuminated using a Laser light with above bandgap
energy i.e., ћω > Eg. Excess electrons and holes are created which recombine radiatively and produce
light. In addition to radiative recombination there also exist non-radiative recombination
mechanisms which are discussed in Sec 5.5. Radiative recombination may follow through several
processes (Fig. 5-3a) depending on the nature of the material, type of impurities and their
concentration.
In direct bandgap materials direct recombination of electrons and holes is possible therefore,
radiative recombination mechanisms are dominant. In the case of indirect bandgap materials
recombination of electron hole pairs is only possible through the assistance of momentum
conserving phonon, therefore, non-radiative recombination mechanism are dominant.
Band-to-band transition is given by:

E = hω = Ec

Ev +

h2K 2
2

 1
1 
 * + * 
m
m
h 
 e

(1)

where EC,, EV are the energies of the conduction and valence band edges respectively, while me* and
mh* are the effective masses of electron and hole respectively.
Soon after generation, free electrons and holes, bound together in the form of electron-hole
pairs by their coulomb interaction and behave like a single quasi-particle called free exciton (FE).
There are two types of FE i.e. Frenkel excitons (localized on single atom but still mobile) and
Wannier excitons (large radius covering many unit cells and can move freely in the lattice). Only
Wannier excitons are considered in semiconductors. The FE transition is important in LTPL and is
a typical indicator for the quality of the sample. In high purity material free exciton transitions are
typically dominating. A FE can be described by a model similar to the hydrogen atom:
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where εs is the dielectric constant.
FE can also bind to the defect states produced by the donor and acceptor atoms and exists as
donor bond excitons (D-BE) and acceptor bound exciton (A-BE). High doping or shallow defect
levels can reduce the probability of FE recombination, because the free charges tend to screen out
the Coulomb interaction. The charge states produce by the donor (acceptor) are separated by the
conduction (valance) band by their ionization energies and can be estimated with the effective mass
approximation:
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The total transition energy is then given by:
E = hω = E g ( E D + E A ) +

e2
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where R is the distance between donor and acceptor atoms,

(4)

e2
is the coulomb interaction and
4 ̟ε o ε s R

1
K B T takes into account the thermal distribution of the carriers.
2
During this work LTPL has been employed as a routine to control the purity of the grown
material, to find the presence and identification of foreign polytype inclusions and to study the
optical properties of in-grown SFs and other epi-defects.
A typical PL setup used in this work is shown in Fig. 5-3b. Either 244 nm or the 351 nm line
of an Ar+ laser was used as excitation source. The luminescence was dispersed with a single
monochrometer and then detected with a highly sensitive liquid nitrogen cooled CCD camera. PL
spectrums were taken with sample in liquid helium bath at temperature below 2K. The cryostat is
capable to hold six 2” wafers at a time also, full wafer high resolution LTPL mapping with 20µm

Fig. 5-4 Photoluminescence spectrum taken at 2 K from a low doped 100 µm thick 4H-SiC epilayer.
The spectrum is dominated with near band edge emission which reflects the purity of the epilayer. A
very week peak related to d1 defect is also visible. The inset shows near band edge emission
spectrum where all the peaks are labeled with corresponding phonon replicas.
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horizontal and 40 µm vertical step can be performed. Temperature dependent PL measurements
were also performed in a separate cryostat when needed.
A typical PL spectrum taken from 4H-SiC 100 µm thick unintentionally n-type doped
(5 x 1013 cm-3) epilayer is shown in Fig. 5-4. The inset shows near bandgap emission spectrum taken
from the same sample where all the peaks are labeled. As discussed in Sec. 2.1, 4H-SiC has
equivalent number of hexagonal and cubic sites in unit cell and donor N2 atoms replace C atoms in
SiC therefore, there are two possible in-equivalent sites for N2 atom. The peaks Po and Qo are related
to no-phonon nitrogen bound exciton (N-BE) at hexagonal and cubic sites respectively while the
remaining Pn and Qn lines, appeared on the lower energy side, are related phonon replicas. The
subscript n shows the energy of the phonon involved in recombination process. FE recombinations
assisted with the phonons are shown as In where the subscript n represents the energy of the
phonon involved in recombination process.
There are 24 phonons in 4H-SiC, 12 with polarization parallel and 12 with polarization
perpendicular to the c-axis. Since SiC is an indirect bandgap material, carrier recombination process
must be assisted with a phonon to conserve the momentum. The reason for the appearance of nophonon N-BE is due to the fact that the impurity sites act as momentum conserving center and
takes the excess momentum itself. In near bandgap region emission spectrum we can also observe
that the Qo line is more intense compared to Po line even though the number of hexagonal and cubic
sites are equivalent in 4H crystal. On the other hand the phonon replicas of P are more abundant
and intense compared to the phonon replicas of Q. This can be explained on the basis that the
excitons bound with the shallower N atom at hexagonal sites rather weakly compared to relatively
deeper cubic sites which results in weak Po line compared to Qo line.
Since the exciton bond more tightly at cubic site therefore, the probability of transferring the
excess momentum to the impurity atom is higher and hence a very few and less intense
luminescence is seen from Q related phonon replicas.
In p-type 4H epilayers Al is the shallowest acceptor. The acceptor bond exciton Al-BE and its
replicas show similar characteristics except for their appearance at different energies.
Peaks related to FE replicas are asymmetric (arising from the Maxwellian velocity distribution
[144]) while the peaks corresponding to bound exciton replicas are symmetric. The broadening of
the FE lines is based on local heating produced by the intense laser light.
The penetration depth of the laser light depends on its energy and on the purity of the
material. Low energy laser light can penetrate deeper in the material. Therefore, choosing
appropriate laser energy allows changing the probe depth and hence only a few layers close to the
surface < 1 µm or entire epilayer (up to > 100 µm thickness) can be analyzed. This was very
advantageous in studying the properties of material close to epi-substrate interface in the samples
with thick epilayers. LTPL measurements have also been useful in estimating the doping
concentration by the relative intensity of the N-BE no-phonon line and one of the FE lines in the
spectrum of the near bandgap emission spectrum [145]. In the case when both donors and acceptors
are present in the epilayer, luminescence intensity from no-phonon lines and their replicas is
suppressed and instead donor-acceptor pairs related broad emission is dominant in the spectrum.

5.2.2 Cathodoluminescence (CL)
Cathodoluminescence (CL) is based on the excitation of excess carriers with the help of high energy
electrons. The excited carriers will recombine right after their generation through radiative and nonradiative recombination mechanism. Radiative recombination processes are similar to as described
for the LTPL. CL is also a non-destructive and non-contact technique and no special preparation is
required for conducting samples. Due to radiative recombination of the excess carriers, though it is
an inefficient recombination mechanism due to the indirect bandgap of SiC, light is generated. The
information based on the detected light can be recorded as micrographs (CL microscopy) by
scanning the electron beam or as a spectrum by using a monochromator (CL spectroscopy). In the
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case of CL microscopy the light emitted from the selected area of the sample surface is directly
collected with a detector and displayed on the screen as a panchromatic image. Monochromatic
images can be obtained if the emitted light is passed through a monochromator where a diffraction
grating disperses the light which is collected with the detector. CL spectroscopy can be performed at
same time using a CCD camera attached to the monochrometer however, with low resolution.
CL microscopy has been very useful in imaging the electrically active structural defects in the
epilayers. A defect free region in the sample appears white (with radiative recombinations dominant)
in panchromatic images and if there are any electrically active defects they will appear black (with
non-radiative recombinations dominant).
In this study CL imaging has been used to study typical epi-defects like the carrot defects and
in-grown SFs. In panchromatic CL images the SFs appears black due to dominant non-radiative
recombination inside the defects. An example of a panchromatic image taken from a ~ 50 µm thick
epilayer is shown in Fig. 5-5 where two in-grown type SFs are visible. The CL setup used was an
SEM microscope with attached CL detector and a monochromator where the samples can be cooled
to a temperature below 10K using liquid helium.

Fig. 5-5 Panchromatic CL image taken 10 K from a ~ 50 µm thick epilayer, two SFs related
contrasts are visible.

5.2.3 Electroluminescence (EL)
In the case of electroluminescence (EL) excess electrons and holes are electrically injected in a pnjunction of a diode. The excess carrier concentration is directly related to the injected current
density. The radiative recombination of the excess carriers results in the glowing of the device
structure. To study the spatial extent of the EL, PiN diodes are made with a window in the top
contact to be able to collect the electroluminescence. If there are electrically active extended defects
in the device structure they will emit light of different intensity and wavelength which can be readily
detected using an optical microscope or the emitted light can be collected in a monochrometer and
corresponding luminescence spectrum can be obtained.
This technique has been employed to study the bipolar degradation phenomena in PiN diodes.
Besides the observation of increase in the forward voltage drop during constant forward current
injection, formation and expansion of SFs in the device active layer can be visualize at the same time
with the help of mounted optical microscope and images can be recorded with attached liquid
nitrogen cooled CCD camera. Due to low SFs energy in SiC, the BPDs split-up into two partial
dislocations bounding a narrow SF. During forward current injection one of the partial dislocations
(C-core) remains stationary while the other (Si-core) becomes mobile. The mobile partial dislocation
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appears brighter and the SF expansion is seen as the gliding of the mobile partial away from the
stationary partial in the slip plane, leaving behind a faulted region – a SF. In EL images the SFs
appear with triangular or rhombic shapes. An example of EL image taken form a PiN diode under
forward biased condition is given in Fig. 5-6 where the left image was taken 1 min after the forward
bias while the right image was taken 2 min after the forward bias. The comparison of the two images
shows the expansion of SFs which is evident from the glide of the brighter partial dislocation. With
the increasing size of the SFs the resistance of the device active layer increases due to enhanced
recombination through the fault and under constant current injection the forward voltage drop
starts to increase.

Fig. 5-6 Electroluminescence image of a PiN diode taken at (a) 1 min and (b) 2 min after the
applied forward bias.

5.2.4 Time Resolved Photoluminescence (minority carrier
lifetime)
The minority carrier lifetime, usually referred as carrier lifetime, is very important in semiconductor
materials where it serves as a very sensitive parameter for the purity of the material. A good control
over carrier lifetime is also crucial in bipolar high power and high frequency electronic devices. In
the case of high power devices such as PiN diodes longer carrier life time is required to reduce the
power loses during forward operation. In high frequency devices such as MESFET shorter carrier
lifetime is essential to reduce the power losses during switching operation, especially at higher power
levels.
Carrier lifetime, in general, is defined as the time taken by the free carriers to come back to
equilibrium position under zero applied field and is given by:
τ= −

∆n
∆n
=
d∆n
∆R
dt

(1)

where ∆n is the excess carrier concentration and ∆R is the recombination rate.
Free carriers can be generated in a semiconductor material through many ways as described in
Sec. 5.2. The recombination of the carriers can be followed either through ratiative or non-radiative
processes. In the case of direct bandgap materials a direct radiative band-to-band or free exciton
recombination is dominant which results in very short carrier lifetime (a few ns). In the case of indirect bandgap materials, indirect radiative recombination is done through the assistance of a
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momentum conserving phonon which slows down the recombination process and hence the carrier
lifetime is increased (usually several µs). Carrier lifetime is a function of the density of injected
carrier concentration compared to the doping density. Different recombination mechanisms are
dominant at different injection levels. At higher injection levels in highly doped materials Auger
recombination mechanism is dominant while at lower injection levels recombination through defects
and impurities, as described by Shockley-Read-Hall (SRH) theory, is dominant. Therefore, overall
carrier lifetime is given by:

1
1
1
1
=
+
+
τ
τ RAD
τ SRH
τ Auger

(2)

A schematic illustration of all three recombination mechanisms is given in Fig. 5-7. The radiative
recombination lifetime is given by:

τ RAD =

1
β ( p 0 + n 0 + ∆n )

(3)

where β is the radiative recombination coefficient and is a characteristic of the particular material. In
a direct bandgap material β = 10-10 cm3 s-1 while for indirect bandgap materials, where radiative
recombination is done through the assistance of momentum conserving phonon, β is typically two
order of magnitude smaller. For n-type material under low injection conditions this equation will
reduce to:
τ RAD =

1
, since po >> ∆ n
βp0

(4)

In the SRH recombination, also know as multiphonon recombination, electrons and holes
recombine via deep levels and the energy is released by the emission of multiple phonons. The
recombination lifetime is given by:

τ SRH =

τ p ( ∆n + n 0 + n i e

ET Ei
kT

) + τ n ( ∆n + p 0 + n i e

p 0 + n 0 + ∆n

Ei ET
kT

)

(5)

where n0 and p0 are the equilibrium carrier concentrations of electrons and holes, respectively. ET
and Ei are the trap energy level and the Fermi level for material, and ∆n the excess electron
concentration. The effective τp and τn are defined as:

Fig. 5-7 Schematic illustration of radiative (RAD), Shockley-Reed-Hall (SRH) and Auger
recombination mechanisms.
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τp =

1
σ p υ th N T

(6)

τn =

1
σ n υ th N T

(7)

where νth, NT, σp and σn denote thermal velocity, trap density and cross sections for hole and electron
capture by the trap, respectively. Therefore, SRH recombinations will be dominant in the presence
of deep levels close to the mid bandgap and affectively reduce the carrier lifetime.
Under high injection conditions the over all lifetime is given by:
τ hl = τ n + τ p

(8)

Auger recombination occurs predominantly at very high injections since three particles are
involved and the associated lifetime is given as:
τ AUG =

1
1
=
( C p + C n ) ∆n 2
γ∆ n 2

(9)

where Cp and Cn are the Auger coefficients.
Schematic illustration of the experimental setup used in this study is given in Fig. 5-7a. The
carrier lifetime measurements were performed optically at room temperature with the sample placed
on xy-table with a resolution of 1 µm. Temperature dependent carrier lifetime mapping of full wafer
was also performed [146] in the temperature range of 80 – 500 K using as small cryostats that can be
fixed on xy-table. Free carriers were created optically by laser excitation using a frequency tripled
diode pumped YAG-laser with emission at 355 nm. The photoluminescence decay from the
bandgap region was selected using interference filters and detected with a photomultiplier tube. The
measured signal was recorded and averaged using a digital oscilloscope. The time resolution of
system is 35 ns, and is limited by the pulse length of the laser. The PL intensity from the sample is
given by:

I = I 0e

−

t
τ

(10)

where τ is the carrier lifetime, t is the time and Io is incident intensity. After some simple
mathematical operations:

ln I = ln I 0 −

t
τ

(11)

this shows that the slope of the signal gives the carrier lifetime (Fig. 5-7b).
Mapping of full wafers were performed using a xy-translation table with a resolution of 200 – 500
µm (Fig. 5-7c). The quality of PVT grown bulk material is very low and therefore, the lifetime is very
low, usually below the detection limit of the experimental setup. The epilayers grown with HWCVD
system have better crystalline quality with less impurities but the extended defects in the substrate
usually replicate into the epilayer and influence the carrier lifetime in epilayers. The epilayer growth
conditions and susceptor design have also found to affect the lifetime. Also, an increase in the
carrier lifetime has been reported with the increasing thickness of the epilayer probably due to less
diffusion of the excess carriers into the bad quality substrate [147]. However in ~ 50 µm thick
epilayers, in general, a lifetime in the range of 0.4 – 1 µm has been observed.
Very high spatial resolution (20 – 40 µm) carrier lifetime mappings performed over selected
areas of the samples have been very useful to observe the influence on extended defects on the local
lifetime distribution. The lifetime is however limited by the carrier diffusion in SiC. The details of
lifetime variations related to the carrot defects, in-grown SFs, clusters of threading dislocations and
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Fig. 5-8 (a) Schematic illustration of TRPL mapping set-up (b) PL decay curve in logarithmic scale
and (c) carrier lifetime map of full 2” wafer with 200 µm step size.
individual dislocations are given in [148]. The results show that high resolution optically measured
lifetime mapping is a useful technique to characterize epitaxial layers. The influence of structural
defects on carrier lifetime along with simultaneous defect imaging inside the epilayer demonstrate
the capability of the technique for the detection of structural defects beneath the surface. Such
defects are typically not observed using standard optical characterization techniques. The
combination of optical carrier lifetime mapping and SWBXT has also been very useful to identify
the sources for the carrier lifetime reducing defects in the epilayers [148].

5.2.5 Fourier transform infrared reflectance spectroscopy (FTIR)
A good control and precise measurements of the epilayer thickness is crucial for the device structure
as well as to measure the growth rate and to control the variations in the growth rate on full wafer.
This is only possible through full wafer mapping of the epilayer thickness. Thickness measurements
performed on the cleaved sample gives only information along the cleaved edge, also the process is
destructive and is not suitable for the epilayers intend for the devices fabrication.
A non-destructive, contactless, quick and precise measurement of SiC epilayer thickness is
described in [149]. The technique is very simple and is based on Fourier transformed infrared
reflectance spectroscopy. The drift layer in high power SiC based electronic device is essentially
thick (~ 100 µm), n-type low doped (~ 1x 1015 cm-3) and is grown on a highly doped (1 x 1018 –
1 x 019 cm-3) n-type substrate. It has been shown that the difference in the doping concentration
cause a change in the frequency dependent dielectric function in the low doped epilayer and highly
doped substrate [150]. If the difference in the dielectric function is high enough; interference will
occur between the infrared waves reflected form the bottom and from the surface of the epilayer,
provided that the epilayer surface and epi-substrate interface is smooth. The interference fringes
observed at frequencies below reststrahlen band (< 700) (Fig. 5-9) are compared to the calculated
reflectance spectra (reference) and epilayer thickness is extracted. Alternatively, instead of using
actual spectra, interferograms can be used to calculate the thickness [149]. The measurement is
performed at room temperature where the whole wafer can be mapped for epilayer thickness. A
globar is used as the source of infrared light and room temperature deuterated triglycine sulfate
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detector with CsI windows and a CsI beamsplitter is used to measure the reflected signal in the
range of 220 – 4500 cm-1.
Along with the thickness measurements this technique has been routinely used to control the
growth rate variations in different parts of the susceptor as a result of change in the growth
parameters or due to change in the tilt of the wafer carrier plate.

Fig. 5-9 Reflectance spectra of a 43 µm thick n-type (~2 x 1015 cm-3) 4H-SiC epilayer grown on a
4H-SiC substrate (~3 x 1018 cm-3) [149].

5.3 Electrical techniques
5.3.1 C-V measurements
A quick and non-destructive measurement of doping type and concentration in the epilayers is
essential to calibrate the growth parameters for epitaxial growth of the device structure. Net donor
(Nd - Na) and acceptor concentrations (Na – Nd) in as-grown epilayers were measured through C-V
measurement using mercury probe station. C-V measurements are employed on rectifying metalsemiconductor Schottky contacts. Mercury is spread over the epilayer surface as temporary contacts
in the form of two disks, one with very small and other with large known diameters. The large disk
acts like ohmic contact while the small disk acts like Schottky contact. A reverse bias (a few volts,
depending on the expected doping concentration and depth to be probed) is applied across the two
contacts. A change in voltage affects the depletion width which is inversely proportional to the
capacitance. A relationship between the capacitance and net doping concentration (n-type in this
case) is given by [151]:
C=A

ε ⋅ ε0 ⋅ N d
kT 

2 V −

e 


(1)

where A is the diode area, ε the semiconductor dielectric constant ε0 is the permittivity in vacuum, V
is the applied reverse bias, k is the Boltzmann constant, T the temperature and e is the elementary
charge. For uniform depth doping, a plot of 1/C2 versus reverse bias V gives a straight line, the
slope of the line is proportional to the net carrier concentration (Fig. 5-10a).
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Fig. 5-10 (a) Plot of 1/C2 versus reverse bias V, measured from n-type epilayer. The slope of the line
is proportional with the net carrier concentration. (b) Doping depth profile measured by CV-mercury
probe station and secondary ion mass spectroscopy from 1 µm thick epilayer with n-type doping
concentration of 2 x 1016 cm-3. Both techniques show good correlation regarding doping
concentration and depth profile.
Doping depth profile can also be extracted using this technique and the depth that can be
probed depends on the applied reverse voltage and net doping concentration. The relationship
between the depletion width and capacitance is given by:
ε ⋅ ε0
(2)
W =A
C
It is not trivial to evaluate C-V measurements and extract doping profiles close to the interface of
low and high doped layers due to the spreading of the electric field. However, this technique gives a
relatively good approach towards optimizing the growth conditions. Secondary ion mass
spectroscopy (SIMS) is an alternative technique to more precisely measure the dopant atom
concentration. However this technique is more expensive and destructive. The SIMS measurements
were performed on several intentionally doped epilayers to confirm net doping concentration and
doping depth profile obtained by the mercury probe measurements. A very good agreement was
found between the two techniques (Fig. 5-10b) [99]. A small variation between C-V and SIMS data
could be due to the background level of the SIMS and/or the spreading of the electric field in
epilayer during C-V measurements.
When necessary, metal contacts were evaporated on the samples to perform C-V
measurements. For n-type samples Au, Ni or Al while for p-type samples Ti or Ni were used as
Schottky contacts. Ni was used as the back side ohmic contact to n-type substrate while Al or alloy
of Al and Ti was used as the back side ohmic contact for p-type substrate. The contacts were
annealed at ~1000 oC for 10 minutes to make them ohmic.

5.3.2 Deep level transient spectroscopy (DLTS)
Both intrinsic and extrinsic defect present in the semiconductors give rise to deep levels in the
forbidden energy bandgap. The deep levels may act as trapping or recombination centers for
electrons and holes and influence the carrier recombination phenomenon. Therefore, electrical
properties of such defects are of major importance. The concentration of deep levels is usually
orders of magnitudes lower than the shallow donors/acceptors levels in epitaxial layers. Therefore,
the Fermi energy level is controlled by the shallow donors/acceptors which make the detection of
deep levels more difficult. Deep level transient spectroscopy is a very sensitive technique [152] and
hence employed during this study to detect very small concentration of electrically active defects in
the n-type epilayers.
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DLTS measurements can be performed across a Schottky or pn-junction however, in this
study only Schottky junctions were used. The basic principle is very simple and is based on the
capacitance transients produced by the emission of electrons (holes) from the traps to the
conduction (valance) band (Fig. 5-11a). A short “filling pulse” is applied to a reverse biased junction
to fill up the deep states. It should not forward bias the junction, but only reduce the width of the
depletion region. The temperature of the diode is scanned from 80 K to 700 K with a very slow rate.
Each deep level emits carrier thermally at corresponding temperature and a plot between changes in
capacitance at each temperature produce the DLTS signal. Under thermal equilibrium the deep
states in the neutral region of the diode are occupied since the capture and emission rate from the
defects states is the same. After a reverse biased is applied, the depletion region extends further in
the semiconductor and the deep defect states start emitting captured carriers through thermal
excitation to the respective band exponentially. The emitted carriers are swept out of the depletion
region immediately and for a fixed reverse biased, cause exponential change in the capacitance due
to increase (decrease) of the positive space charge density in n-type (p-type) material. In n-type
material for electron traps, the change is capacitance is given by:
(1)
∆C ( t ) α exp (e n .t )
In p-type SiC material the acceptor states produced by Al and B are deeper and limits the
measureable energy range due to freezout of the free carriers. Also, low doped p-type layers required
for capacitance transient measurements are compensated by the residual nitrogen background
doping. An alternate and simple approach instead of applying voltage is the use of UV light to fill
the hole traps in the depletion region [153]. In this case the Schottky contacts are made
semitransparent to be able to inject light into the SiC layers. This technique is usually referred as
minority carrier transient spectroscopy (MCTS).
An example of a DLTS spectrum is given in Fig. 5-11b. The measurement was performed
using Schottky contact to a 100 µm thick epilayer. The temperature was scanned from 80 K to 700
K continuously and capacitance transients were recorded. Three negative peaks related to Ti, Z1/2
and EH6/7 were observed in this sample. In order to reach the mid bandgap of 4H-SiC higher
temperature measurements >700 K is needed. At higher temperatures the Schottky contacts get
anneal and start behaving more like ohmic contacts and therefore, limits the DLTS measurements to
a certain temperature range.

Fig. 5-11 (a) Energy diagram under zero and applied reverse bias (left) and corresponding
capacitance response (right) during DLTS measurement and (b) a typical DLTS spectrum taken
from 100 µm thick epilayer with gold Schottky contact. Peaks related to Z1/2 and EH6/7 are visible.
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5.4 Structural Techniques
5.4.1 X-ray Diffraction
High resolution X-ray diffraction (HRXRD) is a very powerful, non-destructive and versatile
technique for the investigation of crystallographic orientations and structural properties of crystalline
materials. The incident X-rays are elastically scattered from the periodically arranged atoms in the
crystal. Diffraction occurs when periodically arranged atoms scatters radiations coherently,
producing constructive interference at specific angles. Diffraction from different planes of atoms
produces a diffraction pattern, which contains information about the atomic arrangement within the
crystal. For parallel planes of atoms constructive interference only occurs when the Bragg’s law is
satisfied.
2dhkl SinθB = nλ

(1)

where dhkl is the spacing between the lattice planes with Miller indices (hkl), θB is the Bragg angle and
λ is the wavelength of incident X-rays. The spacing between diffracting planes of atoms determines
the peak positions.
X-ray diffraction is commonly described in reciprocal space where the reciprocal lattice is
r
r r
formed by the terminal points of reciprocal lattice vectors b1 , b 2 and b 3 corresponding to the
r r r
primitive lattice vectors a 1 , a 2 , a 3 and by:
r r
r
a j × ak
bi = 2 ̟ r r r
(2)
a1 .( a 2 × a 3 )
In reciprocal space the plane with Miller indices (hkl) is described by the reciprocal vector given by:
r
r
r
r
Ghkl = h .b1 + k .b 2 + l .b 3
(3)
The diffracted intensity from the plane (hkl) would be maximum when:
r r
Q = Ghkl
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Fig. 5-12 Schematic illustration of diffraction geometry. Bragg condition will meet when the
diffraction vector Q ends at a reciprocal lattice point.
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Q is the scattering vector and is defined as Q = k ′ − k where k and k ′ are the wave vectors of the
incident and diffracted waves as shown in Fig. 5-12a.
Thus in reciprocal space the diffraction plane is represented as a reciprocal lattice point and
the diffraction geometry defined by the incident and by the detection angles is represented by the
scattering vector. When the scattering vector ends at a reciprocal lattice point (hkl) the exact Bragg
condition is satisfied. Scattered X-ray intensity around a reciprocal lattice point is strongly influenced
by the structural properties of crystalline material. The variation of incident and detection angles
allows scanning scattered intensity around the reciprocal lattice point. Depending on the required
information the analysis of one- (ω - 2θ scan) or two-dimensional projections (ω scans) of the
intensity distribution around reciprocal lattice points is performed.
In this work, a Phillips XPert materials research diffractometer was used with a Cu anode
emitting the Kα radiation with a wavelength of λ = 1.54 Å. X-ray beam produced by the X-ray beam
is divergent and contain multiple characteristic wavelengths therefore, incident-beam optics are used
to refocus the X-ray path and remove the additional wavelengths. A triple axis monochrometer was
used just before the detector to further enhance the resolution. The main purpose of HRXRD was
to analyze the crystalline quality of the epilayers and to identify the presence of other polytypes in
4H epilayers grown on nominally on-axis substrates. An example of 2θ – ω scan taken from 100 µm
thick epilayer grown on nominally on-axis Si-face substrate is given in Fig. 5-12b. Along with a sharp
peak corresponding to the 4H a peak corresponding to the 3C inclusion is also visible.

5.4.2 X-Ray topography
X-ray topography is a very powerful non-destructive technique for imaging the defects and strain
fields in relatively high quality crystalline materials through x-ray diffraction [155-160]. Both,
laboratory X-ray tube or synchrotron white beam can be used as a source of X-rays. The major
advantage of synchrotron white beam X-rays is high intensity and a high degree of collimation.
Charged particles (electron or positron) travelling with relativistic speed in a storage ring are bend
with the help of bending magnets, wigglers or undulators which results in the emission of highly
intensity, continuous X-rays. When using laboratory X-ray tube the sample is illuminated by a
collimated X-ray beam at certain angle and the beam diffracted with a certain diffraction vector is
collected on a high-resolution photographic film. The whole wafer can be scanned for a certain
diffraction vector but it may take several hours due to the low intensity of X-rays. In the case of
synchrotron radiations all possible reflections can be collected on photographic film during a single
exposure also, the exposure time is just a few seconds.

Fig. 5-13 Schematic illustration of SWBXT in back reflection geometry.
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Topographic images can be taken in transmission (Laue geometry) or reflection (Bragg
geometry) mode (Fig. 5-13). In transmission mode the defects in the bulk material can be imaged
while in reflection mode only information close to the surface (typically 1-100 µm) is obtained. Also
transmission mode topographic image quality is highly sensitive to the surface roughness, especially
the surface where X-rays leave the crystal. The penetration depth of X-rays depends on the incident
angle and purity of the material. The image from a perfect crystal is usually completely
homogeneous. Defects and strain fields result in lattice deformation in the crystal and in
topographic images, due to variations in diffracted intensity, appeared with different contrast from
the matrix. There are two different kinds of contrast that can be identified in topographic image:
orientation contrast and extinction contrast.
Orientation contrast is based on Brag law and arise when a part of crystal crystallographically
perfect but misoriented large enough (e.g., subgrains) with respect to the rest of the crystal so that
the Brag condition does not fulfill and therefore no diffraction from this part of the crystal. On
photographic film the defect will appear white against the matrix image.
Extinction contrast arises from the scattering power (integrated reflectivity) of
crystallographically imperfect regions of the crystal. Since the scattering power of imperfect regions
(e.g., strain around dislocations) is greater than that from the surrounding perfect crystal matrix
therefore, the diffracted X-ray intensity will be higher as well and on photographic film the defect
will appear black against the matrix image. The extinction contrast is further divided into two
categories governed by the kinematical and dynamical theories of X-ray diffraction. In kinematical
diffraction scattering from each atomic site is considered as independent while in dynamical
diffraction interaction between incident and diffracted waves within the crystal is also taken into
account. Therefore, dynamical contrast is observed only in very high quality thick crystals and all
kind of structural defects can be imaged. Kinematic diffraction is usually observed in comparatively
low quality thin crystals and arises only from dislocations.
A dislocation is characterized by the dislocation line and Burger vector. The stress field
around a dislocation is rather extended and gives rise to contrast in topographic image. In back
reflection topographic images taken from (0001) plane the micropipes, TSDs and TEDs appeared as
large medium and small white dots while the BPDs appeared in the form of curves. Image

Fig. 5-14 SWBXT image taken in back reflection form a 10 µm thick epilayer grown on 4o off-cut
4H-SiC substrate. The contrast related to TSD, BPD, micropipe and 3C inclusion are pointed
with arrows.
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extinction rule can be used to get information on the Burger vector and hence dislocation type. A
screw dislocation will disappear in topographic image with g . b = 0 while an edge dislocation will
not appear in topographic image with g . (b x l) = 0 where g, b and l are the diffraction vector, Burger
vector and dislocation line respectively. Therefore, through the comparison of topographic images,
taken from the same area of the sample, with different diffraction vector a dislocation can be
precisely described [135, 140]. An example of a SWBXT image taken in back reflection form a 10
µm thick epilayer grown on 4o off-cut 4H-SiC substrate is given in Fig. 5-14. The contrast related to
TSD, BPD, micropipe and 3C inclusion are pointed with arrows. In this study the defects observed
in the epilayer were dislocations, micropipes, SFs, the carrot defects and foreign polytype inclusions.
The major advantage of x-ray topography over other structural techniques like transmission
electron microscopy (TEM) is that no special sample preparation is required and much larger areas
can be imaged. Also, defects from micrometer to centimeter size can be imaged.

5.4.3 KOH Etching
Defect selective etching has been widely employed to characterize the structural defects in
semiconductor materials. It is a very quick and simple but destructive method to get information on
structural defects in crystalline material. Due to anisotropic etching behavior, the etching of a single
crystal follows certain crystallographic directions around the defects. Therefore, well described shape
and density of etch pits give the type and concentration of certain defects in the material. Among
several other etchants [161-164] KOH is best suited for etching SiC. Besides revealing the defects on
the surface, KOH etching of the substrates prior to the epitaxial growth has also shown pronounce
affect on BPDs conversion into TEDs in epilayer during the epitaxial growth.
Etching was performed in molten KOH at 500 oC in air ambient for different time intervals
(3-20 minutes) depending on the doping concentration and requirements. SiC {0 0 0 1} surfaces
show very strong surface polarity dependence. On the Si-face defects etched preferentially probably
due to higher surface energy as compared to the C-face while the C-face etches more isotropically.
After etching the micropipes, TSDs and TEDs intersecting the sample surface open up in the form
of hexagonal shaped large, medium and small etch pits respectively while the BPDs, due to small
angle of dislocation line with the surface, appeared in the form of shell like pits (Fig. 5-15). The etch

Fig. 5-15 Optical image taken from a 10 µm thick epilayer after etching in molten KOH at 500 oC
for 5 minutes. TSD, TED and BPD related etch pits are pointed with arrows.
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rate depends on the temperature and etching time therefore, the diameter of dislocations related
etch pits was found to be larger for longer etching at higher temperature. Micropipes usually etch
very deep compared to elementary dislocations. Basal plane SFs in as-grown epilayers, after etching,
usually appear as long groves extending perpendicular to the step-flow direction along with a BPD
related etch pit at each end of the grove.
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Chapter 6

6 Epitaxial growth on nominally onaxis substrates
Polytype instability in SiC epilayers, grown on nearly on-axis SiC substrates lead to the use of off-cut
substrates in mid 80’s. A small off-cut in the substrate results in higher density of surface steps and
the epitaxial growth on such vicinal surfaces is governed by the step-flow growth mode [76] where
the substrate polytype information transfers to the growing epilayer. This approach has been very
successful over several years and epilayers with single polytype and very smooth surfaces have been
produced. It has been only possible to realize the real potential of SiC as a material for high power
devices after the establishment of the epitaxial growth on vicinal surfaces followed by the step-flow
growth. Thick layers, over 100 µm with very high crystalline quality, better doping and thickness
uniformities have been produced. Devices fabricated showed promising results and unipolar devices
like Schottky diodes are commercially now available [3-4]. A major problem was confronted in the
form of the bipolar degradation in high power PiN diodes during forward current injection [15].
Expansion of the SFs [16], mainly originated from BPDs, in the device active region is believed to
be the main source of the degradation phenomena [17]. During the epitaxial growth on off-cut
substrates, basal plane dislocations (BPDs) already present in the substrate easily penetrate into the
epilayer. Due to energy reasons dislocations split into partial dislocations bounding a narrow SF.
During forward current injection the SFs easily expand in the basal plane, due to the energy librated
from non-radiative electron-hole recombinations. This increases the resistance of the active device
region and hence forward voltage degradation. Therefore, the elimination of BPDs from the epilayer
is of primary importance to realize the potential of SiC in high power bipolar applications.
BPDs replication into the epilayer can be avoided through the growth on nominally on-axis
substrates. Several attempts have been made in this regard [165-168] but only growth on C-face
samples reproduced 100% substrate polytype in the epilayer [169]. The homoepitaxial growth on
nominally on-axis Si-face substrates has been a difficult task, mainly due to the simultaneous random
formation of 3C inclusions along with the host polytype [170]. An example of a 100 µm thick
epilayer grown on a nominally on-axis Si-face 2-inch 4H-SiC substrate is given in (Fig. 6-1a) where
the epilayer was grown using the standard growth procedure. The UV polytype image was taken
after illumination of the full wafer with defocused UV laser in a liquid nitrogen bath where the black
areas correspond to 3C-inclusions while the remaining areas are 4H polytype [35]. High resolution
SWBXT performed in such layers showed high density of BPDs surrounding the 3C inclusions (Fig.
6-1b).
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Fig. 6-1 (a) UV polytype image, taken from a 100 µm thick epilayer grown on nominally on-axis Siface 2-inch 4H-SiC substrate, after illumination with defocused UV laser in a liquid nitrogen bath.
The black areas correspond to 3C-inclusions while the remaining areas are 4H. (b) SWBXT image
taken in back reflection, 3C inclusion surrounded with high density of BPDs is visible.
Our early investigations showed that the extended defects in the substrate like clusters of
threading screw dislocations (TSDs), micropipes and small angle grain boundaries do not give rise to
the formation of 3C inclusions in epilayer [35]. Such defects, especially TSDs, were instead found to
enhance the polytype stability in the epilayer. Surface irregularities and polishing related damages
were found to be the preferential sites for the nucleation of 3C inclusions [35]. Therefore, it was
concluded that the homogeneous and damages free surface is the first requirement towards
homoepitaxial growth on nominally on-axis Si-face samples.

6.1 Surface preparation
As received epi-ready substrates are known to have polishing related damages. Tapping mode AFM
performed on several samples showed polishing related damages in the form of shallow/deep pits
and scratches on the surface (Fig. 6-2)
In order to remove such sub-surface damages, in-situ etching is generally performed at high

Fig. 6-2 (a) Tapping mode AFM image taken from as received substrate surface. Polishing related
pits and scratches are visible.
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Fig. 6-3 (a) Optical image taken from a C-face sample after in-situ etching under Si-rich
conditions and (b) tapping mode AFM image (20 x 20) µm2, the surface is covered with microsteps with height 2.5 Å.
temperature under heavy flow of hydrogen prior to the epitaxial growth. In-situ etching has shown a
positive influence on the surface morphology of as-grown epilayer with reduced number of epidefects. Most of the studies on in-situ etching, reported in the literature, have been conducted on
off-cut substrates in pure hydrogen or in a mixture of hydrogen and propane. In-situ etching
performed in a mixture of hydrogen and propane, prior to epitaxial growth on nominally on-axis
samples did not help to avoid 3C inclusions (Fig. 6-1a). Therefore, it was crucial to see how the
nominally on-axis surface looks like right after the in-situ etching. In this study, we have performed
in-situ etching under, pure hydrogen ambient, Si-rich (H2 + SiH4) conditions and C-rich conditions
(H2 + C3H8) on both Si- and C-face samples under the same temperature and pressure for the same
time interval [35]. The comparison of the surfaces was made using optical microscopy and tapping
mode AFM.
The etching under all conditions, on both Si- and C-face samples, effectively removed the polishing
related damages while the surface step structure and defect’s preferential etching were different.
Since the C-face samples showed similar surface morphologies after etching under all
conditions, only the sample etched under Si-rich conditions is given as an example. The surfaces
appeared without any visible defects related preferential etching or step-bunching, under optical
microscope (Fig. 6-3a). In addition, uniform micro-step (step with height equal to less or than unit
cell height) structure with step height of 2.5 Å (height of one bilayer) was observed on the entire
sample surface Fig. 6-3b.

Fig. 6-4 Optical image taken from Si-face sample after etching in (a) pure hydrogen (b) C-rich and
(c) Si-rich conditions. Macro-step structure, along with defects selective etching related pits are
visible. The macro-step structure is more uniform after etching in Si-rich conditions (c).
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Fig. 6-5 Tapping mode AFM images taken from a Si-face sample after etching in Si-rich conditions
(a) 80 x 80 µm2 area scan, TSDs related etch pits and micro-steps are visible, the inset is a
12 x 12 µm2 area scan taken around the center of the etch pit and (b) 100 x 100 µm2 area scan
showing macro-steps, the inset is a 10 x 10 µm2 area scan, 1 nm height micro-steps spread over the
wide terraces away from the core of TSD are visible.
A comparison of Si-face samples surfaces was made after the etching in pure hydrogen, Crich and Si-rich conditions (Fig. 6-4a-c, respectively). The surfaces showed heavy step-bunching and
defects preferential etching under all etching conditions however, the macro-step (steps with height
more than unit cell along the c-axis) structure and homogeneity were different. The etching under
pure hydrogen ambient resulted in irregular, zig-zag macro-step structure on the surface compared
to the etching under C- and Si-rich conditions. C-rich conditions revealed irregular and non-linear
macro-step structure with the highest surface roughness. Si-rich conditions on the other hand
showed the lowest surface roughness with a periodic, linear and more uniform macro-step structure
on the surface, though step-bunched. Different distinguished sources were identified for macro- and
micro-steps on the surfaces; small tilt in the surface primarily due to the fact that it is practically not
possible to get perfectly on-axis surface and the local tilt in the basal plane due to high temperature
bulk growth of the substrate. This gave rise to macro-steps on the surface. TSDs extending along
the c-axis and intersecting the surface are the main source of micro-step structure on the surface.
The etching can be considered as a negative growth. The steps on the surface act as preferential sites
for the adatoms and the growth occurs by the lateral advancement of these steps. In the case of
etching, where the supersaturation over the wafer surface is much less than 1, the evaporation rate is
much higher. The steps related to TSDs unwound, resulting in etch pits on the surface at the core of
dislocation (Fig. 6-5a). This phenomenon left the surface covered with micro-steps with the density
depending on the etching time and TSDs density.
The etching under Si- and C-rich conditions resulted in a surface covered with micro-steps
with step height varying from 2 – 4 bilayers i.e., 0.5 – 1 nm (Fig. 6-5b). After etching in C-rich
conditions the steps were more bunched which resulted in a non-uniform step structure and high
surface roughness while for the Si-rich conditions, less step-bunching was observed on the surface
which resulted into a more uniform step structure and hence a low surface roughness. In addition,
the micro-step height was always 1 nm.
Si-droplets were expected on the surface after in-situ etching especially, after Si-rich
conditions but were not observed on Si- or C-face sample under any etching conditions. This could
be attributed to the low step density on the surface of on-axis substrates. Low step density may lead
to low evaporation rate and hence no over/under pressure of Si/C containing species in the gas
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phase over the sample surface. The stoichiometric condition is maintained and hence no Si-droplets
are formed on the surface.
These results indicate that the in-situ etching under Si-rich conditions is better to use prior
the epitaxial growth on nominally on-axis substrates. Also, the Si-rich conditions during the growth
may also be helpful to keep the surface less step-bunched and uniform flow of the micro-steps
originated from TSDs.

6.2 Growth conditions
The growth parameters, especially at the beginning of the growth, play a very important role in the
homoepitaxial growth on nominally on-axis substrates. Most of the defects including 3C inclusions
nucleate at the substrate-epi interface and continue to grow in the epilayer during further growth.
Apart from significant change in the growth pressure and temperature, any abrupt change in the gas
phase, at the beginning of the growth, may result in the formation of such defects. Therefore, after
in-situ etching it is important to change the growth mode from negative growth (etching) to positive
growth very slowly and gradually. A very low supersaturation at the beginning of the growth avoids
the 2D nucleation of 3C-SiC on wide terraces and the polytype of the substrate replicates into
epilayer through preferential growth at the steps produced by TSDs.
The growth was performed at a growth temperature of 1620 – 1650 oC and pressure of
200 mbar. The growth started with a very low concentration of the precursors at the inlet of the
susceptor. After the substrate is covered with a few hundred nm of high purity homoepitaxial layers,
during precursors ramp-up under slightly Si-rich conditions, stable growth was continued using a
higher growth rate with C/Si ratio 1. To obtain a stable growth rate of 3µm/h, the flow rate of the
precursors was gradually increased during 20 minutes to avoid any abrupt change in the gas phase.

6.3 Growth mechanism
In CVD system, the growth mechanism depends to a large extent on the surface structure of the
substrate. In the case of off-cut substrate the surface is covered with high density of steps, therefore
the growth is followed by the step-flow growth mechanism. In the case of ideally on-axis surface,
the only steps available on the surface are related to TSDs. The epitaxial growth on such surface is
dominated by the spiral growth mechanism, under low supersaturation conditions. On the other
hand, in the case of nominally on-axis substrate the situation could be entirely different. Since it is
not possible to get absolutely on-axis surface, when slicing a boule crystal, there is always a small tilt.
In the case of SiC substrates, the bending of the lattice planes in the wafer due to high temperature
bulk growth process may also gives rise to local variations of the surface off-orientation. Therefore,
on the same wafer we may have local areas with the surface orientation close to perfectly on-axis
and local areas with the surface orientation with a small off-cut. From our HRXRD measurements
of the wafers used in this study, we have observed a small variation in the off-cut angle of ± 0.08o.
Three different kinds of surface morphologies could be identified in almost all epilayers grown
on nominally on-axis Si-face substrates. An example of a 10 µm thick epilayer with 100 % 4H
polytype is given in Fig. 6-6 (top) where three distinct surface morphologies are marked with letters
a – c. The corresponding high magnification optical images are also shown in Fig. 6-6a-c. The
domination of the spiral growth mode in the area ‘a’ and ‘c’ indicates that the local surface is close to
perfectly on-axis, while in area ‘b’ the domination of step-flow growth mode indicates a small local
tilt in the surface. The growth columns are originated from elementary TSDs and the top of each
column is found to be covered with a spiral composed of unit cell height steps (insets in Fig. 6-6a
and c).The well defined columnar growth in the area ‘c’ is probably due to the low dislocation
density in this area compared to the area ‘a’. Also, the surface roughness, as measured with AFM in
tapping mode, is higher in the area ‘c’ (~ 40 nm for 100x100 µm2 area) as compared to the area ‘a’
(~ 4 nm for 100x100 µm2 area). The nearby interacting spirals meet each other perfectly and no
defect or foreign
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Fig. 6-6 (Top) optical image taken from a 10 µm thick epilayer with 100 % 4H polytype. High
magnification small images are stitched together to get an over view of whole sample. Areas with
different surface morphologies are marked with letters a – c. (Bottom) the high magnification optical
images taken from these areas are given in (a), (b) and (c), respectively. The high magnification AFM
images are shown in the insets.
polytype inclusions were found at the interfaces. The high magnification image taken from the area
‘b’ (Fig. 6-6b) shows the surface covered with macro-steps which is probably due to the relatively
large but still small tilt in the local surface and therefore, step-flow growth is dominant in this area.
Step-bunching is a well known phenomenon on Si-face samples that is attributed to the high surface
energy. The high surface energy is lowered through decreasing the surface area in the form of stepbunching. In area ‘b’ the surface is step-bunched however, the surface between two macro-steps is
covered with micro-steps of unit cell height (inset in Fig. 6-6b).
The in-situ etching under Si-rich conditions produce a uniform macro-step structure on the
surface. TSDs open up in the form of shallow pits, covered with micro-steps of unit cell height in
the spiral geometry. TSDs related spirals expand with the etching time and eventually cover the
entire sample surface with micro-steps. At the beginning of the growth, under very low
supersaturation, these micro-steps act as sink for the adatoms and the growth is started through the
spiral growth mode. During further growth the micro-steps on the terraces advance towards the
edges of the macro-steps where a similar process on the lower terraces of the macro-steps result in
the lateral advancement of the macro-steps, and in this way the growth mode switches from the
spiral growth mode to the step-flow growth mode.

6.4 Properties of epilayers
Epilayers with thicknesses up to 40 µm were grown on nominally on-axis Si-face 4H-SiC substrates.
Either small pieces or full 2-inch wafers were used as substrates. In-situ etching was performed
under Si-rich conditions prior the growth. The growth was made under the conditions described in
the previous sections. The substrate polytype was completely replicated into the epilayers, seen from

59

Fig. 6-7 (a) PL image taken under UV illumination at 77K from a full 2” wafer with 40 µm thick
epilayer and (b) PL spectrum taken at 2K at close to the center of the wafer, the inset shows the
characteristic near bandgap emission spectrum.
UV polytype imaging (Fig. 6-7a) [37]. No sign of 3C-SiC inclusions related black areas is seen in the
whole wafer including the edges. LTPL mapping, performed on the entire wafer with a lateral step
of 100 µm, showed only 4H-SiC related spectra dominated with the near band edge emission (Fig. 67b). An optical image taken from the middle of the wafer (Fig. 6-8a) shows heavy step-bunching on
the surface. A comparison of epilayers with different thickness, based on AFM analysis, showed that
the surface roughness is increasing with increasing thickness of the epilayer. The macro-step height
could reach over 100 nm for 40 µm thick epilayer without giving rise to the nucleation of 3C
inclusions. The growth spirals can still be observed around TSDs core Fig. 6-8b and also, the area
between two macro-steps is found to be covered with micro-steps originated from TSDs. Therefore,
TSDs act as a continuous source of micro-steps on the surface and under appropriate conditions the
growth can be continued without affecting the polytype stability.
One of the main reasons for growing homoepitaxial layers on on-axis substrate was to
eliminate the BPDs propagation from the substrate into the epilayer. Optical images taken from the
KOH etched surface do not show any BPD related etch pits on the surface Fig. 6-8c. The on-axis
epitaxial growth will naturally avoid the propagation of basal plane dislocations from the substrate,
but dislocations can also be introduced during epitaxial growth but are not observed on the surface.
The surface morphology and polytype stability of the epilayer remains uneffected for both n- and ptype doping over a large range (1015 – 1019 cm-3). Stacking faults (SF) often appear in the epilayers
grown on off-cut substrates and give a clear contrast in CL images. In the case of epilayers grown on

Fig. 6-8 (a) Optical image taken at the middle of the wafer (b) a (50x50) µm2 AFM scan taken
from the area marked in (a) and (c) optical image after KOH etching of the epilayer.
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nominally on-axis substrates, we did not observe any SFs related contrast in the CL analysis. Also,
we did not observe any other typical epi-defects like triangular defects, half moon, carrots or growth
related pits. This could be attributed to either i) the defects in the basal plane cannot replicate into
the epilayer ii) a starting surface with less sub-surface damages and iii) better starting growth
conditions. Apart from the absence of the epi-defects, the step-bunched surface in combination with
growth hillocks gives a higher surface roughness compared to the epilayers grown on the off-cut
substrates.

6.5 Electrical properties of PiN diodes
A complete PiN structure was grown during non-interrupted growth run using a 2” Si-face on-axis
4H-SiC substrate [37]. The material was processed to obtain mesa etched diodes but without any
passivation. The top contacts of the diodes were made with windows in the metal to be able to
observe the electroluminescence during forward injection. The diodes showed bipolar modulation at
relatively high forward voltage (Fig. 6-9a). This is partly due to the high resistivity of the on-axis
substrate, and possibly due to a too low p++ doping in the epitaxial contact layer. The diodes were
tested by a DC forward current injection of 120 A/cm2 during 35 minutes (Fig. 6-9b). The
measurements were performed on-wafer using a single probe. During the test the
electroluminescence images from the diodes were continuously recoded with a CCD camera to be
able to correlate any change in forward voltage drop with a change in the electroluminescence
images. Most of the diodes exhibited a very stable forward voltage drop where the observed
variations most likely are related to the temperature variations or changes of the contact properties
during the measurement time.

Fig. 6-9 (a) IV-characteristics of a PiN diode grown on nominally on-axis Si-face substrate and
(b) forward voltage, at a constant current level, as a function of time.
More than 70 % of the diodes exhibited a change in the forward voltage of less than 0.1 V
and no change in the electroluminescence image was observed that could be related to the
expansion of stacking faults in these diodes. For some other diodes we did observe a drastic increase
of the forward voltage drop, as shown in (Fig. 6-10a), mainly occurred due to the breakdown or
destruction of the contact. In some cases when this happen we could also observe expanding faults
that rapidly covered the entire diode area, seen in (Fig. 6-10b). From the sudden appearance and the
high density of these SFs we believe that they are expanding in the basal plane just below the top
layer, and are created by the contact breakdown.
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Fig. 6-10 (a) Example of increased forward voltage drop related to a contact breakdown (b) and
electroluminescence image of a diode with a drastic increase of the forward voltage drop showing
the expansion of stacking faults.
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Chapter 7

7 Summary of the papers
Paper 1
This paper describes the epitaxial growth on nominally on-axis Si-face 4H-SiC substrates using
standard growth parameters. Random formation and distribution of 3C inclusions were observed on
the entire wafer with however, higher density at the peripheries. HRXRD showed high crystalline
quality of both 4H and 3C parts whereas SWBXT showed high density of BPDs at the interface of
the two polytypes. The cross-sectional optical imaging at the nucleation sites of the 3C-inclusion as
well as the back polishing of the epilayers followed by the optical imaging showed that most of the
3C inclusions were nucleated close to the epi-substrate interface, at the beginning of the growth.
Also, once nucleated, the 3C inclusions expanded very fast in the lateral directions and hence
covered a large area of the epilayer. Furthermore, in order to see the effect of micropipes and high
dislocation densities, epitaxial growth was performed on KOH etched wafers. Optical mapping of
the surface, performed before and after the epilayer growth showed that micropipes and high
dislocation densities do not give rise to 3C inclusions but instead the substrate surface damages
related to the polishing were proposed as the nucleation sites for 3C inclusions.

Paper 2
AFM studies performed on as-received nominally on-axis 4H-SiC substrates showed polishing
related damages on the surface. In order to improve the starting substrate surface, in-situ etching
was performed under pure hydrogen, C-rich and Si-rich conditions on both Si- and C-face samples.
The comparison of the surfaces was made using optical microscopy and AFM. Polishing related
damages were found to be removed under each condition on both faces. The C-face samples
showed similar step structure with one bilayers height after etching under each etching condition.
The Si-face samples, after etching under each condition showed heavy surface step bunching also,
defect selective etch pits were formed around TSDs and micropipes. However, after etching under
Si-rich conditions the surface macro-step structure was more uniform which resulted in the lowest
surface roughness. TSDs revealed in the shape of shallow etch pits covered with micro-steps of
1 nm height in the spiral geometry. The entire sample surface was found to be covered with the
micro-steps originated from TSDs. The uniform macro-step structure with lowest surface roughness
indicates that Si-rich conditions could be useful to prepare the surface during in-situ etching prior to
the growth on nominally on-axis Si-face substrates.
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Paper 3
Epitaxial growth was performed on nominally on-axis Si-face 4H-SiC substrates. In-situ etching was
performed under Si-rich conditions prior the epitaxial growth. Low surface roughness with small
macro-step height obtained during the in-situ etching under Si-rich conditions showed that the
surface energy is somehow lowered on the Si-face samples under Si-rich conditions. Therefore, the
starting growth parameters were improved through starting the growth under low C/Si ratio and
very low supersaturation. The supersaturation was increased gradually to reach a stable growth rate
also, the C/Si ratio was increased to 1. The growth was performed at relatively higher growth rate of
1620 – 1650 oC. Epilayers grown under these conditions did not show any sign of 3C inclusions
even at the peripheries of the epilayer and 100 % 4H polytype was obtained in the epilayers grown
on full 2” diameter wafer. The epilayers were found to be of high quality and free of typical epidefects like the carrot defects and in-grown SFs except for the growth hillocks surface stepbunching. Both n- and p- type doping in the range of 1 x 1015 – 1019 cm-3 did not disturbe the
polytype stability in the epilayer. Also, KOH etching of the epilayers did not show BPDs related
etch pits on the surface.

Paper 4
Complete PiN structure was grown on nominally on-axis Si-face 2” diameter 4H-SiC substrate
during a single growth run with 100 % 4H polytype in the epilayer. The structure was processed to
obtain mesa etched diodes but without any passivation. The diodes were tested by a DC forward
current injection of 120 A/cm2 during 35 minutes. Most of the diodes exhibited a very stable
forward voltage drop where the observed variations most likely are related to the temperature
variations or changes of the contact properties during the measurement time. More than 70 % of the
diodes exhibited a change in the forward voltage of less than 0.1 V and no change in the
electroluminescence image that could be related to the expansion of SFs was observed for these
diodes. For some other diodes a drastic increase of the forward voltage drop was observed, mainly
occurred due to the breakdown or destruction of the contact. In some cases when this happen,
formation and rapid expansion of SFs were observed. Such SFs are believed to be expanding in the
basal plane just below the top layer, and are created by the contact breakdown.

Paper 5
The epitaxial growth process stability during the growth of thick n- and p-type epilayers has been
studied in HWCVD system. Both n-type and p-type epilayers with thicknesses of ~ 110 µm were
grown on 8o off-cut substrates during separate but single growth runs. The residual background
doping in n-type layers was ~ 5 x 1013 cm-3 while the intentional doping in p-type layers was ~ 1 x
1015 cm-3. Rectangular 1 cm wide strips were cut from the middle of the wafers and epilayers were
polished inclined with a thickness of ~ 20 µm on one side and ~ 110 µm on the other side.
Electrical and optical studies of the inclined polished epilayers showed that the growth process has
been quite stable during the 28 hour continuous growth run. However, residual nitrogen
background doping decreases during the long growth runs. DLTS measurements performed along
the length of the stripe did not show significant change in the concentration of Z1/2 and EH6/7
defects. On the other hand a considerable increase in the Ti concentration was observed with the
increasing thickness of the epilayer. This was mainly due to the ageing factor of the susceptor.

Paper 6
Structural and optical properties of a number of carrot defects have been studied in several different
epilayers. The surface appearance and the structure of the defects were observed to be different and
are found to be related to their origin. The back polishing in steps of a few microns followed by
KOH etching and optical imaging revealed the detailed structure of the defect in the epilayer and its
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relation to the extended defects in the substrate. The structure of the defect was found to be
consists of interconnected fault in the basal plane and a fault in the prismatic plane. Most of the
carrot defects are formed at the epi-substrate interface while a few during the growth. The carrot
defects were found to be originated from BPDs or TSDs in the substrate. In some cases TSD first
converted into a Frank type fault in the basal plane which then converted into a carrot structure
during the growth. The carrot defect formation through interaction of BPD with TSD was not
observed due to the fact that the BPD motion is not linear in the substrate. Substrate surface
damages may also give rise to spontaneous generation of the carrot defect at the epi-substrate
interface. The dislocation slip bands in the substrate are also found to enhance the formation of the
defect. The defect structure is more deformed when originating from the substrate surface defects
or around the dislocation slip bands.

Paper 7
In-grown SFs have been studied in epilayers grown on 4 o and 8o off-cut 4H-SiC substrates. Lang Xray topography and SWBXT revealed the presence of two different kinds of triangular faults in the
epilayers grown on 4o off-cut substrates. The faults were identified as narrow and wide SFs, where
the narrow SFs appeared with high density. The LTPL spectrum showed additional set of peaks
related to these SFs which are similar to previously reported in-grown SFs but appeared in different
energy regions 2.85 - 2.95 eV and 2.48 - 2.64 eV, respectively. These are new kind of in-grown SFs
and have not been reported before. A third SF was observed in the epilayers grown on 8o off-cut
substrates, sometime with high density. The structural and optical properties of this SF was however
different as seen from both SWBXT and LTPL. Back polishing in steps followed by the KOH
etching and optical imaging after each step revealed the detailed geometry of the SFs inside the
epilayer. The faults were found to be formed during the epitaxial growth close to the epi-substrate
interface and increased continuously in size during further growth. The optical spectrum from this
fault is found to be identical to the emission from the Shockley SFs previously only observed and
formed in the bipolar diodes during forward voltage operation.

Paper 8
The influence of the structural defects on the minority carrier lifetime has been studied in 4H-SiC
epilayers using high spatial resolution optically detected lifetime measurements. Full wafers
mappings with 200 µm spatial resolution revealed large scale carrier lifetime variations in the epilayer
associated with the structural defects replicated from the substrate and variations in the epitaxial
growth conditions due to the susceptor design. The replicated defects which significantly lowered
the carrier lifetime in epilayers were identified as the micropipes, polytype inclusions, grain
boundaries and basal plane slip bands. High resolution mappings over smaller regions with lateral
step size of 20 µm, revealed local carrier lifetime reductions associated with different structural
defects in the epitaxial layers. Identified defects are the carrot defects and different types of ingrown stacking faults. Also clusters of TSDs in the epilayer, probably originating from the
dissociation of micropipe in the substrate, are found to effectively reduce the carrier lifetime. The
defect imaging inside the epilayer demonstrates the capability of the carrier lifetime mapping for the
detection of structural defects beneath the surface, invisible under standard optical microscope. The
correlation between the optical carrier lifetime mapping and SWBXT is useful to identify the sources
for the carrier lifetime reducing defects.
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My contributions to the papers
Paper 1
I have planned and performed all the growth runs and all characterizations. I wrote the manuscript
with the help of the co-authors.

Paper 2
I have designed and performed all the experiments and all characterizations. The conclusions were
drawn after analyzing the data along with the second author. I wrote the paper with the help of the
co- authors.

Paper 3
I have planned and conducted all the growth runs and all characterizations. I wrote the paper with
the assistancen of the co- authors.

Paper 4
I have planned and conducted all the growth runs. The device fabrication was performed by the
second and third author. I performed the electrical characterization of the device with the help of
fourth author. I wrote the final manuscript with the help of fourth author.

Paper 5
I have conducted all the growth runs and all characterizations. I wrote the paper with the help of the
co- authors.

Paper 6
I have performed all the growth runs. I have conducted all characterizations with the assistance of
fourth author. I wrote the paper with the help of the co- authors.

Paper 7
I have planned and performed all the growth runs and all characterizations. I wrote the paper with
the assistance of the co- authors.

Paper 8
I have planned and conducted all characterizations with the help of the co-other. I wrote the paper
with the help of the co- authors.

68

69

References
[1]

R. T. Leonard, Y. Khlebnikov, A. R. Powell, C. Basceri, M. F. Brady, I. Khlebnikov, J. R.
Jenny, D. P. Malta, M. J. Paisley, V. F. Tsvetkov, R. Zilli, E. Deyneka, H. McD. Hobgood, V.
Balakrishna and C. H. Carter, Jr., Mater. Sci. Forum 600-603 (2009) 7.

[2]

A. K. Geim and K. S. Novoselov, Nat. Mater. 6 (2007) 183.

[3]

http://www.infineon.com

[4]

http://www.cree.com

[5]

J. Hassan and J .P. Bergman, Submitted J. Appl. Phys.

[6]

W. F. Knippenberg, Philips Research Reports 18 (1963) 161.

[7]

G. Pensl and W. J. Choyke, Phys. Rev. B 185 (1993) 264.

[8]

L. S. Ramsdell, American Mineralogist 32 (1947) 64.

[9]

W. J. Choyke, D. R. Hamilton and L. Patrick, Phys. Rev. 133 (4A) (1964) A1163.

[10]

A. Qteish, V. Heine and R. J. Needs, Phys. Rev. B 45 (12) (1992) 6534.

[11]

H. Morkoc, S. Strite, G.B. Goa, M.E. Lin, B. Sverdlov and M. Burns, J. Appl. Phys. 76 (1994)
1363.

[12]

S. Strite and H. Morkoc, J. Vac. Sci. Technol. B 10 (1992) 1237.

[13]

R. F. Davis, Proc. IEEE 79 (1991) 702.

[14]

W. von Munch and Landolt-Börnstein: Numerical Data and Functional Relationships in
Science and Technology 17 O. Madelung ed., Springer-Verlag (1982).

[15]

H. Lendenmann, F. Dahlquist, N. Johansson, R. Söderholm, P.A. Nilsson, J.P. Bergman, and
P. Skytt, Mater. Sci. Forum 353-356 (2001) 727.

[16]

J.P. Bergman, H. Lendenmann, P. Å . Nilsson, U. Lindefelt and P. Skytt, Mater. Sci. Forum
353-356 (2001) 299.

[17]

P.O.Å. Person, L. Hultman, H. Jacobson, J.P. Bergman, E. Janzén, J.M. Molina-Aldareguia
and W.J. Clegg, Appl. Phys. Lett. 80 (2002) 4852.

[18]

H. Fujiwara, T. Kimoto, T. Tojo and H. Matsunami, Appl. Phys. Lett. 87 (2005) 051912.

[19]

G. Feng, J. Suda, and T. Kimoto, Appl. Phys. Lett. 92 (2008) 221906.

[20]

S. Juillaguet and J. Camassel Mater. Sci. Forum, 483-485 (2005) 335.

[21]

S. Juillaguet, M. Albrecht, J. Camassel1 and T. Chassagne, phys. stat. sol. (a) 204 (2007) 2222.

[22]

S. Ha, P. Mieszkowski, M. Skowronski and L.B. Rowland, J. Crystal Growth 257, (2002) 244.

[23]

T. Ohno,, H. Yamaguchi, S. Kuroda, K. Kojima, T. Suzuki and K. Arai, J. Crystal Growth
260 (2004) 209.

[24]

Z. Zhang, A. Shrivastava and T. S. Sudarshan, Mater. Sci. Forum 527-529 (2006) 419.

[25]

Z. Zhang and T. S. Sudarshan, Appl. Phys. Lett. 87 (2005) 161917.

70
[26]

J. J. Sumakeris, J. P. Bergman, M. K. Das, C. Hallin, B. A. Hull, E. Janzen, H. Lendenmann,
M. J. O'Loughlin, M. J. Paisley, S. Ha, M. Skowronski, J. W. Palmour and C. H. Carter, J.
Mater. Sci. Forum 527-529 (2006) 141.

[27]

Z. Zhang, E. Moulton and T.S Sudarshan, Appl. Phy. Lett. 89 (2006) 81910.

[28]

A. Pérez-Tomás, P. Brosselard, J. Hassan, X. Jordá, P. Godignon, M. Placidi, A. Constant, J.
Millán and J. P. Bergman. Semicond. Sci. Technol. 23 (2008) 125004.

[29]

P. Brosselard, A. Pérez-Tomás, J. Hassan, N. Camara, X. Jordà, M. Vellvehí, P. Godignon, J.
Millán and J. P. Bergman, To be published in IEEE Trans. Elec. devic.

[30]

P. Brosselard, N. Camara,J. Hassan, X. Jordà, P. Bergman, J. Montserrat and J. Millán.
Materials Science Forum 600-603 (2007) 991.

[31]

N. Dheilly, D. Planson, P. Brosselard, J. Hassan, P. Bevilacqua, D. Tournier, C. Raynaud and
H. Morel, To be published in Mater. Sci. Forum

[32]

P. Brosselard, A. Pérez-Tomás, J. Hassan, N. Camara, X. Jordà, M. Vellvehí, P. Godignon, J.
Millán and J. P. Bergman, To be published in Mater. Sci. Forum

[33]

P. Brosselard, A. P. Tomas, N. Camara, J. Hassan, X. Jorda, M. Vellvehi, P. Godignon, J.
Millan and J. P. Bergman, Proceedings of the 20th Inter. Symp. Power Semi. Devic. & ICs
(2008) 237.

[34]

P. Brosselard, M. Berthou, J. Hassan, X. Jordá, J.P. Bergman, J. Montserrat, P. Godignon and
J. Millán, ISPS 2008.

[35]

J. Hassan, J .P. Bergman, A. Henry, H. Pedersen, P. J. McNally and E. Janzén, Mater. Sci.
Forum, 556-557 (2007) 53.

[36]

J. Hassan, J. P. Bergman, A. Henry and E. Janzén, J. Crystal Growth 310 (2008) 4430.

[37]

J. Hassan, J.P. Bergman, A. Henry and E. Janzén, J. Crystal Growth 310 (2008) 4424.

[38]

J. Hassan, P. Brosselard, P. Godignon and J. P. Bergman, To be published.

[39]

J. A. Lely, Berichte der Deutschen Keramischen. Ges. 32(8) (1955) 229.

[40]

D. R. Hamilton, “A High Temperature Semiconductor” Pergamon, Oxford, 45.

[41]

V. P. Novikov and V. I. Ionov, Growth of Crystals 6b (1968) 9.

[42]

Y. M. Tairov and V. F. Tsvetkov, J. Crystal Growth 43 (1978) 209.

[43]

R. C. Glass, D. Henshall, V. F. Tsvetkov and J. Carter, MRS Bulletin 22 (1997) 30.

[44]

G. Ziegler, P. Lanig, D. Theis and C. Weyrich, IEEE Trans. Elec. Device ED30 (1983) 277.

[45]

D. L. Barrett, R. G. Seidensticker, W. Gaida and R. H. Hopkins, J. Crystal Growth 109
(1991) 17.

[46]

R. A. Stein, P. Lanig and S. Leibenzeder, Mater. Sci. Eng. B11 (1992) 69.

[47]

R. C. Glass, D. Henshall, V. F. Tsvetkov and J. Carter, Phys. Stat. Sol. (b) 202 (1997)149.

[48]

D. L Barrett, J. P. Mchugh, H. M. Hobgood, R. H. Hopkins, P. G. McMullin and R. C.
Clarke, J. Crystal Growth 128 (1993) 358.

[49]

A. R. Powell, S. Wang, G. Fechko and G. R. Brandes, Mater. Sci. Forum 264–268 (1998) 13.

[50]

I. Garcon, A. Rouault, M. Anikin, C. Jaussaud and R. Madar, Mater. Sci. Eng. B29 (1995) 90.

71
[51]

Y. M. Tairov and V. F. Tsvetkov, J. Crystal Growth 52 (1981) 146.

[52]

G. Augustine, H. M. Hobgood, V. Balakrishna, G. Dunne and R. H. Hopkins, Phys.
Stat. Sol. (b) 202 (1997) 137.

[53]

S. I. Nishizawa, Y. Kitou, W. Bahng, N. Oyanagi, M. N. Khan and K. Arai, Mater. Sci.
Forum 338–342 (2000) 99.

[54]

R. Yakimova, M. Syvjarvi, M. Tuominen, T. Iakimov, R. Råback, A. Vehanen and E. Janzén,
Mater. Sci. Eng. B61–62 (1999) 54.

[55]

Cree.com

[56]

SiCrystal.com

[57]

Norstel.se

[58]

M. Tuominen, R. Yakimova, R. C. Glass, T. Tuomi and E. Janzén, J. Crystal Growth 144
(1994) 267.

[59]

E. K. Sanchez, T. Kuhr, D. Heydemann, W. Snyder, S. Rohrer and M. Skowronski, J. Elec.
Mater. 29 (2000) 347.

[60]

R. A. Stein and P. Lanig, J. Crystal Growth, 131 (1993) 71.

[61]

J. Takahashi, M. Kanaya and Y. Fujiwara, J. Crystal Growth 135 (1994) 61.

[62]

M. Touminen, R. Yakimova, E. Prieur, A. Ellison, T. Toumi, A. Vehanen and E.
Janzén,Diamond and Related Materials 6 (1997) 272.

[63]

K. Maeda, K. Suzuki, S. Fujita, M. Ichihara and S. Hyodo, Phil. Mag. A 57 (1988) 573.

[64]

N. Oyanagi, S. Nishizawa, T, Kato, H. Yamaguchi and K. Arai, Mater. Sci. Forum 338–342
(2000) 75.

[65]

T. Kato, N. Oyangi, H. Yamaguchi, Y. Takano, S. Nishizawa and K. Arai, Mater. Sci. Forum
338–342 (2000) 457.

[66]

R. R. Siergiej, R. C. Clarke, S. Sriram, A. K. Aggarwal, R. J. Bojko, A. W. Morse, V.
Balakrishana, M. F. MacMillan, J. A. Burk and C. D. Brandt, Mater. Sci. Eng. B61–62 (1999)
9.

[67]

R. C. Glass, D. Henshall, V. F. Tsvetkov and J. Carter, MRS Bulletin 22 (1997) 30.

[68]

O. Kordina, C. Hallin, A. Ellison, A. S. Bakin, and I. G. Ivanov, Appl. Phys. Lett., Vol. 69
(1996) 1456.

[69]

A. Ellison, B. Magnusson, C. Hemmingsson, W. Magnusson, T. Iakimov, L. Storasta, A.
Henry, N. Henelius and E. Janzén Mat. Re. Soc. Symp. 640 (2001).

[70]

A. Ellison, T. Kimoto, I.G. Ivanov, Q. Wahab, A. Henry, O. Kordina, J.H. Zhang, C.
Hemmingsson, Chun-Yuan Gu, M.R. Leys and E. Janzén, Mat. Sci. Forum, Vols. 264 –268
(1998) 103.

[71]

A. Ellison, O. Kordina, Chun-Yuan Gu, C. Hallin, E. Janzén and T. Marko, U.S. Patent
6039812, (2000).

[72]

W. Shockley, Circuits element utilizing semiconductor material, U.S. Patent 2569347 (1951).

[73]

O. Kordina, A. Henry, J. P. Bergman, N. T. Son, W. M. Chen, C. Hallin, and E. Janzén,
Appl. Phys. Lett. 66 (1995) 1373.

[74]

W.K. Burton, N. Cabrera and F.C. Frank, Phil. Trans. Roy. Soc. London A243 (1951) 299.

72
[75]

O. Kordina, K. Irvine, and M. Paisley, U.S. Patent 6297522 (2001).

[76]

T. Kimoto, H. Nishino, W. S. Yoo, H, Matsunami. J. Appl. Phys. 73 (1993) 726.

[77]

H. Tsuchida, I. Kamata, T. Jikimoto and K. Izumi, J. Crystal Growth 237-239 (2002) 1206.

[78]

M. lto, H. Tsuchida, I. Kamata and L. Storasta, Mater. Sci. Forum 556-557 (2007) 81.

[79]

R. L. Myers, Y. Shishkin, O. Kordina, I. Haselbarth, and S.E. Saddow, Mater. Sci. Forum
527-529 (2006) 187.

[80]

T. Hori, K. Danno, T. Kimoto, J. Crystal Growth 306 (2007) 297.

[81]

F. La Via, G. Galvano, F. Roccaforte, F. Giannazzo, S. Di Franco, A. Ruggiero, R. Reitano,
L. Calcagno, G. Foti, M. Mauceri, S. Leone, G. Pistone, F. Portuese, G. Abbondanza, G.
Abbagnale, A. Veneroni, F. Omarini, L. Zamolo, M. Masi, G. L. Valente and D. Crippa,
Microelec. Eng. 83 (2006) 48.

[82]

F. La Via, G. Galvagno, G. Foti, M. Mauceri, S. Leone, G. Pistone, G. Abbondanza, A.
Veneroni, M. Masi, G. L. Valente and D. Crippa, Chem. Vap. Dep. 12 (2006) 509.

[83]

F. La Via, S. Leone, M. Mauceri, G. Pistone, G. Condorelli, G. Abbondanza, F. Portuese, G.
Galvagno, S. Di Franco, L. Calcagno, G. Foti, G. L. Valente and D. Crippa, Mater. Sci.
Forum 556-557 (2007) 157.

[84]

L. Calcagno, G. Izzo, G. Litrico, G. Galvagno, A. Firrincieli, S. Di Franco, M. Mauceri, S.
Leone, G. Pistone, G. Condorelli, F. Portuese, G. Abbondanza, G. Foti and F. La Via, Mater.
Sci. Forum 556-557 (2007) 137.

[85]

G. Dhjanaraj, M. Dudley, Y. Chen, B. Ragothamachar and B. Wu, H. Zhang, J. Crystal
Growth 287 (2006) 344.

[86]

Y. Koshka, H-D. Lin, G. Melnychuk and C. Wood, Mater. Sci. Forum 527-529 (2006) 167.

[87]

Y. Koshka, H-D. Lin, G. Melnychuk and C. Wood, J. of Crystal Growth 294 (2006) 260.

[88]

R. W. Bartlett and R. A. Mueller, Materials Research Bulletin 4 (1969) S341.

[89]

V. V. Zelenin, V. G. Solov’ev, S. M. Starobinets, S. G. Konnikov and V. E. Chelnokov,
Semiconductors 29 (1995) 581.

[90]

H. Pedersen, S. Leone, A. Henry, F. C. Beyer, V. Darakchieva and E. Janzén, J. Crystal
Growth 307 (2007) 334.

[91]

H. Pedersen, S. Leone, A. Henry, V. Darakchieva, P. Carlsson and A. Gällström, E. Janzén,
Phys. Stat. Solid. 2 (2008) 188.

[92]

D.J. Larkin, Phys. Stat. Sol. (b) 202 (1997) 305.

[93]

U. Forsberg, Ö. Danielsson, A. Henry, M. K. Linnarsson, E. Janzén, J. Cryst. Growth 236
(2002) 101.

[94]

A. Henry and E. Janzen, Mat. Sci. Forum, 483-485 (2005) 101.

[95]

T. Troffer, G. Pensl, A. Schöner, A. Henry, C. Hallin, O. Kordina, and E. Janzén, Mater. Sci.
Forum 264-268 (1998) 557.

[96]

D. J. Larkin, P. G. Neudeck, J. A. Powell, and L. G. Matus, Inst. Phys. Conf. Ser. No.37
(1994) 51.

[97]

D. J. Larkin, P. G. Neudeck, J. A. Powell, and L. G. Matus, Appl. Phys. Lett. 65 (1994) 1659.

[98]

I. G. Ivanov, A. Henry, and E. Janzén, Phys. Rev. 71 (2005) 241201.

[99]

J. Hassan, A. Henry, J. P. Bergman and E. Janzén, Thin Solid Films 515 (2006) 460.

73
[100] M. Südow, H. M. Nemati, M. Thorsell, U. Gustavsson, K. Andersson, C. Fager, P. Nilsson, J.
Hassan, A. Henry, E. Janzén, R. Jos, and N. Rorsman, IEEE Elec. Dev. Lett. 29 (2008) 728.
[101] M. Dudley, X. R. Huang, W. Huang, A. Powell, S. Wang, P. Neudeck and M. Skowronski,
Appl. Phys. Lett. 75 (1999) 784.
[102] E. K. Sanchez, J. Q. Liu, M. De Graef, and M. Skowronski, W. M. Vetter and M. Dudley, J.
Appl. Phys. 91 (2002) 1143.
[103] S. Wang, M. Dudley, C.H. Carter, Jr., D. Asbury and C. Fazi, Mater. Res. Soc. Symp. Proc.
307 (1993) 249.
[104] S. Fujita, K. maeda and S. Hyodo, Phil. Mag. A 55 (1987) 203.
[105] S. Ha, M. Skowronskia, W.M. Vetter and M. Dudley, J. Appl. Phys. 92 778 (2002)
[106] S. Ha, N.T. Nuhfer, G.S. Rohrer, M.De Graef, M. Skowronskia, J. Elec. Mater. 29 (2002)
L5.
[107] W. M. Vetter and M. Dudley, Phil. Mag. 81 (2001) 2885.
[108] K. Koga, Y. Fujikawa, Y. Ueda and T. Yamaguchi, Springer Proc. Phys. 71 (1992) 96.
[109] P. G. Neudeck and J. A. Powell, IEEE Elec. Device Lett. 16 (1994) 63.
[110] F. C. Frank, Acta. Cryst. 4 (1951) 497.
[111] J. Heindl, W. Dorch, R. Eckstein, D. Hofmann, T. Marek, S. G. Müller. H. P. Strunk and A.
Winnacker, J. Crystal Growth 179 (1997) 510.
[112] N. Cabrera and M. M. Levine, Phil. Mag. 1 (1956) 450.
[113] J. heindl, W. Dorsch, H. P. Strunk, S. G. Müller, R. Eckstein, D. Hofmann and A.
Winnacker, Phys. Rev. Lett. 80 (1998) 740.
[114] X. R. Huang, M. Dudley, W. M. Vetter, W. Huang, S. Wang and C. H. Carter, Appl. Phys.
Lett. 74 (1999) 353.
[115] W. Si, M. Dudley, R. Glass, V. Tsvetkov and C. H. Carter, Mater. Sci. Forum 264-268 (1998)
429.
[116] St. G. Müller, M. F. Brady, W. H. Brixius, G. Fechko, R. C. Glass, D. Henshall, H. McD.
Hobgood, J. R. Jenny, R. Leonard, D. Malta, A. Powell, V. F. Tsvetkov. S. Allen, J. Plaour
and C. H. Carter, Mater. Sci. Forum 389-393 (2002) 23.
[117] J. Heindl, H.P. Strunk, B. D. Heydemann, G. Pensl, Phys. stat. sol. (a) 162, (1997) 251.
[118] N. Schulze, D. L. Barret and G. Pensl, Appl. Phys. Lett. 72 (1998) 1632.
[119] V. F. Tsvetkov, S. T. Allen and H. S. Carter, Inst. Phys. Conf. Ser. 142 (1996) 17.
[120] R. C. Glass, D. Henshall, V. F. Tsvetkov and C. H. Carter, Phys. Stat. Sol. (b) 202 (1997) 149.
[121] J. Hassan, Master’s thesis, LITH-IFM-EX-1178, Linköping University (2007).
[122] J. Giocondi, G. S. Rohrer, M. Skowronski, V. Balakrishna, G. Augustine, H. M. Hobgood
and R. H. Hopkins, J. Crystal Growth 181 (1997) 351.
[123] R. C. Glass, L. O. Kjellberg, V. F. Tsvetkov, J. E. Sundgren and E. Janzén, J. Crystal Growth
132 (1993) 504.
[124] J. Takahashi, N. Ohtani and M. Kanaya, Inst. Phys. Conf. Series 142 (1996) 445.
[125] A. Ellison, H. Radamson, M. Tuominen, S. Milita, C. Hallin, A. Henry, O. Kordina, T.
Tuomi, R. Yakimova, R. Madar and E. Janzén, Diamond and Relat. Mater. 6 (1997) 1369.

74
[126] M. Katsuno, N. Ohtani, T. Fujimoto, T. Aigo and H. Yashiro, Mater. Sci. Forum 389-393
(2002) 55.
[127] R. Yakimova, M. Syvajarvi and E. Janzén, Mater. Sci. Forum 264-268 (1998) 159.
[128] N. Ohtani, J. Takahashi, M. Katsuno, H. Yashiro and M. Kanaya, Elec. and communications
in Japan, Part 2 (1998) 8.
[129] I. Kamata, H. Tsuchida, T. Jikimoto and K. Izumi, Jpn. J. Appl. Phys. 39 (2000) 6496.
[130] I. Kamata, H. Tsuchida, T. Jikimoto and K. Izumi, Jpn. J. Appl. Phys. 41 (2002) L1137.
[131] N. Ohtani, M. Katsuno, T Fujimoto, T. Aigo and H. Yashiro, J. crystal Growth 226 (2001)
254.
[132] R. Rupp, M. Treu, P. Türkes, H. Beermann, T. Scherg, H. Preis and H. Cerva, Mater. Sci.
Forum 483-485 (2005) 925.
[133] H. Tsuchida, I. Kamata, S. Izumi, T. Tawara, T. Jikimoto, T. Miyanagi, T. Nakamura, K.
Izumi, Processing and Devices: MRS Symp. Proc. 815 (2004) 35.
[134] M. Benamara, X. Zhang, and M. Skowronski, Appl. Phys. Lett. 86 (2005) 21905.
[135] H. Tsuchida, I. Kamata, M. Nagano, J. Crystal Growth, 306 (2007) 254.
[136] J. Hassan, A. Henry, P.J. McNally and J.P. Bergman, To be published.
[137] J. Zhang, J. Mazzola, C. Hoff, Y. Koshka, J. Casady, Mater. Sci. Forum 483-485 (2005) 77.
[138] K. Danno, T. Kimoto, K. Asano, Y. Sugawara and H. Matsunami, J. Elec. Mater. 34 (2005)
324.
[139] A. Henry, S. Leon, H. Pedersen and E. Janzén, to be published in Mater. Sci. Forum.
[140] H. Tsuchida, I. Kamata and M. Nagano, J. Crystal Growth 310 757 (2008).
[141] J. Q. Liu, H.J. Chung, T. Kuhr, Q. Li and M. Skowronski, Appl. Phys. Lett. 80 2111 (2002).
[142] J. Hassan, A. Henry, I. G. Ivanov and J. P. Bergman, To be published.
[143] Veeco Dimension 3100 User’s manual.
[144] G. S. Mitchard and T. C. McGill, Phys. Rev. B 25 (1982) 5351.
[145] I.G. Ivanov, C. Hallin, A. Henry, O. Kordina and E. Janzén, J. Appl. Phys. 80 (1996) 3504.
[146] E. Janzén, J.P. Bergman, Ö. Danielsson, U. Forsberg, C. Hallin, J. Hassan, A. Henry, I.G.
Ivanov, A. Kakanakova-Georgieva, P. Persson and Q. ul Wahab, Mater. Sci. Forum 483-485
(2005) 61.
[147] J. P. Bergman , O. Kordina, and E. Janzén, phys. stat. sol. (a) 162 (1997) 65.
[148] J. Hassan, and J. P. Bergman, Submitted to the J. of Appl. Phy.
[149] M.F. MacMillan, P.O Narfgren, A. Henry and E. Jénzen, Mater. Sci. Forum 264-268 (1998)
645.
[150] M.F. MacMillan, A. Henry and E. Jénzen, J. Elec. Mater. 27 (1998) 300.
[151] P. Blood, J. W. Orton, The Electrical Characterization of Semiconductors: Majority Carriers
and Electron States, Academic Press: London (1992) 231.
[152] D. V. Lang, J. Appl. Phys. 45 3023 (1974).
[153] R. Brunwin, B. Hamilton, P. Jordan and A. R. Peaker, Elec. Lett. 15 (1979) 349.
[154] H. Koizumi, M. Tachibana, I. Yoshizaki and K. Kojima, Philo. Mag. 85 (2005) 3709.

75
[155] William M. Vetter, Mater. Sci. Forum, 230-232 (2004) 1.
[156] W. M. Vetter and M. Dudley, J. Appl. Cryst. 34 (2001) 20.
[157] D. Nakamura, S. Yamaguchi, I. Gunjishima, Y. Hirose and T. Kimoto, J. of Crystal Growth
304 (2007) 57.
[158] J. Härtwig, J. Baruchel, H. Kuhn, X.-R. Huang, M. Dudley, E. Pernot, Nuclear Instruments
and Methods in Phys. Res. B 200 (2003) 323.
[159] W. M. Vetter and M. Dudley, Materials Science and Engineering B 87 (2001) 173.
[160] S. Amelinckx and G. Strumane, J. Appl. Phys. 31 (1960) 1359.
[161] T. Gabor and V. J. Jennings, J. Electrochem. Technol. 3 (1965) 31.
[162] J. W. Faust, Jr.: Silicon Carbide, Pergamon, New York (1960) 403.
[163] V. J. Jennings: Mater. Res. Bull. 4 (1969) S206.
[164] R. W. Brander and A. L. Boughey, Br. J. Appl. Phys. 18 (1967) 905.
[165] S. Nakamura, T. Kimoto, H. Matsunami, Mater. Sci. Forum 457-460 (2004) 163.
[166] P. G. Neudeck, J. A. Powell, G. M. Beheim, E. L. Benavage, P. B. Abel, A. J. Trunek D. J.
Spry, M. Dudley, W. M. Vetter, J. Appl. Phys. 92 (2002) 2391.
[167] M. Soueidana, G. Ferroa, B. Nsoulib, F. Cauweta, L. Molleta, C. Jacquiera, G. Younesc Y.
Monteila , J. of Crystal Growth 293 (2006) 433.
[168] T. Kimoto, Z. Y. Chen, S. Tamura, S. Nakamura, N. Onojima, H. Matsunami, Jpn. J. Appl.
Phys. 40 (2001) 3315.
[169] K. Kojima, H. Okumura, S. Kuroda, K. Arai, J. of Crystal Growth 269 (2004) 367.
[170] C. Hallin, Q. Wahab, I. Ivanov, J. P. Bergman, E. Janzén, Mater. Sci. Forum 457-460
(2004)193.

