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Abstract
Electronic power devices made of silicon carbide promise superior performance
over today’s silicon devices due to inherent material properties. As a result of
the material’s wide band gap of 3.2 eV, high thermal conductivity, its mechanical
and chemical stability and a high critical electric field, 4H-silicon carbide devices
have the potential to be used at elevated temperatures and in harsh environ-
ments. Shorter carrier lifetimes and a reduction in the necessary width of the
low-doped drift zone in silicon carbide devices compared to their silicon coun-
terparts result in faster switching speeds and lower switching losses and thus in
much more efficient power devices.

High-voltage 4H-silicon carbide diodes have been fabricated in a newly developed
processing sequence, using standard silicon process equipment. Epitaxial layers
grown by chemical vapor deposition (CVD) on commercial 4H-silicon carbide
substrates were used as starting material for both mesa-etched epitaxial and
implanted p+−n−−n+ planar diodes, Schottky diodes and merged pn-Schottky
(MPS) diodes, together with additional test structures. The device metallization
was optimized to give a low contact resistivity on implanted and epitaxial layers
and a sufficiently high Schottky barrier with a single metallization scheme. Dif-
ferent high-field termination designs have been tested and breakdown voltages
of up to 4 kV on implanted, field-ring terminated diodes were achieved, corre-
sponding to 80% of the critical electric field. A 5 kV epitaxial diode design with
a forward voltage drop of 3.5 V at a current density of 100 A cm−2 equipped with
an implanted junction termination extension (JTE) was also fabricated.

A new measurement setup was designed and built with the capability of mea-
suring current-voltage and capacitance-voltage characteristics of semiconductor
devices at reverse biases up to 10 kV. Together with these electrical measure-
ments, the results of other characterization techniques were used to identify
performance limiting defects in the fabricated silicon carbide diodes. Increased
forward voltage drop of bipolar devices during on-state operation was studied
and it was shown that the stacking faults causing forward degradation are visi-
ble in scanning electron microscopy. With the help of synchrotron white-beam
X-ray diffraction topographs (SWBXT), electron beam induced current (EBIC)
and electroluminescence measurements of silicon carbide diodes, the role of screw
dislocations as a dominant source of device failure in the form of localized mi-
croplasma breakdown was identified. Screw dislocations with and without open
core have been found to cause a 20−80% reduction in the critical electric field of
4H-silicon carbide diodes, both for low-voltage (150 V) and high-voltage (∼ 5 kV)
designs. While micropipes have almost been eliminated from commercial silicon
carbide material, closed-core screw dislocations are still abundant with densities
in the order of 10 000 cm−2 in state-of-the-art silicon carbide epitaxial layers.
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Lee, Martin Domeij and Mikael Östling for valuable discussions on our
regular meetings downstairs at EKT. Appreciations to all people in and
around the cleanroom who always manage to get the machines up and
running again, to Jonas Edholm, Timo Söderqvist, Christer Lindström,
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1

Introduction

The International Energy Agency, IEA predicts a twofold increase in elec-
trical power consumption from 1990 to 2020 [1, 2]. In order to meet these
demands, it is essential to develop new strategies to reduce power losses
and to distribute electrical energy more efficiently. Semiconductors have
already from the 1950s been used for electric power applications. The di-
rect combination of control electronics and power semiconductor devices
for switching and rectification has made it possible to handle electrical
power in a compact, yet efficient way.

The advancement of semiconductor technology has for instance lead to
the replacement of linear regulated power supplies with heavy iron-core
transformers by primary-switched power supply units in almost all mod-
ern consumer appliances. The switched power supply unit offers the same
output power at about half the weight of a corresponding iron-core trans-
former alone. The use of high switching frequencies allows smaller and
cheaper inductors and capacitors. Modern switched mode power supplies
are independent of the line frequency and line voltage and can therefore
be used in every country of the world. This not only reduces the devel-
opment cost of consumer electronics, but it also accommodates the needs
of worldwide travellers to be able to use appliances like laptop computers
or battery chargers, independently from the local power standards.

With the continuous electrification in developing countries and today’s
interest in renewable energy sources the need for compact power con-
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version units increases. The modern society demands a reliable supply
of electrical energy, both in the industrial and the private sector. It is
striking in this respect that the highly industrialized northern suburban
areas of Stockholm suffered from 4 severe power failures during the last
two years, which were attributed to a single power line feeding the needs
of 20 000 households and several hundred companies without the pro-
vision of redundancy. High-voltage direct-current (HVDC) transmission
systems were developed in the late 1950s and can greatly simplify the con-
nection between several power sources and consumers in a power network
grid [3, 4]. The originally used mercury arc rectifiers have been replaced
by series connected silicon thyristors in the late 1960s. Today silicon is
the by far dominant semiconductor material used in power electronics.
The material is cheap and the process technology well known.

Silicon carbide is a wide band gap semiconductor material, which would
allow the realization of superior semiconductor devices for operation at
high voltages, high current densities and high frequencies. Since the first
commercial silicon carbide wafers became available in the beginning of
the 1990s, worldwide research has led to demonstrators and prototypes
of different kinds of electronic devices: Schottky and pin diodes, bipolar
and field effect transistors, and thyristors. During the very first years
of the 21st century radio frequency MESFETs and high-voltage Schottky
diodes made of silicon carbide have reached maturity and demonstrate the
superior properties of this new semiconductor material. Silicon carbide
Schottky diodes with voltage ratings between 300 V and 1200 V are espe-
cially suitable in active power factor correction circuitry in switch-mode
power supplies like the ones commonly found in every personal computer.
This application is depicted in Fig. 1.1, where D5 represents a fast silicon
carbide Schottky diode.

As shown in Fig. 1.2 silicon carbide power devices show a significantly
reduced forward voltage drop compared to silicon devices of the same
breakdown voltage. This is due to the ten times higher critical break-
down field in silicon carbide as compared to silicon, which translates to
thinner drift regions and higher doping concentrations for the same break-
down voltage. The wide band gap and high thermal conductivity of silicon
carbide compared to silicon allow higher current densities and higher op-
erating temperatures of the devices. The size and complexity of power
systems are significantly reduced with smaller components and reduced
need for cooling systems.

This thesis focuses on the applicability of silicon carbide for high voltage
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Figure 1.1: Simplified schematic diagram of an active power factor correction
(PFC) circuitry in a switched mode power supply (SMPS). The addition of a
semiconductor switch QPFC , an inductance LPFC and a fast silicon carbide
Schottky rectifier D5 forms a boost converter, which assures that the line cur-
rent Iline is in phase with the line voltage Vline. The whole unit appears as an
ohmic load to the power line.

diodes. A process sequence has been developed based on the available
silicon process technology in the KTH cleanroom environment. Diodes
were manufactured on different samples of 4H silicon carbide epitaxial
layers grown at Linköping University. Table 1.1 (at the end of this sec-
tion) shows an overview over the samples and serves as an index to the
nomenclature used in the text of this thesis. The results on three differ-
ent samples are indicated in Fig. 1.2 together with published values from
other research groups.

Recently, attention has been drawn to the performance degradation ob-
served in bipolar silicon carbide devices under forward operation [11–13].
While the problem itself has not been solved yet the role of crystal imper-
fections, namely stacking faults, as cause for an increased forward voltage
drop has been established. A significant part of the work of this the-
sis is related to the identification of crystal defects in the silicon carbide
material and their role for device performance and yield.

Chapter 2 gives an introduction to the material properties of silicon car-
bide. The growth of device-quality material is outlined and important
material issues in state-of-the-art silicon carbide wafers and epitaxial lay-
ers are discussed. The theoretical section in Chapter 3 summarizes the
physics of semiconductor junctions, and the aspects of high-voltage and
power rectifiers are emphasized. The advantages of silicon carbide over
other semiconductor materials with respect to the performance of high-
voltage devices are presented and different aspects of device optimization
are introduced to the reader. The device design and processing steps
developed during the sample preparation for this thesis are disclosed in
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Figure 1.2: The forward voltage drop of pn diodes at an operating current
density of 100 A/ cm2 is compared to the theoretical limits for silicon diodes
(τn = 100 ns) and 4H silicon carbide pin diodes with a majority carrier lifetime
τn of 10, 100 and 500 ns. Experimental results on 4H silicon carbide diodes from
the literature [5–10] and the results presented in this thesis are shown.

Chapter 4. The process steps available in the silicon process line of an
academic cleanroom environment were adapted to the manufacturing of
different types of silicon carbide diodes suitable for high voltage oper-
ation. Different termination schemes to reduce the electric field at the
device periphery were designed and implemented in the process. The uti-
lization of computer simulations is highlighted and exemplified with the
junction edge termination scheme applied on the latest device structures
processed in the scope of this thesis.

A major part of the work behind this thesis and the appended papers
was the characterization of manufactured devices and the verification of
the role of crystallographic defects on device performance and process
yield. Chapter 5 summarizes the techniques developed and used to study
the influence of isolated defects and material parameters on the electrical
characteristics of semiconductor junctions. Microplasma breakdown at
crystallographic defects has been identified as one of the major perfor-
mance limiting factors in state-of-the-art silicon carbide diodes. Screw
dislocations with and without open core were found to be responsible for
a decrease in the observed critical electric field in silicon carbide diodes by
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the correlation of results from electrical measurements, optical emission
microscopy and electron beam induced current measurements, with struc-
tural information obtained by the analysis of synchrotron white-beam
X-ray diffraction topographs of the samples. A novel high-voltage mea-
surement setup is described, which was designed and used for device char-
acterization by current-voltage and capacitance-voltage measurement at
reverse voltages of several kilovolts. A short summary over selected results
and an outlook is given in the last Chapter 6 of this thesis.
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Table 1.1: Overview of the investigated samples in this thesis. The different samples are discussed in more detail in Chapter 6.

Sample Material Vbr Structures Publications

1 p-type substrate,
n-type epilayer

150 V mesa-etched pn (160 pc) Paper I
Paper VI

2 n-type substrate,
n-type epilayer (horiz. CVD)

5 kV Al+B implanted pνn (200 pc),
Schottky (30 pc),
JBS/MPS(20 pc),
TLM, Kelvin

Paper II
Paper V
Paper VIII
Refs. [14, 15]

3a n-type substrate,
n-type epilayer (Chimney)

10 kV Al implanted pνn (200 pc),
Schottky (20 pc),
JBS/MPS(10 pc),
TLM, Kelvin

Paper III

3b n-type substrate,
n-type epilayer (Chimney)

10 kV Al implanted pνn (200 pc),
Schottky (20 pc),
JBS/MPS(10 pc),
TLM, Kelvin

Paper III
paper VIII

4a-l n-type substrate,
n-type epilayer (horiz. CVD)

— Al implanted TLM,
van-der-Pauw,
Al implanted pνn

Ref. [16]

5 n-type substrate,
n-type epilayer (horiz. CVD)

1 kV Schottky (12)

6 n-type substrate,
n-type epilayer (horiz. CVD),
p-type epilayer (horiz. CVD)

5 kV mesa-etched pνn (200 pc),
Schottky (20 pc),
TLM, Kelvin



2

Silicon Carbide

2.1 Material Properties

Silicon carbide is a semiconductor with a wide, indirect band gap. With
the chemical composition SiC it is the only stable compound in the binary
phase diagram of the two group IV elements, silicon and carbon. It is
thermally stable up to about 2000 ◦C, even in oxidizing and aggressive
environments. Of all the wide band gap semiconductors, silicon carbide
is presently the most intensively studied one and the one with the highest
potential to reach market maturity in a wide field of device applications.

Silicon carbide was discovered in 1824 by the Swedish scientist Jöns Jakob
Berzelius [17], in the same year when he also discovered elemental sili-
con [18]. Rapidly recognized for its extreme hardness of about 9.5 on the
ten point Mohs scale, silicon carbide has since been commercialized as
abrasive under the trademark Carborundum, a contraction of the words
carbon and corundum (another name for alumina used as abrasive). Sil-
icon carbide is also used for fireproof, high-temperature ceramics and
resistive heating elements utilized in silicon device manufacturing.

In the early years of solid state physics at the beginning of the 20th cen-
tury, the British physicist Round discovered that certain pieces of silicon
carbide emitted light when an electric current was passed through these
samples. It was also discovered that silicon carbide had rectifying prop-
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Figure 2.1: The “semiconductor part” of the periodic table of the elements.
Semiconducting compunds are formed by elements adding up 8 electrons on the
outer shell per pair, such as Si-Si, Si-C, In-P, Ga-N, and Zn-Se [19].

erties. In spite of the comparatively high turn-on voltage, silicon carbide
crystal detectors were used in the early days of radio telecommunication
under its brand name Carborundum.

With the emerging semiconductor technology focusing on germanium and
silicon in the 1930s, silicon carbide was abandoned as semiconductor ma-
terial. In the search for semiconductor materials suitable for blue light
emitting diodes, silicon carbide came into focus again in the late 1970s,
but it was soon replaced by direct band gap semiconductors of the III-
nitride group, i. e. compounds of one or more group III metal (Al, In, and
Ga) and the group V element nitrogen (see also Fig. 2.1). However, the
advances in technology and the need for high-power electronic devices re-
sulted in the ongoing research activity on this particular material, which
led to the availabilty of high quality silicon carbide material and to the
commercialization of silicon carbide devices in the beginning of the 21st
century.

Silicon carbide crystallizes in the form of silicon-carbon bilayers with a
bond length of d = 1.9 Å, which also is the arithmetic average between
the C-C bond in diamond and the Si-Si bond in crystalline silicon. In
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Table 2.1: Physical parameters of common semiconductors at room temperature in compar-
ison to silicon carbide.

Ge Si GaAs 3C-SiC 6H-SiC 4H-SiC GaN

band gap Eg
(i)0.66 (i)1.12 (d)1.43 (i)2.4 (i)3.0 (i)3.2 (d)3.4 eV

crit. field Ec 0.1 0.25 0.3 2.0 2.5 2.2 3.3 MV/ cm

mobility µn 3900 1350 8500 1000 500 1000 1000 cm2/ Vs

µp 1900 480 400 40 80 120 30 cm2/ Vs

intrinsic conc.(1) ni 1013 1010 106 101 10−6 10−8 10−9 cm−3

permittivity εr 16.0 11.9 13.1 9.7 10.0 10.0 ∼ 10

therm.conduct. κ 1.6 1.5 0.46 & 3.5 & 3.5 & 3.5 & 1.6 W/ cm K

density ρ 5.3 2.3 5.3 3.2 3.2 3.2 6.1 g/ cm3

lattice cubic cubic cubic cubic hexag. hexag. hexag.

lattice const. a 5.65 5.43 5.65 4.36 3.08 3.08 3.19 Å

c — — — — 15.12 10.08 5.19 Å

after [20–23]

(i) indirect electronic band gap (d) direct electronic band gap

(1) only given to the order of magnitude

the silicon carbide crystal lattice these bilayers are closely packed. Silicon
carbide has the quite unique property of showing a large variation in
crystal lattices, which are all built up by these stacked bilayers. This
property is known as polytypism and is to a certain degree also observed
for some III-nitride and II-VI compounds. The stacking sequence causes
the presence of inequivalent hexagonal and cubic lattice sites, as shown
in Fig. 2.2. The different crystal structures can be identified by their
characteristic stacking sequence. Designating the layers with letters A for
the base layer and B and C for the following layers, the lattice order can
be written as letter sequences. In the often used Ramsdell notation [24],
the three letters C, H and R are used to indicate the cubic, hexagonal
and rhombohedral symmetry of the crystal lattice, following the number
of layers in the stacking sequence.

2H With the stacking sequence AB this is the purely hexagonal or
wurtzite structure. All lattice sites show the hexagonal symmetry
(Fig. 2.2(b)). This polytype has not been of technological interest
so far, because of difficulties in material growth.
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(a) (b)

Figure 2.2: The (a) cubic and (b) hexagonal lattice site for silicon (bright
spheres) and carbon atoms (dark spheres) in the silicon carbide lattice.

Figure 2.3: A stereogram pair showing the crystal lattice of 3C silicon carbide.
The lattice consists of a repetition of Si-C bilayers stacked in a ABC sequence
along the crystal’s [111] axis. The cubic lattice constant is a = 4.36 Å. (To
obtain the 3-dimensional view hold the page at a distance of about 20 cm and
focus your eyes to infinity in such a way that each eye captures one half of the
figure and both images melt together as a single 3D image.)
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3C This is the cubic zincblende structure with the stacking sequence
ABC. As in semiconductors like GaAs all lattice sites show the same
cubic symmetry (Fig. 2.2(a)). Since this view of the cubic lattice
is unconventional, it should be pointed out that the [0001] axis in
the hexagonal structure corresponds to the [111] orientation in the
cubic lattice. Fig. 2.3 shows the 3C crystal lattice

4H With a macroscopic hexagonal symmetry and the stacking se-
quence ABAC, this is the currently most intensively studied poly-
type for power electronic devices. On a microscopic scale it shows
50% cubic and 50% hexagonal lattice sites.

6H ABCACB is the stacking sequence of the first silicon carbide poly-
type, which was available in the form of single-crystalline wafers.
Compared to the 4H polytype, 6H silicon carbide shows a more
pronounced anisotropy of its material parameters. The crystal
lattice contains 2/3 cubic and 1/3 hexagonal sites.

Silicon carbide polytypes containing several hundred bilayers in the stack-
ing sequence have been identified by X-ray diffraction indicating the ten-
dency of this material to form highly anisotropic crystals.
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Figure 2.4: A stereogram pair showing the crystal lattice of 4H silicon carbide.
The lattice consists of a repetition of Si-C bilayers stacked in a ABAC sequence
with lattice constants a = 3.08 Å and c = 10.08 Å.
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Figure 2.5: A stereogram pair showing the crystal lattice of 6H silicon carbide.
The lattice consists of a repetition of Si-C bilayers stacked in a ABCACB
sequence with lattice constants a = 3.08 Å and c = 15.12 Å.
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2.2 Material Growth

Unlike most other semiconductor materials of technological interest, sil-
icon carbide does not show a liquid phase. The only way to synthesize,
purify and grow silicon carbide raw material for device processing is by
means of gaseous phases. Still research is carried out on the field of liq-
uid phase epitaxy (LPE) where silicon carbide layers are deposited from
a supersaturated solution of carbon in silicon or silicon and carbon in a
different solvent at high temperatures, but these techniques are merely
used in experimental work.

Silicon carbide can be synthesized by reducing sand (SiO2) in the presence
of excess carbon in electrical arc furnaces. In this process, developed by
Acheson in 1891, silicon carbide is formed as a sintered mass of small crys-
tallites. Under certain growth conditions, larger single crystalline platelets
of silicon carbide can be found in cavities and at the outer surface of the
synthesized material. Silicon carbide raw material can also be produced
by pyrolysis of silica-rich plants and agricultural waste products [25]. The
commonly used techniques for the growth of electronic-grade silicon car-
bide are

Physical Vapor Transport (PVT): a solid source of silicon carbide
is evaporated at high temperatures and the vapors recrystallize at
a colder part of the reactor.

Chemical Vapor Deposition (CVD): gas-phase silicon and carbon
containing precursors react in a reactor and silicon carbide is so-
lidified on the target.

2.2.1 Bulk Growth

An important parameter for the growth of bulk silicon carbide as base
material for both silicon carbide and III-nitride based electronic and op-
toelectronic components, is the possibility to grow large single crystals in
high quantities. This emphasizes the need for a high growth rate, which
can easily be achieved using PVT techniques using either powder or poly-
crystalline source materials. The process is known as the modified Lely
process in analogy to the method of producing larger size silicon carbide
crystals by sublimation introduced by Lely in the 1950s [26].
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In the modified Lely technique used for bulk crystal growth, a small crys-
tal of silicon carbide in the cooler part of a cavity serves as a crystallization
seed for the vapor from the evaporation of silicon carbide source mate-
rial. It has been shown that this vapor mainly consists of Si, Si2C and
SiC2. The crystal growth on the seed is depending on the reactor design
and leads to a lateral and axial enlargement of the crystal boule. The
focus during the recent years has been to increase the diameter of the
wafers while at the same time reducing the density of extended material
defects such as micropipes. Since evaporation and growth takes place in
a closed environment, precise doping control and uniformity is not easily
controlled. This fact discourages the direct use of silicon carbide wafers
as active parts in electronic components. Different approaches have been
made to optimize the reactor design in order to provide good control
of thermal gradients inside the growth chamber at temperatures in the
range of 2200 − 2500 ◦C. This, in turn, leads to an improved uniformity
in growth rate, less in-grown stress fields in the material and a better
crystalline quality with a reduction of dislocations and other extended
defects.

Table 2.2: Parameters of commercially available silicon carbide substrate
wafers in 2002. Data according to the manufacturers’ specifications [27–31].
While 75 mm wafers of 4H silicon carbide have been presented at recent confer-
ences, these did not yet appear in the product cataloges of the manufacturers.

n-type p-type

4H-SiC 6H-SiC 4H-SiC 6H-SiC

diameter 50 (75) 75 50 (75) 75 mm

resistivity ≤ 0.028 ≤ 0.040 ≤ 8.50 ≤ 5.00 Ω cm

net doping conc. & 3 · 1017 & 2 · 1017 & 1 · 1017 & 2 · 1017 cm−3

micropipe density ≤ 100 ≤ 100 ≤ 100 ≤ 100 cm−2

Silicon carbide wafers have become available from a growing number of
manufacturers in the recent years [27–31]. These are advertised by means
of the parameters listed in Tab. 2.2. The Finnish/Swedish silicon carbide
substrate manufacturer Okmetic AB recently introduced semi-insulating
(SI) silicon carbide wafers cut from CVD grown bulk crystals [30]. As
opposed to to SI silicon carbide from other manufacturers, where the
residual doping is compensated by mid-band gap levels of extrinsic impu-
rities (e. g. transition metals like vanadium), the new high-purity material
seems to be compensated by yet unidentified intrinsic defects.
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2.2.2 Epitaxial Growth

Due to the above mentioned imperfections still present in state-of-the-
art silicon carbide wafers, these can not be directly used for the active
regions in electronic components. The achievable doping concentrations
and inhomogeneities are generally too high, as well as the concentration
of extended crystal defects. Therefore the commercially available silicon
carbide wafers are mainly used as a substrate to support the epitaxially
grown active layers. Epitaxy allows for a much more precise control of
layer thickness, doping and homogeneity than achievable in bulk material
growth. The gaseous source materials are available with a higher purity
than solid silicon carbide source materials. The dopants are also provided
by means of gaseous precursors, and a free control over the ratio between
those different source gases determines the amount of incorporated dop-
ing impurities. The incorporation of dopants is not only controlled by the
concentration of the dopant species, but also by means of a site compe-
tition affected by the Si/C ratio of the source gases. This is due to the
preferential occupation of the carbon sites for donors and silicon sites for
acceptors, respectively [32].

Different reactor designs have been developed to increase the throughput
of epitaxial growth and to improve the material properties in the epitaxial
layers. Some of the special features of silicon carbide epitaxy reactors are

substrate rotation the wafers are rotated during epitaxial growth to
improve thickness and doping homogeneity.

high-temperature a higher temperature T ≥ 1700 ◦C can result in
growth rates higher than 100 µm/h.

vertical gas flow improves gas flow dynamics especially at higher tem-
peratures. The reactor design is also known as chimney reactor.

hot-wall/cold-wall differ in the temperature gradients in the vicinity
of the wafers. In the cold-wall design the growth chamber walls are
actively cooled while the growth chamber is thermally isolated from
the surrounding ambient in the hot-wall design.

When growing epitaxial layers of silicon carbide, one of the main problems
to solve is the reproduction of the stacking sequence of the base material.
In the hexagonal polytypes most material is grown along the c-axis with
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a [0001] surface. In principle both B and C orientations of the bilayers can
nucleate on an atomically flat [0001] surface of an A oriented layer, but
only one of these two orientations will repeat the stacking sequence of the
desired polytype. Epitaxial growth on flat surfaces can therefore cause
inclusions of different polytypes and twin structures into the grown layers.
Using substrate materials, which are cut at small off-axis angles (typically
3.5◦ for 6H and 8◦ for 4H) a 1-dimensional growth along the surface steps
can be achieved. This ensures the reproduction of the stacking sequence
of the base material during the epitaxial growth [33].

Recently also other crystal orientations have been studied for the man-
ufacturing of power devices. The [112̄0] orientation is one of the most
promising in the hexagonal polytypes. This orientation offers a surface
parallel to the orientation of possible micropipes and screw dislocations
and these will not be reproduced from the substrate when growing cor-
responding epitaxial layers. Additionally, improved device performance
of MOS controlled devices has been reported on [112̄0] oriented epitaxial
layers. However, a 75% reduction in the critical electric field for diodes
on the [112̄0] surface compared to the [0001] surface of 4H silicon carbide
has been reported by Nakamura et al. [34].

State-of-the-art commercially available epitaxial layers are still advertised
with doping variations in the order of ±50% and thickness variations
of ±10%. Compared with the base material for large area silicon power
devices where neutron transmutation doping is used to assure homoge-
neously doping as low as 1012 cm−3 [35], it still seems a way to go for
silicon carbide material before large area monolithic devices are feasible.
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2.3 Crystal Imperfections

Deviations from the perfect crystal lattice are commonly called defects. In
the scope of this thesis it is important to distinguish between four major
classes of defects always present in the currently available silicon carbide
material:

0 dimensional point defects
“Misplaced” single atoms or smaller clusters of atoms
in the lattice. These can be intrinsic point defects
such as silicon and carbon vacancies and interstitials,
silicon atoms on carbon lattice sites and vice versa.
Also intentionally introduced dopant atoms, such as
N, P, Al and B, transition metal atoms V, Ti or Ta
and unintentional impurities like H or O, are point
defects in the lattice.

1 dimensional dislocations
The crystal lattice is distorted along a dislocation line
while the periodicity of the lattice is not affected. Dis-
location lines can only be bound by larger defects,
voids or inclusions in the crystal or by the crystal sur-
face. In [0001]-oriented silicon carbide screw disloca-
tions and threading edge dislocations parallel to the
c-axis of the crystal can penetrate whole wafers and
epitaxial layers.

2 dimensional stacking faults
The periodicity of the stacking sequence is broken along
a lattice plane. Below and above of this plane, the
crystal shows the full periodicity of the crystal lattice
of the corresponding polytype.
grain boundaries
The crystal is built up from smaller perfect crystals,
which are tilted, shifted or rotated against each other.
The interface between neighboring crystallites or grains
forms a low-angle grain boundary.

3 dimensional polytype inclusions
Grains with the stacking sequence of a different poly-
type are embedded in the crystal [36, 37].
other inclusions



2.3. Crystal Imperfections 19

Inclusions of carbon, silicon droplets and ternary com-
pounds between silicon, carbon and impurity atoms
can be present mostly in SiC substrate material and
highly doped epitaxial layers [38, 39].

While point defects play an important role in all semiconductor devices,
not at least in the form of the intentionally introduced doping, the de-
vice performance of silicon carbide devices for high voltages and/or high
currents is still limited by extended (dimension D ≥ 1) crystal defects [40–
43].

In the samples investigated in this thesis, a multitude of material defects
was present, affecting the characteristics of processed devices. These de-
fects have partly been introduced during the processing of the samples in
order to manufacture high-voltage diodes, however, most of the defects
are located inside the epitaxial layers and were present already on the base
material. The main defects studied in this theses are described below in
more detail.

2.3.1 Doping

The bi-atomic base and the presence of inequivalent lattice sites with
cubic and hexagonal symmetry give raise to different ionization energy
levels of incorporated impurity atoms. From the reaction kinetics during
crystal growth and dopant incorporation, and from results of different
measurement techniques it was concluded that the main p-type impurities
aluminum and boron are incorporated preferably on the silicon site, while
the main n-type impurity nitrogen occupies the carbon lattice site. The
shallow phosphorus donor on the other hand appears to occupy the the
silicon lattice site [20, 32, 44]. In the case of the donor impurities a clear
split in ionization energy is observed between atoms incorporated on cubic
and hexagonal lattice sites, respectively. Nitrogen, the most common
donor in silicon carbide, shows ionization energies of Ec−Ecub

N = 102 meV
and Ec − Ehex

N = 59 meV, respectively. Boron as common acceptor type
dopant shows a deep level at Edeep

B − Ev ' 600 meV in the band gap
in addition to the shallow levels at EB − Ev ≈ 300 meV. During recent
years aluminum with an ionization energy of EAl − Ev ≈ 200 meV has
become the favorite p-type dopant in silicon carbide device technology. As
can be seen from the numbers above, even the shallow dopant ionization
levels in silicon carbide are deep compared to dopant ionization energies in
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traditional semiconductors, such as silicon and gallium arsenide, and lead
to an incomplete ionization of the impurity atoms at room temperature.

2.3.2 Screw Dislocations

Screw dislocations are present in state-of-the-art silicon carbide material
in densities in excess of 104 cm−2. The dislocation line of screw disloca-
tions can penetrate along the c-axis through the whole length of crystals
grown by the modified Lely method and are thus present in all wafers sub-
sequently cut from these crystals. Screw dislocations can only terminate
at crystal surfaces and those present in the substrate wafer are there-
fore reproduced during subsequential epitaxial growth. During epitaxial
growth additional screw dislocations can also be nucleated at inclusions
and voids formed inside the epitaxial layer [45, 46].

The amount of distortion along the direction of the dislocation line is
given by the length of the Burgers vector B. In the case of pure screw
dislocations the Burgers vector is parallel to the c-axis of the silicon car-
bide crystal and the length of the Burgers vector corresponds to the step
height of the screw dislocation. Screw dislocations in silicon carbide crys-
tals have been observed with Burgers vectors ranging from B = 1c up to
several 10c. It was found that all screw dislocations with B ≥ 3c form an
open core or a pinhole along the dislocation line. This is explained by the
surface free energy according to Frank’s theory [36, 47, 48]. Screw dislo-
cations with hollow core are called micropipes and are found in densities
of 10−1 − 102 cm−2 in state-of-the-art epitaxial layers and substrates.

Along with the progress in material growth, the densities of micropipes
has been reduced by at least two orders of magnitude during recent
years, due to a massive research effort. However, the disappearance of

(a) (b)

Figure 2.6: Illustration of (a) a closed-core and (b) an open-core screw dislo-
cation with a Burgers vector B = 1c in the crystal lattice of 4H silicon carbide.
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micropipes revealed the influence of other crystal defects, such as the
close-core screw dislocations with B ≤ 2c, on device performance (see
Paper VI) [41, 42].

2.3.3 Surface Features

Unlike silicon technology, where the cut and polished wafer surface is the
starting point for device processing, silicon carbide components are often
fabricated on the as grown surface after epitaxial growth. In the case of
the samples investigated in the scope of this thesis, the surface was covered
with a variety of different features, which to some extent influenced the
performance of the final devices.

The most prominent surface defects on the available samples are shown
in Fig. 2.7. These are

Carrots appear in the shape of acute triangles along the step-
flow direction. Since the length l of the triangles is
found to be proportional to the thickness w of the epi-
taxial layer (l = w/ tan(α), where α is the off-axis
angle of the epitaxial layer), the defect probably orig-
inates at the substrate/epilayer interface.

Half-moon defects were found in quantities in the order of 104 cm−2

(a) (b) (c)

Figure 2.7: Typical surface defects found on the epitaxial layers of the in-
vestigated samples. Image (a) shows carrot defects (1) in the vicinity of two
diodes on Sample 2. The epitaxial layers of Samples 3a, 3b were covered by
large numbers of wavy half-moon defects marked as (2) in images (b) and (c).
Numerous half-moon defects are connected to (4) micropipe openings by (3)
depressions on the surface. Additionally, (5) long straight lines were observed.
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on the surface of the chimney grown epitaxial layers on
Samples 3a, b. AFM measurements show a wavy sur-
face structure with a peak-to-valley height of 200 nm
covering a total area of several hundred square mi-
crometers (see Paper III). The origin of these defects
has so far not been revealed. The order of magnitude
of their appearance, and the fact that a large number
is bound to micropipes by means of long depression
lines, leads to the conclusion that these defects are in
fact related to screw dislocations.

Step bunching is observed on samples after high-temperature anneal-
ing of implanted regions. The steps caused by the off-
axis orientation of the sample surface agglomerate and
form large terraces with steps in the order of 35 nm in
height, which corresponds to 35 unit cells in the 4H
silicon carbide lattice [49, 50].

Straight lines of 200 µm and more in length were found on Sample 3b.
These lines are related to the observation of trape-
zoidal regions seen in SEM and photoluminescence
measurements. The straight lines appear as edges in
the pattern of step bunching observed on the sample
surface.

Epitaxial silicon carbide layers often show a variation in thickness and
a warping caused by stress in the material. This can cause problems
with the limited focal depth of the lithography tools used during device
processing. Furthermore, on the chimney grown samples two deep inden-
tations were present close to the locations of the mounting points of the
samples during epitaxial growth.

2.3.4 Stacking Faults

Recently the presence of stacking faults in the active volume of silicon car-
bide devices has attracted the attention of a number of research institutes
worldwide. It was observed that an increase in the forward voltage drop
and thus in the power loss of pn diodes was correlated with the appear-
ance of stacking faults in the hexagonal stacking sequence of the typically
used 4H silicon carbide. Calculations have shown [51] that the stack-
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Figure 2.8: Schematic cross-section through an 8◦ off-axis oriented epitaxial
silicon carbide layer with a stacking fault originating from the sample surface.
The stacking fault terminates with the trailing partial dislocation at a surface
terrace. The leading partial dislocations extend into the epitaxial layer and the
stacking fault is formed in between.

ing fault can form a 2-dimensional quantum well, reducing the effective
carrier lifetimes in the active region.

Stacking faults can be introduced into the epitaxial silicon carbide layers
during growth, where they originate at imperfections at the substrate-
epilayer interface, during oxidation [52] and during device operation in
the presence of dense electron-hole plasmas in the drift region of bipo-
lar devices. In Paper IV a correlation between in-grown stacking faults
and long, straight lines or edges observed on the surface of the epitax-
ial layer has been proposed, based on electrical, photoluminescence and
SEM measurements. Fig. 2.8 illustrates the position of a stacking fault
in a 4H-silicon carbide layer with the typical 8◦ off-axis orientation used
for step-controlled epitaxy. The stacking fault area is formed between
the leading partial dislocations and the trailing partial dislocation. In
the figure the trailing partial is located at the sample surface, while the
leading partial dislocations are extending into the epitaxial layer. The
results presented in Paper IV indicate that stacking faults with a similar
structure can cause a contrast in a scanning electron microscope, which
is probably caused by the accumulation of charge carriers in the area of
the stacking fault.
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Power Rectifiers

3.1 Semiconductor Junctions

Apart from being one of the simplest semiconductor device to study, the
junction between two different materials is also the basic building block of
all other semiconductor devices. Several possible material combinations
can form electrically active junctions, and these can roughly be grouped
into three classes:

Metal-Semiconductor Whenever a metal contact is attached to a semi-
conductor this type of junction is formed. The physical parameters
of the metal and the semiconductor determine the characteristics of
this junction. Most important types are ohmic contacts and Schot-
tky junctions.

Homojunctions Two pieces of the same semiconductor material but
with different doping type and/or concentration are in metallurgical
contact to each other. The most important type is the pn-junction.

Heterojunctions Two different semiconductor materials form an inter-
face. The difference in physical parameters of the two materials
are responsible for the characteristics of the junction. Heterojunc-
tions are commonly used between different III-V compounds in high-
efficiency optoelectronic devices (LEDs, laser diodes).
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Figure 3.1: Current-voltage characteristic of a rectifying semiconductor junc-
tion. The solid line shows the ideal diode equation while the dashed line indi-
cates deviations from the ideal diode equation, such as (1) increased leakage
currents, (2) electrical breakdown and (3) series resistance.

In this work Schottky diodes and pn-diodes of different types have been
studied using 4H silicon carbide as base material. These two types of
diodes are commonly used in power rectifiers. The advantages of silicon
carbide over today’s mostly used silicon and gallium arsenide in this con-
text will be discussed later on in this chapter. Here the basic principles
of these devices will be presented.

The ideal rectifier would allow current transport without loss in one di-
rection while it would impose an infinite resistance on the current in the
reverse direction. In the real world device performance is limited by the
physics of carrier transport over a potential barrier at the junction. This
leads to the well known equation for the current I through an ideal diode

I = J A = I0

(
eqV/ηkBT − 1

)
(3.1)

where J is the current density, A the cross-sectional area of the diode, I0

is the reverse leakage or saturation current, q is the elementary charge, kB

the Boltzmann constant, T the junction temperature and V is the applied
bias voltage over the diode. The ideality factor η is characteristic for
the carrier transport mechanism in the diode. This current-voltage (IV)
characteristic is plotted in Fig. 3.1 together with the deviations commonly
observed in the reverse characteristics of real diodes, namely increased,
voltage-dependent leakage currents and electrical breakdown at a certain
reverse voltage Vbr. At forward voltages significantly higher than the
thermal voltage kBT/q Eq. 3.1 can be simplified to

I = I0 eqV/ηkBT . (3.2)
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For higher forward currents deviations from the ideal diode characteristic
are observed as an additional voltage drop over the device. Depending
on the design of the diode the major contribution to this voltage drop is
normally found in the series resistance Rs of the neutral regions of the
semiconductor and the diode equation can then be written as

I = I0 eq(V−IRs)/ηkBT . (3.3)

This implicit form can be better studied as the voltage drop over the
diode

V =
ηkBT

q
log
(

I

I0

)
+ I Rs. (3.4)

The series resistance of the neutral semiconductor regions depends on the
carrier mobilities µn,p and the carrier concentrations n, p

Rs =
l

A
ρs =

l

A

1
q(µnn + µpp)

(3.5)

where l is the length of the resistive region in question, which can be the
low doped drift region of a pin diode, the substrate wafer and the emitter
regions on either side of the junction. In a full rectifier device, additional
resistive contributions from the contact regions have to be accounted for,
as well.
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3.2 Schottky Diodes

When a metal contact is applied to a piece of an n-type doped semicon-
ductor, the Fermi level in the semiconductor lines up with the Fermi level
in the metal. This leads to the band structure shown in Fig. 3.2 and the
formation of a barrier ΦB for electrons from the n-type semiconductor
towards the metal contact

ΦB = Φm − χs (3.6)

defined by the metal work function Φm and the electron affinity χs of the
semiconductor. On the semiconductor side of the junction a depletion
region is formed balancing the built-in potential Φbi (also referred to as
the built-in voltage Vbi) of the junction

Φbi = ΦB −
Ec − EF

q
. (3.7)

The width w of the depletion region with an external bias V is given by the
doping concentration ND and the permittivity ε0εr of the semiconductor:

w =

√
2ε0εr(Φbi − V )

qND
(3.8)

qΦm

qχ

qΦB

qΦsqΦbi

metal n−type semiconductor

Fermi level

Vacuum level

w
Ec

EV

Figure 3.2: Band structure at a Schottky contact between a metal and an n-
type semiconductor at thermal equilibrium. Φm is the metal work function, Φs

the semiconductor work function, χs the electron affinity of the semiconductor,
ΦB the barrier height, Φbi is the build-in potential and w the depletion width
of the junction.
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3.2.1 Forward Operation

In the case of moderately or low doped semiconductors the current trans-
port through the Schottky junction is dominated by emission of majority
carriers over the potential barrier from the semiconductor into the metal
contact. If the Schottky barrier is significantly higher than the thermal
energy qΦB � kBT, the thermionic emission-diffusion theory describes
the current-voltage characteristic of the Schottky junction as

J = Js

(
eqV/kBT − 1

)
(3.9)

where V is the applied voltage and Js is the saturation current density

Js = A∗T 2e−qΦB/kBT . (3.10)

The effective Richardson constant A∗ is proportional to the effective mass
of the majority carriers m∗

A∗ =
4π q m∗k2

B

h3
. (3.11)

As can be seen the current-voltage characteristic of the thermionic emis-
sion-diffusion theory has the form of the ideal diode equation from Eq. 3.1
with I0 = Is and an ideality factor η = 1.0. This behavior is also consis-
tent with measurements on Schottky diodes on n-type silicon carbide as
presented in Papers II and III and in Ref. [14].

According to the thermionic emission theory, the characteristic parameter
of a Schottky contact, the barrier height ΦB, does only influence the
saturation current Js (Eq.3.10). Diodes with different barrier heights are
therefore shifted along the ordinate in a semilogarithmic plot, such as
Fig. 3.1(b).

In a real Schottky diode the thermionic emission theory does only describe
the forward current-voltage characteristic for a certain range of current
densities. At higher diode currents the additional voltage drop over the
quasi-neutral regions of the semiconductor and in the metal contact play
an important role. In this case Eq. 3.3 applies as

I = A Js eq(V−IRs)/kBT (3.12)

where A is the area of the Schottky contact.

In practice a current-voltage characteristic as shown in Fig. 3.4(b) can be
observed on certain diodes [53, 54]. This characteristic can be explained
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different series resistances Rs1, Rs2 in a parallel connection. The arrows indi-
cate the influence of the parameters ΦB and Rs on the shape of the curve.
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by the summation of the currents Ik through two or more (n) parallel
diodes with different barrier heights

I(V ) =
n∑

k=1

Ik(V ). (3.13)

These can exist under a single Schottky contact for example by the for-
mation of different interfacial phases as observed in the case of silicon
carbide-titanium diodes. Since different parts of the current-voltage char-
acteristics are determined by the different parameters Is, η and Rs of the
diode model, it is possible to separate these parameters by a simple curve
fitting technique. For significantly large (several tens of µm2) contact ar-
eas A the series resistance of the semiconductor is inversely proportional
to the contact area

Rs = ρ
w

A
(3.14)

where ρ is the resistivity and w the thickness of the semiconductor mate-
rial and the current spreading at the contact edges can be neglected. The
ratio of the resistance values obtained from the analysis of the current-
voltage measurements can therefore be used to determine the areal con-
tributions Ai of individual barrier heights to the whole Schottky contact

Ai = A
R

Ri
. (3.15)

Torrey and Whitmer [55] used a similar approach to explain the strong
deviation of early germanium and silicon Schottky diodes from the pre-
dictions of the thermionic emission theory, especially the observation of
large ideality factors η & 4. They assumed a distribution of contact spots
with different barrier heights distributed over the whole active area of the
Schottky contact with the individual currents summing up as described
above in the case of only two currents. This model might also explain the
observation of ideality factors η ≥ 3 in the case of nickel Schottky diodes
on chimney-grown 4H silicon carbide diodes, reported in [56].

3.2.2 Reverse Operation

The thermionic emission-diffusion theory predicts a constant leakage cur-
rent density for a reverse biased Schottky diode of the same size as the
saturation current density

J = −Js = −A∗T 2e−qΦB/kBT . (3.16)
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Figure 3.5: Reverse characteristics of a Schottky diode on Sample 2. The
measurement was aborted at −1640 V when the leakage current exceeded the
capabilities of the setup.

Experiments, however, show a significant increase of several orders of
magnitude in the leakage current at increasing reverse bias, as plotted in
Fig. 3.5. Three major contributions to the leakage current not accounted
for by the thermionic theory are

1. image force lowering of the Schottky barrier. The electrostatic
attraction between a carrier on the semiconductor side of the junc-
tion and the induced mirror charge in the metal side of the junction
leads to a lowering of the effective barrier height for the electron

∆ΦB =
√

qEmax

4πε0εr
(3.17)

where Emax is the peak electric field at the Schottky contact

Emax =

√
2qND(−V )

ε0εr
(3.18)

for applied voltages V significantly higher than the built in potential
|V | � Φbi. In order to take the barrier lowering into account Eq. 3.16
can be rewritten to

J∆Φ(V ) = −A∗T 2e−qΦB/kBT eq∆ΦB/kBT (3.19)
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2. space charge generation of electron-hole pairs in the depletion
region. At a generation rate U, related to the carrier emission from
deep levels with capture cross sections σn,p and energy positions Et

in the bandgap, an emission time constant τe can be defined [21]

U = −

 σpσnvthNt

σn exp
(

Et−Ei
kBT

)
+ σp exp

(
Ei−Et
kBT

)
ni ≡ −

ni

τe
. (3.20)

Ei and ni are the intrinsic Fermi level and carrier concentration,
respectively, vth is the thermal velocity. The generation related
contribution to the leakage current becomes

Jgen =
∫ w

0
dx q|U | =

qniw

τe
(3.21)

where w is the voltage V dependent width of the depletion region,
described by Eg. 3.8.

3. tunneling currents through the potential barrier. For high dop-
ing concentrations in the semiconductor material, the width w of
the depletion region decreases (Eq. 3.8) and the probability of di-
rect tunneling of carriers through the barrier increases. At doping
concentrations above a certain value (typically NA,D � 1018 cm−3),
the tunneling current

Jtunnel ∼ e−qΦB/E00 (3.22)

with the characteristic energy E00

E00 =
q~
2

√
ND

ε0εrm∗ (3.23)

dominates the carrier transport through the contact. This allows
the formation of non-rectifying, ohmic contacts to highly doped
semiconductor regions.

Additional effects have to be taken into account to explain increased leak-
age currents observed below the avalanche breakdown voltage. Examples
of such effects are thermionic field emission and field emission, multipli-
cation of carriers, crystal defects and barrier inhomogeneities. In the case
of the Schottky diodes investigated in the scope of this thesis, the reverse
leakage currents exceeded the capabilities of the measurement setup be-
fore avalanche breakdown was reached. This important breakdown phe-
nomenon will therefore be discussed in the corresponding Section 3.3.3 on
pn diodes.
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3.3 pn Diodes

When the metal contact in a Schottky diode is replaced by a semicon-
ductor region of opposite doping than the base material, a pn junction is
formed as shown in Fig. 3.6. The principle of the junction formation is
similar to the one discussed earlier for the metal-semiconductor junction
in Section 3.2. The Fermi levels EFn and EFp in the two semiconductor
materials line up and a barrier with the built-in potential Φbi is formed [57]

EFn − Ei = kBT ln
(

nn0

ni

)
(3.24)

Ei − EFp = kBT ln
(

pp0

ni

)
. (3.25)

Assuming full ionization of the dopant atoms nn0 = ND, pp0 = NA on
either side of the junction the built-in potential is given as

qΦbi = (Ei − EFp)− (EFn − Ei) ' kBT ln
(

NDNA

n2
i

)
. (3.26)

Ei is the intrinsic level and ni the intrinsic carrier concentration of the
semiconductor material (Tab. 2.1).

Power rectifiers most often utilize an asymmetric doping profile at the pn
junction. The lower doped side will support the applied voltage under
reverse operation. The electrical contact to the low-doped region is made
through an additional layer of highly doped material of the same type,
resulting in either one of the following structures:

qΦbi

n−type semiconductor

Fermi level

p−type semiconductor

EC

EV

EC

EV

EFp EFn

EG
Ei

w Ei

-xp
xxn0

Figure 3.6: Band structure of a pn diode in thermal equilibrium without
external bias. Ec is the conduction band edge, Ev is the valence band edge, Ei

the intrinsic Fermi level of the semiconductor. w is the width of the depletion
region formed by the built-in potential Φbi.
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p−i−n The low-doped part consists of intrinsic i. e. essentially
undoped material, which will be fully depleted at low
reverse voltages. These diodes are mainly used as de-
tectors for particles and electromagnetic radiation.
The term pin diode is often used to address the whole
family of designs.

p+−n−−n+

p−ν−n The low-doped or drift region in these diode is of n-
type. Since the series resistance of a diode is deter-
mined by the carrier mobility and doping concentra-
tion, it is advantageous to use n-type drift regions be-
cause of the higher electron mobility in all common
semiconductors (see Tab. 2.1).

n+−p−−p+

n−π−p The drift region in these diode is p-type doped. Due to
their higher majority carrier mobilities and resulting
lower series resistance, n− drift zones are more widely
used than p− layers. In the recent discussion about
degradation phenomena in silicon carbide diodes the
p-type drift regions might attract new interest.

3.3.1 Forward Operation

Considering the electron and hole current densities through the junc-
tion [21, 57]

Jn(x = −xp) =
qDnnp0

Ln

(
eqV/kBT − 1

)
(3.27)

Jp(x = xn) =
qDppn0

Lp

(
eqV/kBT − 1

)
(3.28)

(3.29)

where −xp and xn mark the edges of the depletion region, leads to the
diode equation for the ideal pn junction

I = A(Jn + Jp) = I0

(
eqV/kBT − 1

)
(3.30)

which corresponds to the characteristic of the ideal diode in Eq. 3.1 with
an ideality factor η = 1. The saturation current in the case of the pn
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Figure 3.7: Current-voltage characteristics of 14 similar 200 µm diameter pn
diodes on Sample 2. Four different regions can be distinguished by the slope of
the curves, indicating different conduction mechanisms.

junction consists of the minority carrier currents

I0 = qA

(
Dn

Ln
np0 +

Dp

Lp
pn0

)
(3.31)

where Dn,p are the diffusion constants, Ln,p are the minority carrier dif-
fusion lengths for electrons and holes, respectively. np0 and pn0 are the
equilibrium minority carrier concentrations. Since the minority carrier
concentration is higher in semiconductor materials with lower doping lev-
els,

np0 =
n2

i

pp0

pn0 =
n2

i

nn0

(3.32)

the lower-doped side of an asymmetric pn junction determines the satu-
ration current of the junction.

As described in the case of Schottky diodes, generation and recombination
in the space charge region also contribute to the diode current. These cur-
rents are caused by recombination centers with an energy located deeply
in the band gap and add to the general diode current [57]

I = I0

(
eqV/ηkBT − 1

)
+ q

Ani

2τe

(
eqV/2kBT − 1

)
︸ ︷︷ ︸
generation-recombination

. (3.33)
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Figure 3.8: Current-voltage characteristic (dashed line) and differential ide-
ality factor η (full line) of one of the diodes from Fig. 3.7.

When the measured diode current-voltage characteristics are plotted on a
semilogarithmic scale as shown in Fig. 3.7, the generation-recombination
currents can be seen as a slope q/ηkBT with an ideality factor of η = 2.
For higher voltages the curve shows a smaller ideality factor in the order of
1.0 ≤ η ≤ 2.0 before the high-injection regime is reached. This tendency
can also be seen when plotting the differential ideality factor

η =
q

kBT

1
d (ln(I)) /dV

(3.34)

as shown in Fig. 3.8. The deviation from the theoretically predicted ide-
ality factor of η = 1.0 can be explained by a generalized form of the
Schottky-Noice-Sah theory [58] for the current transport through a junc-
tion. In this theory the current transport is explained by means of carrier
recombination through multiple deep and shallow levels in the band gap.
The theory predicts an ideality factor of

η =
2d + s

d + s
(3.35)

where s is the number of discrete shallow levels and d is the number of
discrete deep levels in the band gap, participating in the recombination
process. According to this theory the often observed ideality factor of
η = 1.2 = 6/5 in silicon carbide pn junctions would thus be caused by
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the participation of d = 1 deep and s = 4 shallow levels in the band
gap [59, 60].

3.3.2 High Level Injection Currents

At a certain forward current level the minority carriers injected into the
low doped region of a pin diode outnumber the majority carrier concentra-
tion of this region. This mode of operation is called high-level injection
(Fig. 3.9). Carriers of opposite polarity are injected from both highly
doped regions adjacent to the drift layer, and the concentrations of elec-
trons and holes become equal throughout the drift layer due to charge
neutrality [61, 62]. The carrier concentrations are given by

n(x) = p(x) =
τhlJ

2qLa

(
cosh(x/La)

sinh(w/2La)
− sinh(x/La)

2 cosh(w/2La)

)
(3.36)

where w is the width of the low doped region, τhl is the effective carrier
lifetime under high-level injection and La is the ambipolar diffusion length
(valid for both electrons and holes) diffusion length as a function of the
lifetime and ambipolar diffusion coefficient Da [21, 62]

Da =
2Dn

1 + µn/µp
(3.37)

La =
√

Daτhl. (3.38)
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Figure 3.9: Carrier concentrations in a p+−n−−n+ diode at high-level in-
jection. The concentrations of electrons and holes in the low-doped drift region
are equal to each other leading to a decreased series resistance.
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Figure 3.10: Voltage drop Vm over the middle region of a pin rectifier as a
function of the normalized diffusion length La/w for carriers in the low-doped
region.

Under the assumption of a constant lifetime and diffusion length, the
carrier concentration is directly proportional to the current density J
through the drift region. Since the resistivity ρ of a semiconductor is in-
versely proportional to the free carrier concentrations according to Eq. 3.5,
the voltage drop Vm = ρJ over the drift region becomes constant under
high-level injection

Vm =



3kBT

q

(
w

2La

)
w ≤ 2La

3πkBT

8q
ew/2La w ≥ 2La

(3.39)

This significant reduction in voltage drop over the low-doped region is one
of the premises, which made high-voltage power semiconductor devices
technologically possible. High-voltage components need wide, low-doped
drift regions to accommodate the applied reverse voltage in a space-charge
region under reverse bias (see Sect. 3.3.3), which without the conductivity
modulation described above would cause unreasonable forward voltage
drops.

The diffusion length La, and thus the carrier lifetime τhl, in the drift zone
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Figure 3.11: Reverse recovery process during the switch-off transient of a fast
silicon rectifier (trr ' 100 ns). The reverse recovery current peak Irm can reach
a significant fraction of the forward current IF .

have to be sufficiently high to allow the formation of the electron-hole
plasma under forward conduction. For a silicon power rectifier the carrier
lifetime can be in the order of several tens of microseconds, which is
necessary in order to achieve a low forward voltage drop at high currents.
When the diode is switched from forward operation to the reverse blocking
state, those injected carriers are still present in the drift zone and cause
a reverse-recovery current Jrr during a reverse recovery time trr, limiting
the maximum switching frequency of the device.

Fig. 3.11 shows the schematic reverse recovery process for a fast high-
voltage silicon diode. The characteristic parameters Qrr, Irm, Ir, trr, and
the ratio tA/tB can be found in the datasheet of commercial rectifiers [63–
66]. The intentional introduction of recombination centers in certain parts
of the low doped region of silicon power devices is used to control the
carrier lifetime and the reverse-recovery behavior, trading off the forward
voltage drop against the maximum switching frequency [62]. The peak
reverse recovery current Irm in fast silicon rectifiers can reach 25 − 50%
of the continuous forward current IF and the reverse recovery charge

Qrr = −
∫ t(I=−Ir)

t(I=0)
dt I(t) (3.40)
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Figure 3.12: Reverse recovery measurement of a 200 µm diameter pn diode
on Sample 2. The diode is switched from a forward current IF ≈ 0.35 A to a
reverse bias of V ≈ −650 V within 100 ns.

in the order of Qrr ≈ 0.1 µC per ampere of forward current is transported
out of the drift zone of the rectifier during the reverse recovery time trr.

The fact that the width of drift zones in silicon carbide devices can be
significantly reduced compared to silicon devices for the same blocking
voltage, because of the much higher critical electric field, is a major ad-
vantage for fast power devices. A reverse recovery measurement of a
silicon carbide pn diode from Sample 2 is shown in Fig. 3.12. The diode
was switched from a forward current IF ≈ 0.35 A (corresponding to a
current density of J = 1100 A cm−2) into the reverse blocking state at a
voltage of V ≈ −650 V. The reverse recovery current density during the
measurement was Jrm ≤ 50 A cm−2 and the reverse recovery charge can
be estimated to be Qrr ≈ 3 nC per ampere of forward current, 0.3% of
the charge in a comparable fast silicon rectifier.
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3.3.3 Static Reverse Operation

The reverse leakage current of pn junctions is generally dominated by
space-charge generation currents caused by the same mechanisms, as de-
scribed by Eq. 3.33. Fig. 3.13 shows the depletion region of a p+−n
junction under reverse bias. The maximum of the electric field Emax is
found at the location of the metallurgical junction between the n- and
p-type semiconductor. The depletion region extends a distance xn,p into
both sides of the junction

xp = −Emax
ε0εr

qNA
(3.41)

xn = −Emax
ε0εr

qND
(3.42)

under the assumption of the depletion approximation [57]. In the case
of an asymmetric p+−n junction with NA � ND the extension of the
depletion region into the highly doped p-type anode can be neglected and

n−type semiconductorp−type semiconductor

w

−Emax

xn−xp

−VA

x

x

(a)

(b)

Figure 3.13: Depletion region in a reverse biased p+−n junction. The
charged dopant atoms on both sides of the junction balance each other. Graph
(a) shows the electric field and (b) the potential along the diode.



3.3. pn Diodes 43

qVR

n−type semiconductor

Fermi level

p−type semiconductor

EC

EV

EC

EV

E

Figure 3.14: Band structure of a reverse biased pn diode. Avalanche multipli-
cation at breakdown is schematically shown for electrons generating additional
electron-hole pairs on their way through the depletion region.

the highest electric field is found at the metallurgical junction

Emax =
√

2qND

ε0εr
|V | (3.43)

The carriers of the leakage current are accelerated by the electric field
in the depletion region. When a carrier gains sufficient kinetic energy it
can create an electron-hole pair by the impact ionization. Both electrons
and the hole in turn are accelerated in the electric field and can create
additional carrier pairs as depicted in Fig. 3.14.

The multiplication of carriers continues until the carriers reach the neutral
regions outside the depletion region, resulting in an effective multiplica-
tion of any current entering the depletion region

dIn = Inαndx + Ipαpdx (3.44)

where αn and αp are the electron and hole ionization coefficients of the
semiconductor material, respectively. If the ionization integral

∫ w
0 αdx

with the field-dependent ambipolar ionization coefficient α reaches unity,
the junction is in avalanche breakdown. Any carrier finding its way
into the depletion region would start an infinite multiplication cascade
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Figure 3.15: Critical electric field at breakdown for selected semiconductor
materials. The empirical formula (see text) derived by Sze et al. does not predict
the observed critical field strength of 4H silicon carbide.

of electron-hole pairs. The corresponding critical electric field Ecrit is
depending on the semiconductor material and the doping concentration
on the lower doped side of the junction, into which the depletion region
extends.

With the availability of high quality semiconductor materials in the 1960s
the ionization coefficients and critical fields were studied intensively [67].
Investigating the critical fields of various semiconductors, Sze et al. pro-
posed an empirical dependence of the critical field on the band gap of the
semiconductor material in the case of one-side abrupt junctions [21, 68]

V Sze
br = 60.0

(
Eg

1.1 eV

)3/2 ( ND

1016 cm−3

)−3/4

(3.45)

ESze
crit =

√
2qND

2ε0εr
V Sze

br . (3.46)

Fig. 3.15 compares the critical electric field as predicted by Eq. 3.46 for
germanium, silicon and silicon carbide. While the results agree quite well
with the observed breakdown voltages from Eg = 0.67 eV (Ge) up to
Eg = 2.3 eV (GaP) [68], the experimentally determined critical field for
4H silicon carbide is about three times higher than the prediction based
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on its band gap Eg = 3.2 eV [69]. The data for 4H silicon carbide shown
in Fig. 3.15 was derived from numerical device simulations [70, 71] based
on the ionization coefficients measured by Konstantinov et al. [72] and the
material properties collected by Bakowski et al. [73]. This high critical
electric field results in a breakdown voltage for 4H silicon carbide diodes,
which is about one order of magnitude higher than predicted by Eq. 3.45
and two orders of magnitude higher than achievable with silicon at the
same doping concentration.

An important property for the application in power devices is the tem-
perature coefficient of the avalanche breakdown voltage. If the break-
down voltage was decreasing at higher temperatures, a local avalanche
and the self-heating caused by its breakdown current would cause a fil-
amentation of the leakage current, possibly leading to catastrophic de-
vice failure. First measurements of breakdown voltages in silicon carbide
diodes seemed to indicate such a negative temperature coefficient of the
breakdown voltage. It was later shown that the temperature coefficient
of the breakdown voltage in defect-free 4H silicon carbide actually was
positive [41, 74, 75].

Even though no temperature-dependent measurements of the breakdown
voltage have been conducted in the scope of this thesis, the observation
of stable avalanche breakdown in defect-free diodes on Sample 1 supports
the assumption of a positive temperature coefficient of 4H silicon carbide.

3.3.4 Microplasma Breakdown

Much like today’s silicon carbide diodes, early diodes made from silicon
rarely reached avalanche breakdown. Localized breakdown spots in the
junction area were observed at much lower reverse voltages than expected
from theoretical considerations [76–79]. These phenomena became known
as microplasma, since the localized breakdown creates a confined electron-
hole plasma, short-circuiting the depletion region.

Carrier recombination in the electron-hole plasma generates visible light,
both in the case of silicon and silicon carbide, making it possible to de-
termine the position of the localized breakdown in the junction area (see
Paper I and Refs. [78–80]). In the case of silicon carbide diodes the ap-
pearance of microplasma spots was found to be bound to extended crystal
defects (Sect. 2.3), mainly closed-core screw dislocations and micropipes
(see Paper VI).
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Figure 3.16: (a) equivalent circuit and (b) microplasma current pulses in
a diode on Sample 1. The height of the current pulses remains constant for
increased reverse voltage (indicated in parentheses to the right), while the duty
cycle ton/(ton + toff) constantly increases until the microplasma becomes fully
conducting.

In electrical measurements on reverse biased diodes, microplasma break-
down is observed as a sudden, step-like increase in the leakage current at
a characteristic, reverse voltage. A closer investigation reveals a small re-
gion of reverse voltage, where the leakage current shows instabilities in the
form of pulses of a constant height, random telegraph pulses [81]. The ob-
served pulse width in silicon carbide diodes can range from nanoseconds
to several hundred milliseconds, the longest pulses were also visible as
light pulses emitted from the corresponding location in the junction area.
The duty factor ton/(ton + toff) of the current pulses increases for higher
reverse voltages, until the microplasma channel finally show continuous
conduction, as shown in Fig. 3.16.

The current through diodes with microplasma regions under continuous
conduction show a leakage current, which can be modelled as

I ∝ (V − V0)m (3.47)

with V0 as the onset voltage of the microplasma breakdown and the ex-
ponent m ≈ 2 [41].

In order to explain the discrete nature of the microplasma current pulses,
two different theories have been proposed in the past. These are based
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on observations made on pn diodes manufactured with state-of-the-art
technology and materials.

D. J. Rose (1957) used the analogy to gas discharges when describing
the discrete nature of the microplasma current pulses [77]. A microplasma
pulse is initiated when a carrier enters the high-field region in a semicon-
ductor junction, which leads to a localized avalanche. The external field
sweeps the mobile charges out of the avalanche region, which then appear
as an increased leakage current through the diode.
If the carrier density in the avalanche region shows statistical fluctuations,
there is a possibility for the avalanche to decease. Rose calculates the tem-
perature rise in a localized microplasma region of diameter l = 500 Å in
silicon to be in the order of 10− 50 K for typical microplasma currents of
Imp = 50 µA, Pmp = 20 mW according to

∆T =
3Γ (3/2) Pmp

4π3/2κl
. (3.48)

where Γ is the gamma function and κ the thermal conductivity of the
semiconductor. This temperature rise lowers the ionization coefficients in
silicon sufficiently to keep the microplasma region in the non-conducting
state until a new carrier starts the next avalanche pulse.

This theory has later been modified by Champlin [81], McIntyre [82]
and Haitz [83] among others. The consensus, however, was that the mi-
croplasma was caused by imperfections in the crystal lattice, mainly dis-
locations and inclusions commonly found in the available semiconductor
materials at the time.

S. T. Hsu (1970) explained the similar current pulses in the so-called
burst noise by the influence of a deep level in the band gap on the current
transport through a localized region of the junction [84, 85]. A defec-
tive region in the semiconductor material could cause a local modulation
in the width of the band gap, forming what today is known as a dou-
ble heterojunction. This places a local barrier for carriers on their path
through the diode. The charge state of a single trap level in the vicinity
of the defect region would be able to modulate the height of the barrier
and hence modulate the current flow through the diode. Unlike the mi-
croplasma current fluctuations described by Rose et al., the burst noise
was observed in both forward and reverse currents through silicon diodes
at low current densities.
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(a) (b)

Figure 3.17: Electroluminescence of microplasma breakdown. Image (a)
shows the breakdown luminescence of a micropipe on Sample 1 while image
(b) shows (1) small microplasma light spots surrounding (2) a reverse biased
diode on Sample 2. The diode is connected with (3) a titanium carbide probe
tip.

The articles by Hsu mark an end in microplasma research in silicon as
semiconductor material. They coincide with the commercialization of
the first large area integrated circuits and the dawn of semiconductor
power devices [86]. Microplasma phenomena appeared again in III-V
semiconductors [87, 88] and now in silicon carbide.

In the majority of pn diodes investigated on Samples 1, 2, 3a & 3b,
microplasma breakdown was found to be the limiting factor in device
performance, which is described in Papers I, II and VI. Microplasma
breakdown was intensively studied on Sample 1 and a large variety of
both characteristic pulse rates 1/(ton + toff) and pulse amplitudes was
found. With the help of X-ray topographs, electroluminescence and EBIC
measurements all microplasmas on this sample were finally correlated to
screw dislocations in the silicon carbide material. The observed light
spots for the microplasmas were found to be in the order of 1 µm in
diameter, closed-core screw dislocations showed a single light spot, while
micropipes were surrounded by six distinct microplasma channels as seen
in Fig. 3.17(a). In the case of Sample 1 the power dissipated in a single
microplasma was in the order of Pmp = 100 V × 10 µA = 1 mW, while
the corresponding power for the high-voltage diodes of Samples 2, 3a
& 3b reached values up to Pmp = 1000 V · 1 mA = 1 W. According to
Eq. 3.48 the latter would correspond to a temperature increase in the order
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of ∆T ≥ 1000 K, which is also consistent with electrothermal computer
simulations on this structure.

At the periphery of high-voltage pn diodes on Samples 2, 3a & 3b a num-
ber of smaller microplasma light spots were sometimes observed. Like
the microplasmas caused by screw dislocations even those light spots ap-
peared at fixed locations in concentric circles around reverse biased diodes
at high voltages, as shown in Fig. 3.17(b). With increasing reverse voltage,
the inner microplasmas disappeared and instead new spots at a greater
distance from the junction edge appeared. From the distance between
neighboring light spots of d ≈ 20 µm an approximate density for the cor-
responding crystal defects in the order of 3·105 cm−2 was estimated, which
is similar to the expected number of threading edge dislocations.
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3.3.5 Punch-Through Design
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Figure 3.18: Electric field in a punch-through structure. Using a lower doping
concentration a higher reverse voltage can be supported by a drift zone of the
same width. The doping concentration ND = 2 · 1015 and the drift zone width
wpt = 35 µm corresponds to the values of Sample 2. (Note: The x-scale has
been stretched outside the drift zone to visualize the extension of the depletion
region.)

If the lowly doped drift layer is not wide enough to support the depletion
region at reverse voltages below electrical breakdown, the depletion region
will reach the n−−n+ interface of a p−ν−n diode. This behavior is
called punch-through. Normally the dopant concentration in the electrode
regions outside the drift layer is high enough, so the extension of the
depletion region into these areas can be neglected (Eq. 3.8). As shown
in Fig. 3.18 using a punch-through design, a higher reverse voltage can
be supported in a drift layer of constant thickness when lowering the
doping concentration, reaching the same maximum electric field at the
pn junction.

Using geometrical considerations the breakdown voltage V
(pt)
br for a punch-

through structure can be calculated from the breakdown voltage Vbr of a
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Figure 3.19: Calculated breakdown voltages for 4H silicon carbide diodes as
a function of low-doped epilayer thickness and doping concentration. The di-
agonal line marks the non-punch-through limit.

non-punch-through structure with the same doping concentration

−Vbr = E2
crit

ε0εr

2qND
from Eq. 3.43 (3.49)

wbr =
√

2ε0εr

qND
|Vbr|

=
ε0εr

qND
Ecrit (3.50)

V
(pt)
br = Ecrit

ε0εr

qND

(
2wpt −

w2
pt

wbr

)
(3.51)

where wbr is the depletion width at breakdown of the non-punch-through
structure and wpt is the actual width of the low-doped drift region in the
punch-through structure.

Reducing the width of the drift zone also reduces the need for very thick
epitaxial layers, but the lower doping concentration causes a higher re-
sistivity of the drift zone. Since the resistivity increases proportional to
1/ND the series resistance of the drift zone under low-injection is higher
for extreme punch-through designs than for non-punch-through designs.
As can be seen in Fig. 3.20 a local minimum of the series resistance exists
for a moderate punch-through design. Analytical analysis reveals an op-
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Figure 3.20: Drift zone series resistance for different breakdown voltages
V
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br = 100 V, 1 kV and 10 kV as a function of the doping concentration in

the drift zone. The diagonal line marks the punch-through/non-punch-through
design limit.

timal ratio wpt = 3/4 wbr, which would allow the design of unipolar power
components with minimal forward voltage drop, such as Schottky or JBS
diodes, MESFETs or MOSFETs [89]. With state-of-the-art (year 2002)
low-doped epitaxial layers, the variations in thickness and doping concen-
tration over a wafer make it difficult to take advantage of this optimal
design for large area devices.

A significant electric field is present throughout the whole low-doped drift
zone in the case of more extreme punch-through designs, as for example
in the Samples 2, 3a & 3b, where wpt � 3/4 wbr. Fig. 3.21 shows the
electric field at the n−−n+ interface of 4H silicon carbide p+−n−−n+

punch-through structures as a function of breakdown voltage and doping
concentration in the low-doped layer. For a variation of less than 50% in
the net doping concentration the electric field at the n−−n+ interface can
reach 80% of the critical electric field. Since the high field is extending
through the whole epitaxial layer it can easily cause localized breakdown
phenomena as described in Section 3.3.4.
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3.4 Combined Schottky and pn Diodes

n−type semiconductor

p−type implantation contact metallization

Schottky junctionpn junction

Figure 3.22: Cross-section through the contact area of a JBS/MPS rectifier.
The Schottky contact metallization is applied on top of a grid of pn junctions.

Aside of pure Schottky and pn diodes, combinations of these types have
been developed and investigated. The forward voltage drop of a recti-
fier is determined by the built-in potential of the junction and the series
resistance of the semiconductor material. However, the conductivity mod-
ulation in the case of pin-type diodes can be utilized to significantly lower
the forward voltage drop, although this leads to increased switching losses
due to the high reverse recovery charge stored in the electron-hole plasma
in the drift zone. Another advantage of pn junctions over Schottky con-
tacts is the much lower static reverse leakage current, which is caused by
the higher potential barrier in the case of the pn junction.

In order to take advantage of the low forward voltage drop of the Schot-
tky contact (for moderate current densities) and the lower reverse leak-
age current of a pn junction, a combination of both designs has been
developed. These devices are called Junction Barrier Schottky JBS and
Merged PN Schottky MPS rectifiers and the schematic cross section is
shown in Fig. 3.22. While the Schottky contact is responsible for the cur-
rent transport at moderate forward current densities, the depletion region
of the pn junction extends over the Schottky contact and shields it from
the high electric fields during reverse operation [89].

If the potential drop under the Schottky contact exceeds the built-in po-
tential of the pn junctions, minority carriers are injected into the low
doped drift zone leading to conductivity modulation. This is the high-
current operation mode of the MPS rectifier [90]. Fig. 3.23 shows an
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Figure 3.23: IV characteristic of a 500 µm diameter JBS/MPS diode on
Sample 2. The curve can be describe by means of the double-diode characteristic
(Eq. 3.13), where both the Schottky and pn part of the junction contribute to
the current transport.

example of a JBS/MPS diode from Sample 2 with current injection from
the pn junction for forward voltages V > 2.1 V. In this case the Schot-
tky part can be described by the parameters η = 1.0, Is = 2 · 10−20 A
and Rs = 4 kΩ. The parameters of the pn part were accordingly η = 1.2,
Is = 1·10−34 A and Rs = 10 Ω. The Schottky area of the JBS/MPS diodes
on Sample 2 was degraded during processing by the lateral out-diffusion
of boron from the implanted pn regions.

An optimized JBS/MPS diode has the potential to combine the low for-
ward voltage drop of a Schottky diode with the surge capability and low
leakage current of a pn diode. Commercial silicon carbide diodes are now
available for reverse blocking voltages up to 1200 V, which compete with
conventional silicon pn diodes [63, 64, 91]. The reduced leakage current
and higher reverse voltage capability of silicon carbide JBS/MPS diodes
can expand the competitive voltage region even further at the price of a
more complex device design. Using a common metallization for both the
Schottky areas and the ohmic contacts to the implanted p-type structures
simplifies the device design.
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3.5 Junction Edge Terminations

This chapter has so far only considered one-dimensional structures where
the electric field vector was perpendicular to the sample surface. In real
devices, however, the junction shows curvatures and the device geometry
shows edges and surfaces, where the peak electric field will be increased
due to field crowding. Since the breakdown voltage of a device is closely
related to the maximum electric field at the junction of the device, areas of
increased electric field will significantly reduce the ability of power devices
to withstand and block high reverse voltages. Electrical breakdown will
preferably occur at the periphery of the three-dimensional junction if the
maximum field in these areas is not reduced by proper edge termination
techniques.

While the junction termination extension (JTE) is frequently used in
commercial power devices, the focus in this thesis was on termination
techniques requiring fewer mask levels and simpler design. By using both
field rings and field plates additional process steps can be avoided while
still a significant reduction of electric field crowding at the device pe-
riphery is provided. The termination techniques applied on the samples
studied in the scope of this thesis are described in more detail.

3.5.1 Bevelling

n−−type semiconductor

p+−type semiconductor θ

wsurf

wbulk

(a) (b)

Figure 3.24: Positively bevelled edges as junction termination. The device
edge is cut or etched to reduce the electric field at the surface by extension of the
depletion region width wsurf at the surface. (b) shows the computer simulation
result of the electric field distribution in the case of a diode on Sample 1.

If the vertical edge of a planar p+−n− junction is bevelled as shown in
Fig. 3.24, the balancing of the charges on either side of the junction leads
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JTE zone

n−−type drift layerdepletion edge

wbulk

p−type implantations

Figure 3.25: Schematic cross-section through a diode with junction termina-
tion extension implantations.

to a deformation of the depletion region boundaries. The depletion width
between the neutral semiconductor regions becomes wider towards the
surface of the junction wsurf than in the bulk wbulk. For a given bevel
angle θ this leads to a reduction of the electric field at the edge of the
junction [62]

Esurf = Ebulk
2 sin θ

1 + cos θ
. (3.52)

The highest electric field is thus found in the bulk and not at the periphery
of the device and the diode can be expected to show the breakdown voltage
derived for the one-dimensional case when the electric field reaches the
breakdown limit Ecrit. The mesa diodes of the investigated Sample 1 were
provided with a bevel angle of θ ≈ 45◦, which corresponds to a reduction
of the surface electric field to about 41% of the bulk value (see Paper VI).
A two-dimensional numerical simulation (see Fig. 3.24(b)) of the structure
resulted in a breakdown voltage of Vbr

∼= 150 V, which is consistent with
the experimental results and the one-dimensional calculation.

3.5.2 Junction Termination Extension

Another approach to reduce the electric field at the junction edge by
widening the depletion region and thus avoid the effect of field crowding
is called junction termination extension (JTE). This is especially suitable
for implanted junctions with small radii of curvature at the implantation
edges. In a JTE the device is surrounded by implanted areas of the same
doping type as the main junction but at lower concentrations (Fig. 3.25).
All JTE zones are in electrical contact to each other and to the main
junction. The JTE region should be completely depleted at the theoret-
ical bulk breakdown voltage of the main junction in order to stretch the
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main junction

n−−type drift layerdepletion edge

wbulk

p−type implantations
dielectric

Figure 3.26: Schematic cross-section through a diode with field-ring edge
termination.

depletion region along the surface. Computer simulations can be used to
find an optimal design depending on the semiconductor material param-
eters and the doping concentrations of the low-doped drift zone. A single
zone JTE around the mesa diodes of Sample 6 has been designed using a
single energy implantation of aluminum ions, based on simulation results
described in Sect. 4.1.1.

3.5.3 Field-Rings

If the diode is surrounded by isolated rings of the same doping type as
the main junction the depletion region will also extend further at the
surface than in the bulk, effectively lowering the electric field in the edge
region of the junction. This is schematically shown in Fig. 3.26. By
optimizing the field-ring width and spacing around the junction, bulk
breakdown can be reached [62]. In contrast to JTE structures, all field-
rings can implanted simultaneously together with the main junction. This
fact eases the implementation of field ring termination into the process
flow. Field-ring terminations have been successfully used in diodes on
Samples 2 & 3.

3.5.4 Field-Plates

A very simple way to extend the depletion region laterally away from the
junction edge is the use of field-plates. As shown in Fig. 3.27 part of the
metallization is extended above the isolating dielectric layer surrounding
the diode. Under reverse bias the additional negative charge on the ca-
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Figure 3.27: Schematic cross-section through a diode with field-plate edge
termination.

pacitor plate formed around the junction further depletes the low-doped
semiconductor and thus stretches out the depletion region of the main
junction. The lower field at the main junction is bought at the price
of a high electric field underneath the metallization at the edge of the
field plate. If the resistivity of the field plate metallization and dielectric
leakage currents are negligible, the full reverse voltage is applied over the
dielectric layer. Therefore the dielectric layer has to be able to withstand
the resulting high electric fields. Even though field plate termination has
been implemented on Samples 2 & 3 it is not as effective for high-voltage
diodes as the other techniques described before. Using dielectrics with
higher critical electric field and a permittivity better suited for the im-
plementation in silicon carbide devices might significantly improve the
effectiveness of this easily implemented technique.





4

Device Design and Processing

4.1 Device Simulations

With the advancement of computers and software, numerical simulation of
semiconductor devices have become an indispensable tool in research and
development. For device simulation purposes the semiconductor structure
is modelled by a 1-, 2- or 3-dimensional grid of discrete mesh elements.
During the simulation run the carrier concentrations and electrostatic
potential for each element is calculated by solving basic semiconductor
equations based on the doping concentrations, temperature and geomet-
ric position under the influence of external fields and currents. In many
physical simulations it is sufficient to solve linear approximations of the
differential equations in the finite element method (FEM), but the large
dynamics especially in the carrier concentrations in the vicinity of a semi-
conductor junction make the box integration approach favorable [92].

Commercial software packages are available for the simulation of semi-
conductor devices. Since silicon is the most intensively studied of all
semiconductors, a large variety of models exists for the simulation of sili-
con based devices. These models, which describe the material properties
of the semiconductor, are included in programs like AVANT! Medici [70]
and ISE Dessis [71], both of which were used in the scope of this thesis.
In order to adapt the software to the simulation of silicon carbide, a new
set of material parameters had been implemented [73, 92] describing the
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Figure 4.1: A typical simulation mesh modelling the structure of the JTE
termination around a mesa-etched pn diode.

properties of this new semiconductor material. Since the basic models
in the software could not be modified, a compromise was to fit the ex-
perimental properties in terms of the existing silicon models. While this
method gives reasonable results for the device behavior, stability problems
in the numerical calculations are often caused by the low intrinsic carrier
concentration in silicon carbide (and other wide band gap materials), see
Tab. 2.1. These problems originate from the floating point arithmetic
used in modern computer systems, which is not able to accurately handle
quantities differing from each other by many orders of magnitude.

A single device simulation can hardly predict the performance of a real
device under all circumstances. Device simulations are most valuable to
study isolated phenomena or to optimize certain parts of the design by
investigating the influence of small changes on the device behavior. By
only varying certain parts of the device at the same time, influences from
other areas of the device are neglected and the simulated geometry can
be simplified.

4.1.1 Simulation of a JTE Design

The principle of a junction termination extension to control the electric
field at the junction edge of a diode under reverse bias has been explained
in Sect. 3.5.2. Device simulation in combination with the simulation of the
device processing was used to optimize the performance of an implanted
JTE zone around epitaxial mesa diodes on Sample 6. Since the doping
concentrations and thicknesses of the epitaxial layers were already fixed,
the simulation could be limited to the JTE structure itself.
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Figure 4.2: Simulated reverse characteristics for pn diodes with junction ter-
mination extension of the design shown in Fig. 4.1. The implantation param-
eters of the single JTE zone were varied to find the highest breakdown voltage.
Curves a, b, c and d show the predicted electrical breakdown for different im-
plantation doses and energies, where d corresponds to the highest breakdown
voltage at a dose of 1013 cm−2 and an energy of 75 kV.

Fig. 4.1 shows the mesh used to simulate the JTE zone. The extreme
aspect ratio of the JTE with a length of 50 µm and an implantation depth
below 1 µm and the expected large gradients in both doping concentration
and electric field under reverse operation required a tight mesh of grid
points. The mesh used for this device simulation consisted of about 14 000
grid points.

The simulation was performed with a variety of implantation parameters
for the JTE. In order to overcome numerical instabilities in the solu-
tion caused by the low minority carrier densities, breakdown simulations
as shown in Fig. 4.2 were performed at increased lattice temperatures
(T > 600 K). Previous simulations had shown that the used models only
resulted in a small change of breakdown voltage with temperature while
the increase in leakage current at lower reverse voltages improves the sta-
bility of the numerical equation solver.

As can be seen in the graph in Fig. 4.3 the simulation predicts a strong
influence of the implantation dose on the breakdown voltage and thus
on the effectiveness of the JTE. In the case of the design of Sample 6
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Figure 4.3: Dependence of the diode breakdown voltage on the implantation
energy and dose in case of a single 50 µm wide JTE zone around a mesa-etched
diode. The simulations are based on the epitaxial structure of Sample 6 with a
low doped drift region of ND = 2 · 1015 and a thickness of 35 µm.

with an epitaxial n-type layer with a thickness of 35 µm and a doping
concentration of 2·1015 cm−3 the highest breakdown voltage of 4500 V was
found for a 50 µm wide JTE zone implanted with a dose of 1 · 1013 cm−2

aluminum ions at an energy of 70− 100 kV. It is, however, important to
remember that these simulations were performed at higher temperatures,
which also corresponds to a higher thermal ionization of the implanted
aluminum atoms. At room temperature the effective p-type doping in
the implanted JTE layer will be lower, which probably also affects the
functionality of this edge termination scheme. The effectiveness of the
design also depends on the activation of the implanted species during the
post-implantation anneal. A full activation of the implanted aluminum
ions was assumed in this simulation, which might be reasonable for the
low doses and concentrations used in a JTE application, but certainly not
for higher concentrations of implanted dopants [16].
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4.2 Practical Design Considerations

Designing a rectifier, or more generally a drift zone for a certain blocking
voltage range, one would start by determining the necessary parameters
for the silicon carbide base material. This can be done by looking up the
epitaxial layer doping concentration and thickness presented in Figs. 3.19
and 3.20 for a given breakdown voltage and unipolar series resistance. If
a bipolar conductivity modulation is desired for the device, the lifetime
in the low-doped drift region has to be long enough to allow for high-level
injection, that is the ambipolar diffusion length of the carriers has to be
sufficiently long according to Fig. 3.10.

The contribution of the silicon carbide substrate material is determined by
its resistivity (Tab. 2.2) and thickness. At a current density of 100 A cm−2

a typical n-type 4H silicon carbide wafer with a resistivity of ρs,n =
0.028 Ω cm and a thickness of 300 µm would cause an additional voltage
drop of only 84 mV compared to 25 V in the case of a p-type 4H silicon
carbide substrate with a resistivity of ρs,p = 8.5 Ω cm.

Assuming an typical resistivity in the implanted or epitaxial anode of
ρp = 1 Ω cm at a thickness of 1 µm would only add another 10 mV of
voltage drop at 100 A cm−2. The forward voltage drop over the drift region
is determined by the resistance of this layer in the case of unipolar or
low-injection operation, or else by a constant voltage drop Vm (Eq. 3.39).
Contact resistances Rc ≤ 10−3 have been obtained to both n- and p-type
silicon carbide, giving an additional voltage drop of less than 100 mV,
each. The largest single contributions to the forward voltage drop are

Rc,anode

Rs,anode

Rs,drift

Rs,cathode

Rc,cathode

p+

n−

n+

Rc,anode

Rs,anode

Vm

Rs,cathode

Rc,cathode

+
−

Φbi Φbi

low injection high injection

Figure 4.4: Schematic over the parasitic resistances in a pin rectifier under
low- and high-injection conditions.



66 Device Design and Processing

caused by the pn (or Schottky) junction itself, with a built in potential
Φbi ≥ 1 V and the drift region of the rectifier. Fig. 4.5 shows a comparison
of the forward voltage drop at an operating current density of 100 A/ cm2

for silicon and 4H silicon carbide pin diodes. In this graph a majority
carrier lifetime of τn = 100 ns was assumed for the drift region in a non-
punch-through design. The forward voltage drop for 4H silicon carbide
diodes with lifetimes of 10 ns and 1000 ns are also shown. The results on
diodes produced in the scope of this thesis are indicated for the Samples 2,
3 & 6.
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results achieved with the corresponding samples in this thesis.
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4.3 Silicon Carbide Processing

Unlike other common wide-bandgap semiconductors, such as the III-
nitride compounds, silicon carbide is compatible with established silicon
process technology. Standard processes and equipment can be used with-
out the risk of contamination.

A simplified process flow has been developed to fabricate a variety of
different diode types and test structures with as low as four different mask
layers. In order to achieve a high yield in working devices compromises
in device size and complexity of the design had to be made. The basic
process flow is outlined in Tab. 4.1. All processing in this thesis has
been done on the 4H polytype of silicon carbide. Though the different
polytypes do not necessarily behave identically, most process steps should
be easily adaptable to 3C and 6H silicon carbide.

The structures were transferred by standard photolithography in a man-
ual Canon 4:1 mask aligner from chromium plated glass reticles onto the
resist covered samples. Both negative and positive photoresists were used,
depending on the polarity of the mask and the process step. Fig. 4.6 shows
four out of the six mask layers, which were designed for the Samples 4e-l &
6. Each mask layer contains alignment marks to allow accurate position-
ing of subsequent process steps. The design itself includes 180 diodes of
different shapes and sizes, linear TLM and van-der Pauw test structures.
For Samples 4 & 6 step 2 of the process flow in Tab. 4.1 was replaced
by etching mesa structures from homogeneously p-type doped epitaxial
(Sample 6 ) or implanted (Sample 4 ) layers.

4.3.1 Cleaning

In order to avoid cross contamination between different samples and the
incorporation of unwanted impurities in the process flow, one of the most
often performed process steps is the thorough cleaning of the samples.
The established cleaning procedures in silicon process technology are ap-
plicable for silicon carbide as well. In the process flow applied in this
thesis a two step cleaning was used. First the sample is treated with Pi-
ranha etchant, a strongly oxidizing agent, which consists of concentrated
sulfuric acid and concentrated hydrogen peroxide in a volume ratio of
about 2.5 : 1 to 4 : 1. During the self-heating reaction, peroxo-disulfuric
acid is formed, which rapidly attacks all organic and some metallic impu-
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rities possibly present on the sample surface. During the treatment with
piranha etchant, the surface of silicon carbide samples was observed to
become slightly hydrophilic, which indicates the formation of a thin oxide
layer. In order to remove oxide layers and most metallic contaminations
from the sample, the piranha treatment is followed by a bath in diluted
hydrofluoric acid. This procedure will also attack intentional layers of
silicon dioxide or metallizations on the sample, which would have to be
treated separately.

Lithography steps are usually followed by removal of the photoresist from
the sample. This can be achieved in either a dedicated alkaline photoresist
remover or in degreasing sequence by washing the sample in acetone,
propanol and water. Both methods were interchangeably used throughout
the sample processing.
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Table 4.1: Overview over the mask levels in the diode process developed in the
scope of this thesis.

Mask Process step Comment

1 Alignment marks This pattern is etched into the silicon
carbide to allow a precise alignment
of subsequent process steps.

2 Implantation A 2 µm thick, deposited silicon diox-
ide layer is etched with this pattern
and serves as a mask for the ion im-
plantation of anodes and edge termi-
nations.

2a Termination An optional second implantation can
be used for edge terminations. The
oxide mask is stripped off the sam-
ple and the implantation damage is
annealed in a high-temperature fur-
nace.

3 Contact holes A new 2 µm thick oxide layer is de-
posited and serves as device isola-
tion and surface passivation. Con-
tact holes are etched into this layer
to access the underlying structures.

4 Metal 1 A single metal layer is used for both
ohmic and Schottky contacts.

4a Metal 2 An optional second metal layer can
be used to reduce the sheet resistance
and serve as bonding pad.



70 Device Design and Processing

(a) Anode (b) JTE

(c) Contact hole (d) Metal 1

Figure 4.6: Four layers of the mask set designed for Samples 4e-l & 6. The
mask covers one square centimeter on the sample and contains 180 individual
diodes in sizes from 0.03 mm2 to 0.99 mm2 and various test patterns, for exam-
ple linear TLM structures. Mask (a) defines the anode area, which can be mesa
etched or implanted. Layer (b) is used for an implanted JTE edge termination
around the diodes. Contact holes into the isolating oxide layer are patterned
with the mask (c) and the contact metallization is defined by mask (d).
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4.3.2 Etching

Since diffusion of dopants is hardly feasible in SiC device technology,
device structures have to be formed either laterally by ion implantation
or vertically using epitaxy. In order to pattern device structures consisting
of epitaxial layers lateral structures have to be etched selectively into the
layered structures.

Table 4.2: Obtainable etch rates in silicon carbide device processing.

Technique Parameters Etch Rate

Å min−1

RIE ICP, SF6/Ar 10− 1000

SF6/O2 ≤ 10000

Cl2 ≤ 2000

wet chemical molten KOH 20000− 50000

electrochemical HF solution 10− 500 p-type

KOH solution 10 . . . 200 n-type

after [93] and this work

4.3.2.1 Reactive Ion Etching

It has been shown that silicon carbide can be etched both using chlorine
and fluorine based reactive ion etching (RIE) [93]. All etching steps used
in the scope of this work have been performed in an STS inductively
coupled plasma reactor (ICP) using diluted SF6 in argon as reactive com-
ponent. In an ICP reactor a dense plasma is generated remote from the
sample by means of an rf field (“coil power”). An independent second rf
field (“platen power”) is then used to accelerate the ions from the plasma
towards the surface to be etched. This allows for a high density of re-
active ions and thus a high etch rate while at the same time the surface
damage can be kept at a low value. The etch rate is either controlled by
the sample bias voltage or the power output of the platen rf generator.
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Figure 4.7: Etch rate as a function of platen power in a STS ICP reactor.
Other process parameters were pressure 0.67 Pa, SF6 flow rate 21 sccm, Ar flow
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Figure 4.8: Etch rate in a process with low surface damage at a platen power
of 5 W in a STS ICP reactor. Other process parameters were pressure 0.67 Pa,
SF6 flow rate 21 sccm, Ar flow rate 9 sccm at a coil power of 600 W.
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In silicon technology ICP etching is used to create deep anisotropic struc-
tures for micromechanics and microelectromechanics (MEMS). Interac-
tion between the reactive ions and the sample surface is based both on
physical (sputtering) and chemical reactions. The etching characteris-
tic changes from isotropic etching for chemically governed reactions to
anisotropic if sputtering is the dominating effect. In order to improve the
control over the anisotropy for deep silicon etches a two-step sequence is
widely used, which involves an etching process with SF6 and a polymer
deposition using C4F8 (Bosch process). The polymers are protecting the
side walls of the etched structures from chemical etching while it is easily
removed from the bottom of the structures by means of sputtering, reveal-
ing the silicon surface. In the ICP processing of silicon carbide with SF6

in argon, the etching has been observed to be highly anisotropic at etch
rates shown in Figs. 4.7 and 4.8. It has been discussed that this behavior
is caused by the chemical etching of the silicon atoms from the silicon-
carbon bilayers, leaving a carbon-rich layer on the surface, protecting it
from a chemical attack.

Table 4.3: Mask materials used in fluorinated plasma etching.

Mask material Selectivity Comment

against SiC

Aluminum ≤ 50 : 1 micromasking, vertical side walls,
trenching

Nickel vertical side walls, trenching

Photoresist ≤ 0.5 : 1 only for shallow etches

SiO2 1 : 1 – 2 : 1 sloped side walls

Silicon carbide surfaces etched in fluorine containing plasmas show a sur-
face contamination with fluorine atoms as indicated by Auger electron,
positron annihilation and X-ray fluorescence spectroscopy [94]. The for-
mation of a sacrificial oxide layer following the etch process has been
shown to restore the surface properties and is therefore vital for implemen-
tation in device processing [95]. The oxide layer is subsequently removed
by etching the sample in hydrofluoric acid.

Fig. 4.9 depicts common problems observed during the process of reactive
ion etching of silicon carbide. One of these problems is the so-called
trench effect, which occurs along the side walls at the bottom of the
etched structures. Etching is enhanced close to these edges by ions being
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(a) (b)

Figure 4.9: SEM images of the silicon carbide surface after a 6 µm deep ICP
etch process using an aluminum mask. Image (a) shows (1) the trenching at
the bottom of the side walls caused by deflected ions and (2) the formation of
islands caused by micro-masking. Image (b) shows a 6 µm tall pillar with a top
diameter of about 500 nm, which was also formed by micro-masking.

deflected downwards along the walls. This effect depends on the plasma
chemistry and the mask material. Certain metals, such as nickel and
aluminum, show a high etch selectivity against silicon carbide and allow
the etching of deep and narrow structures with steep side walls. Except
for the tendency to show the trenching described above, micro-masking
by re-deposition of small particles from the mask layer is often observed.
These particles hinder the homogeneous etching of the silicon carbide
surface and lead to the formation of unetched islands or pillars.

Metal etch masks cannot be used in certain processing sequences, which
involve subsequent thermal treatments or oxidations due to the risk con-
tamination of other process equipment. Therefor silicon dioxide masks
had to be used for most of the processing steps in this thesis. A SiO2

mask only has a selectivity between 1 and 2 to silicon carbide, this means
that 0.5−1 µm of the mask are etched for every micrometer etch depth of
silicon carbide. Isotropic wet-etching of the oxide mask leads to bevelled
side walls of the mask. These patterns are transferred into the silicon
carbide material during RIE etching and reduce the trenching effect at
the bottom of the etched grooves [96]. Controlling the slope angle of the
etched silicon carbide structures can also be utilized in device termination
schemes.
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(a) (b)

Figure 4.10: Preferential etching of crystal defects by molten KOH. Image
(a) shows a small area of the chimney grown epitaxial layer of Sample 3b
with (1) hexagonal etch pits caused by screw dislocations, (2) round etch pits
originating from threading edge dislocations and (3) oval etch pits along straight
lines at the surface. (b) is a SEM image of the etch pit around a micropipe.

4.3.2.2 Wet Chemical Etching

Silicon carbide is inert to almost all chemicals at room temperature. Ex-
cept for reactive ion ecthing described above, few methods exist to pattern
the silicon carbide surface by etching.

Molten potassium hydroxide KOH at temperatures of 500 ◦C dissolves
silicon carbide at etch rates of up to several micrometers per minute [97,
98]. The etch rate depends on the doping type and concentration inside
the silicon carbide, which allows the formation of bevelled structures for
diode edge terminations. The diodes on Sample 1 were patterned by
etching in molten KOH using an aluminum layer to mask the structures
of the mesa diodes [72, 75, 99, 100].

Etching silicon carbide in molten KOH is sensitive to the crystallographic
orientation of the silicon carbide crystal. It is also known to preferentially
etch sites of crystallographic defects such as surface steps and dislocations
and is a powerful, but destructive tool to reveal dislocation densities on
silicon carbide surfaces as shown in Fig. 4.10. Fig. 4.11 shows a larger
area of the surface of Sample 3b after etching in molten KOH for 10
minutes at about 500 ◦C. The density of hexagonal etch pits caused by
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Figure 4.11: Etch pit patterns on the chimney grown epitaxial layer of Sam-
ple 3b. The hexagonal etch pits attributed to screw dislocations penetrating the
sample surface have been marked by circles. The locations of half-moon defects
found at the sample surface after epitaxial growth have been marked by squares.
It is obvious that both features seem to appear with a similar areal density of
about 10 000− 20 000 cm−2.

the presence of screw dislocations is of the same order of magnitude as
the density of wavy half-moon defects found at the sample surface after
epitaxial growth.

4.3.2.3 Electrochemical Etching

Recently electrochemical etching of silicon carbide has drawn some atten-
tion [101, 102]. For this type of etching the sample is immersed in an
electrolyte and an electric current is passed through the sample surface
into the electrolyte. This technique has been applied to the etching of
deep anisotropic structures in silicon.

In both silicon and silicon carbide etching, the proposed reaction mecha-
nism consists of a periodical anodic oxidation of the sample surface and
subsequent dissolution of the formed silicon dioxide. In the case of p-type
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(a) p-type (b) n-type

Figure 4.12: Surface structure of silicon carbide after electrochemical etching
in diluted hydrofluoric acid. The otpical micrograph in image (a) shows etch
pits found on the smoothly etched surface of a p-type sample. Like in the case
of KOH etching these pits are related to crystallographic defects. Image (b)
is a SEM image showing the porous structure of n-type silicon carbide after
electrochemical etching.

semiconductors the necessary holes can be supplied by the dopants in the
material, while electron-hole pairs have to be created in the case of n-type
material by means of illumination [103].

SiC + 3 H2O + 6 h+ −→ SiO2 + 4 H+ + CO ↑
SiO2 + 6 HF −→ H2SiF6 + 2 H2O

The difference in surface structure for n- and p-type silicon carbide after
electrochemical etching in diluted hydrofluoric acid is shown in Fig. 4.12.
Even the smooth surface of the p-type silicon carbide sample was covered
with etch pits similar to those obtained by etching in molten KOH. The
deficiency of holes at the surface in the case of n-type silicon and silicon
carbide easily leads to the formation of porous layers, which is unwanted
when using this technique to selectively etch the material. Reports with
alkaline solutions as electrolyte at elevated temperatures show promising
results for the etching of n-type silicon carbide [104].
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4.3.3 Ion Implantation

Since the diffusivities and impurity incorporation through the silicon car-
bide surface are extremely small, doping by gas phase diffusion as used in
silicon technology is not viable in the case of silicon carbide. In order to
create lateral structures with different doping levels, ion implantation of
the dopant species is therefore commonly used. With the precise control
over the energies and doses of the implanted species it is possible to tailor
the implanted doping profile to the needs of the device design [105]. Since
ion implantation is the most promising technology for selective doping of
silicon carbide, research on this topic is conducted worldwide.

A major problem with the use of ion implantation in silicon carbide tech-
nology is the need for a high-temperature post-implantation anneal at
temperatures of 1500 − 1900 ◦C to heal the implantation damage and to
electrically activate the implanted species [106, 107]. Implantation at el-
evated temperatures in the range of several hundred centigrade has been
used to improve the activation, as reported by Rao et al. [108]. However,
it has been shown that the residual damage still present in implanted
pn silicon carbide diodes has a negative influence on the devices’ forward
characteristics [7]. This observation is asserted by direct comparison of
the device performance between Sample 2 and Sample 6.

The annealing is often performed inside a CVD reactor for silicon car-
bide under absence of the carbon precursor but with a certain amount of
silane in order to protect the silicon carbide surface from damages and
decomposition during the heat treatment. This procedure can cause an
unintentional growth on the surface as shown in Fig. 4.13. In this graph
the aluminum profiles of three samples (from the series of Sample 4 ) are
plotted. The samples were implanted under the same conditions with
the same energies and doses to create a graded profile. After anneal-
ing the samples at 1550 ◦C the samples showed the growth of a 45 nm
thick top layer after 40 min and a 100 nm thick top layer after 50 min of
heat treatment. This growth appeared to be random for different tem-
peratures and times and complicates further processing. In addition the
surface of implanted silicon carbide samples shows a strong tendency to
step bunching. Fig. 4.14 shows how the surface steps caused by the off-
axis orientation of the samples can grow together and form macrosteps
with terraces l ≥ 100 nm wide and edges l tan(8◦) ≥ 14 nm in height (see
Paper IV and Ref. [50]).

Some impurities, like boron and hydrogen, show a significant diffusivity
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Figure 4.13: Multiple energy aluminum implantation profiles measured by
SIMS immediately after implantation (full line) and on two samples after an-
nealing at 1550 ◦C for 40 min and 50 min, respectively.

at the high temperatures used to anneal the implantation damage. The
outdiffusion of these species out of the implanted profile has to be ac-
counted for when designing the device structure. In the case of boron the
diffused part of the profile has been shown to contain enough deep traps to
negatively influence the device characteristics of implanted diodes, which
is shown in Paper V and by Åberg et al. [15]. Boron was originally used
in Sample 2 additionally to aluminum to drive the metallurgical junction
of the implanted structures away from the damage profile created during
implantation. In the case of all later implanted structures, boron was
abandoned in favor of a pure aluminum profile.

All implantations in the scope of this thesis have been performed through
silicon dioxide masking layers. These layers have been patterned by pho-
tolithography and wet chemical etching in buffered hydrofluoric acid,
which results in sloped side walls of the openings in the masks. The re-
sulting doping profile shown in Fig. 4.15 has smooth edges and is therefore
favorable in the application of high-voltage devices where sharp corners
would cause crowding of the electric field and lead to a reduced breakdown
strength of the junction.
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(a) (b)

Figure 4.14: (a) AFM and (b) SEM surface images of a silicon carbide sample
after a 1700 ◦C implantation anneal, showing the different surface structure
above implanted (to the left in the images) and unimplanted (to the right in the
images) areas.

Figure 4.15: Cross-section SEM image of Sample 3a showing a doping con-
trast between the n-type epitaxial layer and the p-type implantation. The smooth
curvature at the implantation edges is caused by the wet-etched silicon dioxide
implantation mask. The different appearance of the surface roughening above
the implanted areas is also clearly visible.
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4.3.4 Dielectrics

An important advantage of silicon carbide over other wide band gap semi-
conductors is the fact that it possesses the same native oxide as the most
common semiconductor: silicon. Dielectric layers are important for de-
vice isolation, surface passivation and finally as gate dielectrics in MOS
controlled devices. Tab. 4.4 compares the most important material pa-
rameters for possible dielectrics. Silicon dioxide is still mostly used in
silicon carbide devices due to the ease of its application and the estab-
lished process technology.

Table 4.4: Physical properties of common dielectrics applicable in silicon car-
bide technology.

4H-SiC SiO2 2H-AlN

band gap Eg 3.2 9 6.2 eV

critical field Ec 2− 5(1) 10− 13 6− 15 MV cm−1

dielectric constant εr 10.0 3.9 8.5

refractive index n 1.46 2.15

density ρ 3.2 2.2 3.2 g cm−3

melting point Tm > 2000(2) ≥ 1400 > 2000(2) ◦C

lattice constant a 3.08 amorphous 3.112 Å
c 10.08 amorphous 4.982 Å

thermal expansion α ∼ 4 2.6 4.5×10−6 K−1

therm. conductivity κ ∼ 4.5 0.02 2 W cm−1 K−1

(all values for room temperature)

(1) as discussed earlier, the critical field Ec in SiC is doping dependent. In the case
of electronic power devices a value of Ec = 2MV/cm can be used as approximation

(2) the surfaces of SiC and AlN decompose at atmospheric pressure and elevated
temperatures.

4.3.4.1 Oxidation

Thin oxide layers can easily be prepared on silicon carbide by means of
dry or wet oxidation as used as standard process steps in silicon device
technology. The achievable oxidation rates are much smaller than for sil-
icon and usually higher growth temperatures are chosen in the case of
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silicon carbide as base material. There is further a strong dependence
on the face, doping type and polytype of the samples. The full reaction
kinetics of the oxidation process is not yet fully understood, but the dif-
ference in the density of available silicon bonds on the different faces are
the probable cause for the difference in oxidation rates. The net reaction
for the oxidation of silicon carbide is:

SiC + 1.5 O2 −→ SiO2 + CO ↑ .

The resulting carbon monoxide is a fast diffusing species in the freshly
grown oxide layer at the growth temperature and thus easily removed
from the reaction.

Since the density of silicon atoms in the silicon carbide lattice is almost
the same as in the silicon lattice, so is the ratio between consumed semi-
conductor material and grown oxide layer thickness:

thickness of SiC
thickness of SiO2

=
MSiC/ρSiC

MSiO2/ρSiO2

= 0.46 (4.1)

where M is the molecular weight and ρ the density of the compounds,
respectively. This means that 4.6 nm of silicon carbide are consumed for
every 10 nm of grown oxide. In the case of silicon this ratio is 4.4 nm of
silicon per 10 nm of oxide.

Thermally grown oxide layers are used mainly as gate dielectrics in MOS
controlled devices. Surface oxidation can also be used as a means to
improve surface quality and for example to remove a damaged surface
layer caused by reactive ion etching. Since such an oxide layer is later
removed by wet etching it is referred to as sacrificial oxide.

4.3.4.2 Oxide Deposition

Oxide layers with a thickness of up to several micrometers are used for
isolation and passivation purposes on silicon carbide devices. These thick
oxide layers cannot be obtained by means of thermal oxidation because

• oxidation times would be unreasonably long;
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• the oxide growth would consume too much semiconductor material
and destroy the underlying structures;

• dopant redistribution at the oxide/semiconductor interface has yet
not been fully investigated.

Thick layers are therefore preferably deposited onto the semiconductor
surface. Most of the thick oxide layers used as implantation masks, etch
masks and passivation layers in the scope of this thesis have been prepared
by depositing silicon dioxide in a CVD process from a tetra-ethoxy-silane
(TEOS) precursor at 650 ◦C and atmospheric pressure. The deposition
rate was 70 nm/ min, but the freshly deposited layer is porous and shows
a much higher etch rate in hydrofluoric acid than a dense layer of thermal
oxide. After a thermal oxidation at 1050−1250 ◦C in an oxygen ambient,
the optical properties and etch rate of a TEOS deposited layer are almost
identical to a thermal oxide layer.

4.3.4.3 Other Dielectrics

Due to the low permittivity of silicon dioxide compared to that of silicon
carbide, an electric field in the silicon carbide causes an electric field in
the neighboring oxide a factor εr,SiC/εr,SiO2

∼= 4 times higher than the
field in the semiconductor. This is of special importance in the high-field
regions close to a reverse biased junction or for the gate dielectric in MOS
controlled devices. As shown in Tab. 4.4, both the critical electric field
and the permittivity of aluminum nitride (AlN) would be compatible
with silicon carbide. The feasibility of implementing aluminum nitride
into silicon carbide technology has been summarized in [109]. Another
alternative for the application as passivation layer would be low-doped
or semi-insulating silicon carbide itself, epitaxially covering the device
structure. The necessary technique of silicon carbide regrowth and pla-
narization has been described in [110] and is shown to be compatible with
silicon carbide power device technology.
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4.3.5 Metallization

Another important part of device fabrication is the metallization used to
connect the different semiconductor regions to the external circuitry. In
the case of power devices, the metallization should only cause a negligible
additional voltage drop at high current densities. If the devices are meant
to utilize the high-temperature capabilities of silicon carbide, the metal-
lization also has to show excellent stability at elevated temperatures of
several hundred degrees centigrade. Even under operating cycles of sev-
eral years and decades the metallization should not degrade the device
performance.

Table 4.5: Metallizations used in the investigated samples.

Rc ΦB

Ω cm2 eV

Al (1) — Sample 1 backside ohmic contact to the p+

substrate
(1) — Sample 1 ohmic contact to the epitaxial n+

mesa diodes

Ni (2) — Sample 2 backside ohmic contact to the n+

substrate

Al/Ti 10−2 — Sample 2 ohmic contact to the p+ implanted
diodes

— 1.2 Sample 2 Schottky contact to the n− epitaxial
layer

TiW ≤ 10−4 — Samples 3,4 ohmic contact to the p+ implanted
diodes

≤ 10−4 — Sample 6 ohmic contact to the p+ mesa diodes
(2) — Samples 3,4,6 ohmic contact to the n+ substrate

— 1.2 Sample 3,5,6 Schottky contact to the n− epitaxial
layer

(1) not measured (2) negligible contribution to Rs

Two methods of metallization have been utilized. In an electron beam
evaporator, the source metal is heated by an electron beam in an ultra-
high vacuum. The direct heating of the source metal minimizes the risk
of contamination from the crucible. The metal vapor is deposited on the
target sample. While this system allows high-purity deposition of pure
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metals, it has its limitations when depositing composite metal alloys sto-
ichiometrically. The deposition rate is limited to a few Å/s. In a sputter
system, a noble gas ion beam is used to strike clusters of metal atoms out
of a metal target of the desired composition. These clusters of atoms are
directed towards the sample and deposited as a thin film on the sample
surface. Deposition rates of several 10 Å/s can be reached. It is possible
to influence the composition of the deposited layer by introducing other
gases (for example nitrogen or ammonia) into the deposition chamber.

Intensive studies have been carried out during the recent past to find
optimal metallization schemes suitable for silicon carbide power devices
and part of the research at our institute is summarized in [111, 112]. With
the equipment available for the processing of the samples, a few different
metallizations were used, as listed in Tab. 4.5. It can be seen that the
titanium-tungsten alloy was chosen as a multipurpose metallization. This
was because of the excellent performance of this metal for ohmic contacts
to both n+ and p+ doped silicon carbide, as well as Schottky contact to
n− epitaxial layers [92, 113].

As standard metallization 120 nm of TiW were deposited onto the samples
by sputtering from a composite 30% : 70% source in a 3 kW RF sputter
system at a sample temperature of 120 ◦C. This layer was patterned by
wet chemical etching in a H2O2 : NH4OH : H2O (10:0.25:0.75) solution
and the contacts were then annealed at 900−950 ◦C in argon atmosphere
or vacuum. In order to study the influence of the comparatively high
resistivity (ρ = 90 µΩ cm) of the titanium-tungsten layer on the device
performance, part of the diodes on Sample 3b were subsequently covered
by a second 120 nm thick platinum layer. Confirming simple numerical
simulations using FEMLAB [114], the influence of the metal resistivity
on the contact parameters is negligible in the range of geometries and
electric currents investigated in the scope of this thesis.

As in silicon technology, the metal layer reacts with the semiconductor
surface during deposition and during the following thermal treatment.
This causes the formation of interfacial layers, which determine the con-
tact properties for the devices. In the case of silicon carbide the presence
of both silicon and carbon can lead to the formation of silicides and car-
bides at the contact interface. In the case of nickel the formation of nickel
silicide at the interface and carbon precipitates in the metal layer have
been observed [115]. In the case of titanium based metallizations the sol-
ubility of titanium dioxide in titanium improves the contact formation by
dissolving remaining oxide layers.
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Characterization

An important part of the work in this thesis was dedicated to the charac-
terization of the fabricated diodes, in order to gain a deeper understanding
of the relevant material issues. The investigations covered the analysis of
material defects, which have proven to be the main limiting factor in
device performance in state-of-the-art silicon carbide material for high-
voltage devices. A variety of structural, electrical and optical analysis
methods was applied and compared. The electrical characteristics of the
fabricated diodes and test structures were measured in a setup, which was
built and extended to meet the requirements of low-level measurements
on high-voltage diodes.

5.1 Material Characterization

5.1.1 X-Ray Topography

X-ray topography has in the recent year proven to be a powerful tool in
the characterization of crystalline defects in silicon carbide. The tech-
nique dates back to observations by, among others, Bragg and Laue in
the early studies of crystal lattices by X-ray diffraction. As the name
suggests, the technique results in a 2D topographic image, which cor-
responds to the local crystalline properties of the sample. In order to
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(a) (b)

Figure 5.1: Synchrotron white beam X-ray diffraction topographs of (a) Sam-
ple 1 and (b) Sample 3b.

obtain X-ray topographs using typical laboratory X-ray sources, accurate
alignment of the sample is important. The limited intensity and diame-
ter of the monochrome beam results in large exposure times. With the
availability of powerful and well-collimated X-ray beams from synchrotron
radiation sources, however, the need for accurate alignment became ob-
solete. Due to the wide range of wavelengths in these beams multiple
crystallographic planes under various angles will fulfill the Bragg law and
multiple topographs at different positions can be recorded simultaneously
at the location of the X-ray film. This modification of the technique is
also known as synchrotron white beam X-ray topography (SWBXT).

Due to of the lack of imaging X-ray optics, all X-ray topographs are
recorded in the original, unmagnified scale on high resolution X-ray film.
In order to resolve small structures and microscopic defects, the recorded
images have to be photographically magnified from the recorded negatives
and the final resolution is mainly limited by the grain size of the X-ray
film, which is in the order of 1 µm.

Synchrotron white beam X-ray topographs of the two Samples 1 & 3b
have been investigated in the scope of this thesis. Both topographs were
recorded at the Stony Brook Synchrotron Topography Facility, Beamline
X-19C at the National Synchrotron Light Source, Brookhaven National
Laboratory in Upton, New York. The images were taken in back-reflection
geometry with a reciprocal wave vector of g = (0 0 0 16), a wavelength of
λ = 1.24 Å, and at a specimen-to-film distance of 10 cm. In both cases the
topographs were taken on processed samples with mesa-etched (Sample 1 )
or implanted (Sample 3b) diodes, respectively.

A detailed description on the contrast formation in X-ray topographs can
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(a) (b)

Figure 5.2: (a) X-ray topograph and (b) SEM image of a micropipe defect
in the active area of a diode on Sample 3b. In the X-ray topograph further
screw dislocations can be seen outside the diode area, all of those show the
characteristic white inner area surrounded by a darker ring of X-ray contrast.
The SEM image also shows the presence of step bunching on the sample surface.

be found in Ref. [116], and with respect to the application on silicon car-
bide crystals and structures in Refs. [36, 48, 117]. The dynamic theory
of X-ray diffraction describes the X-ray intensities observed in the case of
highly perfect, large crystals. The diffracted waves interfere with the pri-
mary waves on their way through the crystal lattice, generally resulting in
a lower diffracted intensity than predicted by the simple kinematic theory.
In the immediate vicinity of crystal defects like dislocations, the crystal
lattice can be sufficiently distorted to suppress the interference described
by the dynamical theory and the observed contrast can be treated in the
kinematic theory instead.

In the case of a screw dislocation, the lattice planes around the core are
distorted in the shape of a helix, as can be seen in Fig. 2.6. Close to the
core of the screw dislocation, this distortion is too strong to result in a
diffracted intensity in the direction of the recording film — the central
region of a screw dislocation causes a white spot on the X-ray negative. At
a larger distance from the center of the screw dislocation, the incident X-
ray intensity is diffracted in the shape of concentric cones with decreasing
opening angle. These intensities superimpose at the film location and
form the typical SWBXT contrast for screw dislocations consisting of a
white spot surrounded by a darker ring, as seen in Fig. 5.2. It has been
shown, that the diameter of the contrast features in SWBXT images is
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(a) (b)

Figure 5.3: Comparison between (a) an X-ray topograph and (b) the mi-
croplasma electroluminescence of a diode on Sample 1. Screw dislocations are
marked by (sd) and µpipe designates the position of a micropipe inside the
diode. [A close-up of the microplasma breakdown luminescence of a micropipe
is shown in Fig. 3.17(a)].

proportional to the magnitude of the Burgers vector [118]. Hence the
Burgers vector of screw dislocations can be determined from the X-ray
topograph.

Analyzing the SWBXT images of 161 individual diodes on Sample 1 to-
gether with their electrical and electroluminescence characteristics showed
a clear correlation between early microplasma breakdown and screw dislo-
cations with different Burgers vectors. This is presented in detail in Paper
VI. Fig. 5.3 shows a direct comparison of the X-ray topograph (a) and the
microplasma breakdown electroluminescence (b) of a diode on Sample 1.
Not every screw dislocation in the active area of the diode was responsible
for a microplasma breakdown spot under reverse bias, however, all mi-
croplasma spots were related to a screw dislocation or another extended
crystallographic defect. On the SWBXT image of Sample 3b the loca-
tions of more than 100 individual diodes were identified and analyzed for
the presence of dislocations and extended crystallographic defects. The
correlation between the electrical characteristics and the locations of de-
fects obtained from the SWBXT image is described in Paper VIII. The
presented results support the earlier conclusions about the influence of
crystallographic defects on device performance even for the case of these
high-voltage diodes.
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5.1.2 Electron Microscopy and EBIC

Scanning electron microscopy (SEM) is a widely used tool in semicon-
ductor device manufacturing and research. The sample is scanned by a
focused electron beam and different detectors can be used to record elec-
trons after the interaction between the primary beam and the sample.
Secondary electrons are emitted from the surface of the sample, mostly
revealing the surface structure and local variations in the electron work
function. This is the commonly used signal used in scanning electron
microscopy.

While penetrating the sample, electron-hole pairs are created by the pri-
mary electrons of a scanning electron microscope. In the presence of an
electric field in the sample, the electrons and holes can be separated and
extracted from the space-charge region of a junction. These carriers can
be detected as a current through the investigated device structure and
form the signal in the electron beam induced current (EBIC) measure-
ments. Correlating the amplitude of the current to the position of the
electron beam results in a two-dimensional images revealing local varia-
tions in semiconductor properties like carrier lifetime, diffusion lengths,
ionization coefficients and possibly band gap variations [119, 120].

5.1.3 SIMS Measurements

In the secondary ion mass spectrometry (SIMS) technique, a focused ion
beam is used to sputter a crater into the surface of the sample. The
secondary ions generated in this process are then analyzed in a mass
spectrometer. SIMS measurements can be used to measure the content
of chemical impurities in a semiconductor sample, however the results do
not resolve the electrical activation of dopant atoms, nor do they contain
information about the lattice arrangement.

In this work, SIMS was mainly used to investigate the shape of the
used implantation profiles after the activation anneal steps in the de-
vice process. From the SIMS measurement data shown in Fig. 5.4(a)
the out-diffusion of boron in the case of the aluminum and boron co-
implantation of Sample 2 could be identified. An exponential tail of
boron atoms extending more than 3 micrometers deep into the epitaxial
layer demonstrated a transient enhanced diffusion (TED) behavior of im-
planted boron in 4H-silicon carbide [121]. Electrical and deep level tran-
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Figure 5.4: SIMS measurements on p-type silicon carbide. (a) shows the
doping profile in the implanted anode region of the diodes on Sample 2. During
the high-temperature anneal the boron diffused out of the implanted region and
forms a long tail. The nitrogen background level in the sample is indicated
by the dashed line. (b) shows a 3-dimensional reconstruction of an annealed
epitaxial layer with an aluminum doping exceeding the solubility limit (∼ 2 ·
1020 cm−3). Brighter areas represent a higher aluminum concentration. The
integrated aluminum concentration is indicated as a white line in the figure.

sient spectroscopy (DLTS) measurements were analyzed with the help of
computer simulations in order to understand the electrical nature of the
diffusing boron atoms in the silicon carbide lattice. The results indicate
the formation of an intrinsic layer underneath the pn junction and are
published in Paper V and in [119, 122].

The Cameca ims 4f micro-analyzer can be used to obtain 2-dimensional
images representing lateral variations in the impurity concentration. Each
image plane corresponds to the integrated signal of a sputtered layer with
a certain thickness and a lateral resolution in the order of 1 µm. By
recomposing the image planes a 3-dimensional model of the impurity
distribution can be assembled as shown in Fig. 5.4(b) [39]. This fig-
ure shows the 3-dimensional distribution of aluminum atoms in a heavily
p-type doped epitaxial 4H-silicon carbide layer after a thermal anneal.
Aluminum rich precipitates were formed in areas where the aluminum
concentration exceeded the solubility limit of aluminum in silicon car-
bide at about 2 ·1020 cm−3. These precipitates appear as brighter clusters
with lateral dimensions of several µm in the SIMS image. The integrated
aluminum concentration is plotted as a white line on the side of the figure.
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5.2 Electrical Characterization

The central part of the studies in this thesis is based upon electrical
characterization of the processed silicon carbide high-voltage diodes. A
high-voltage setup was built based on a Rucker & Kolls probe station.
The instrumentation of the setup consists of

Keithley 237 a source measure unit (SMU). The K237 can be used as
programmable, bipolar voltage source V = 0−±1100 V with
built-in current meter capabilities I = 1 pA − 10 mA, or as
a current source with built-in voltmeter.

Bertan 225-10R a programmable voltage source V = 0−±10 kV with
a maximum current of I = 3 mA. This instrument also has
a built-in current meter with limited accuracy ∆I ∼= 10 µA.

LeCroy LC9310 a 400 MHz dual channel digital storage oscilloscope.
It was used in combination with a current amplifier to mea-
sure the diode voltage when biased with the Bertan 10 kV
supply and to monitor the leakage current amplitude and
leakage current noise.

HP 4248A a precision LCR meter for capacitance-voltage (CV) mea-
surements. The internal voltage source of this instrument is
limited to a reverse bias of ±40 V, which does not allow for
measurements on thick epitaxial layers, as found in the drift
zone of high-voltage devices.

hotplate The probe station has additionally been equipped with an
electric heater powered by an analog temperature controller.
The sample temperature can be regulated from room tem-
perature up to T = 350 ◦C.

All instruments were connected to a personal computer using the IEEE488
GPIB bus. Software written in National Instruments’ control language,
LabView, were used to collect the measurement data, including the ability
to run long-term device tests from batch files.
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5.2.1 IV Characteristics

Sensitive measurements of diode IV characteristics at dc voltages up to
1000 V were performed with the versatile Keithley SMU. Two probe nee-
dles were used to contact the top metallization of the devices, while the
backside was connected using a split backside contact made on a printed
circuit board of FR4 material. In this Kelvin setup voltage drops in the
cables, along the probe needles, and the contact resistance between the
probe needle and the sample do not influence the measurements. Even
though the setup is not shielded, the noise current level was generally
below 10 pA.

For measurements exceeding voltages of 1 kV the samples were measured
submerged in dielectric silicone fluid (Dow Corning DC550) in order to
prevent sparking in air and surface leakage currents. The silicone fluid was
kept free from traces of water by a layer of desiccant silica gel. In order
to overcome the poor resolution of the current meter in the Bertan high
voltage source, an external current amplifier was constructed. The circuit
is described in Paper VII. The schematics is shown in Fig. 5.5. The circuit
consists of two separate channels to measure the applied voltage and the
leakage current through the diode under test. The current is measured di-
rectly by an operational amplifier connected as current-voltage converter,
while the applied voltage is measured as current through a high voltage
1 GΩ resistor (I = 1 µA per kV reverse bias). With the outputs of the
amplifier connected to the LeCroy storage oscilloscope, average current
values and noise amplitudes were measured simultaneously in order to
identify microplasma breakdown as shown in Fig. 5.6.
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Figure 5.5: Schematics of the high-voltage measurement amplifier.
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Figure 5.6: Breakdown measurement on a pn diode on Sample 3b showing
several microplasma steps. The upper curve shows the leakage current and the
lower curve the leakage current rms noise figure.
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5.2.2 CV Characteristics

+
−

HP 4248A

LCR meter

22nF/2kV

22nF/2kV

1MΩ
10kV

Keithley
K237 SMU

diode
under
test

Figure 5.7: External biasing of a diode under capacitance-voltage measure-
ments.

The capacitance-voltage characteristic of a semiconductor junction is a
valuable tool to determine several important parameters, such as the dop-
ing profile and the barrier height of a Schottky diode [123]. Commercial
instruments for CV profiling are available, but these are often limited in
their reverse voltage capabilities. While several thousand volts are nec-
essary to deplete the drift region of a high-voltage diode, the HP4248A
LCR meter does not allow the usage of higher bias voltages than ±40 V
for capacitance-voltage measurements. A small connector box (Fig. 5.7)
was designed to allow the diode under test to be biased by the K237
SMU while the LCR meter is connected through a series of high voltage
capacitors. Since the junction capacity is at least two orders of magnitude
below the capacitance of the coupling capacitors, their influence on the

−

+

Iin

Vout

Rfb

Vm

U3

IleakCRp

diode under test

(equivalent circuit)

Figure 5.8: Modification of the current-to-voltage converter in the current
amplifier shown in Fig. 5.5.
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measurement is negligible. Complications caused by stray capacitances
and parasitic inductances, however, were not fully solved.

As an alternative approach, the current-to-voltage converter of the cur-
rent amplifier in Fig. 5.5 was modified according to [124]. As seen in
the schematic diagram in Fig. 5.8, the reverse biased diode can be mod-
elled by the parallel coupling of the junction capacitance C, a current
source representing the leakage current Ileak and a parallel resistance Rp.
A sinusoidal voltage signal VA sin(ωt) at the non-inverting input of the
operational amplifier modulates the ground level of the diode under test
and the current through the diode becomes

Iin = Ileak − ωC VA cos(ωt)− 1
Rp

VA sin(ωt) (5.1)

where Rfb is the feedback resistor of the operational amplifier. The last
term in Eq. 5.1 becomes negligible under normal operation at modulation
voltages much lower than the applied reverse bias. The output voltage of
this amplifier becomes

Vout = −RfbIleak + ωCRfbVA cos(ωt) +
Rfb + Rp

Rp
VA sin(ωt)

≈ −RfbIleak + ωCRfbVA cos(ωt) + VA sin(ωt). (5.2)

The signal is separated into the dc component, which is proportional
to the leakage current through the diode, and the cosine term, which
for a constant frequency ω is proportional to the junction capacitance.
The analysis is done either numerically on the sampled data or by a
synchronous demodulator in the analog circuitry.

The above described enhancement of the measurement circuit allows the
simultaneous measurement of both the leakage current and the junction
capacitance of the diode under test up to the electrical breakdown of the
junction. In a single voltage sweep it is therefore possible to obtain the
critical parameters of a high voltage diode.

Fig. 5.9 shows the capacitance-voltage curve of a 500 µm diameter Schot-
tky diode on Sample 2, measured in this setup. The doping concentration
ND profile was extracted from the junction capacitance C of a parallel
plane diode for a given reverse voltage V

C ∼=

√
qε0εrND

2|V |
. (5.3)



5.2. Electrical Characterization 99

The extracted profile indicates an increase in the doping concentration
deeper into the epitaxial layer. The measurement had to be interrupted
at a reverse voltage of 600 V due to the increasingly large leakage current
through the device.
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Figure 5.9: Capacitance-voltage measurement and extracted doping profile of a
silicon carbide Schottky diode on Sample 2 with a breakdown voltage � 1000V .
The measurement was performed with the modified current amplifier described
in the text at a signal frequency of ω/2π = 200 kHz and a signal amplitude of
VA ' 100 mV.
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5.2.3 Dynamic Measurements

Iforw

Vdiode

Rs

+
−

Irev

DUT

L
Rlim

5kV
supply

Q

current probe

Figure 5.10: Measurement circuit for reverse recovery measurements. The
current through an inductive load L is switched by a fast semiconductor switch
(IGBT or MOSFET, Q) with the diode under test (DUT) connected as free-
wheeling diode.

The dynamic properties of silicon carbide diodes have been measured in
the circuit shown in Fig. 5.10 [125–127]. The diode under test is con-
nected as a free-wheeling diode for an inductive load. The current from a
high voltage source is switched through the inductor by a semiconductor
switch. During several experiments, high-voltage silicon MOSFETs and
IGBTs, as well as silicon carbide bipolar transistors [92] have been used
as switch.

When the transistor Q is conducting, energy is stored in the inductance
L by the current from the high-voltage supply through the inductance
and the transistor to ground. Due to the continuous nature of the current
through the inductance, switching off the transistor causes the current to
flow through the protective resistor Rs and forward biases the diode under
test DUT. The terminal voltage over the diode is measured by differential
high-voltage probes and the diode current is measured by an inductive
current probe. A second turn-on of the transistor forces the current to
flow through the transistor to ground and reverse biases the diode. The
stored charge in the diode from the forward conduction is seen as reverse
recovery charge Qrr in the measurement (see Sect. 3.3.2).
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5.2.4 Electroluminescence

As described before, silicon carbide diodes emit visible light both under
forward and reverse bias [128, 129]. The combination of electrical mea-
surements with sensitive, high-resolution CCD cameras has in recent years
been applied to study the properties of silicon carbide diodes (see Paper
I and Refs. [11, 130]). The optical emission microscopy setup in our lab
consists of a Nikon optical microscope with a Hamamatsu C4880 silicon
CCD camera attached. Cooling of the CCD sensor with liquid nitrogen
allows long integration times at low noise levels to detect low light levels
from the investigated samples.

The optical emission microscopy setup has been used to take electrolu-
minescence images of all 226 mesa diodes on Sample 1, which later were
compared to the corresponding X-ray topographs in order to identify elec-
trically active crystal defects. Fig. 5.11 shows the electroluminescence of
a 200 × 200 µm2 silicon carbide diode from Sample 1 under reverse and
forward bias. The light emission of two micropipes (1) and two closed-core
screw dislocations (2) is visible both under reverse and forward bias. The
electroluminescence under forward conduction also reveals other crystallo-
graphic imperfections as described in Papers I, IV and VI and in Ref. [13].
In combination with a continuous wave (cw) He-Cd laser at λ = 325 nm
the setup can also be used for high resolution photoluminescence mea-
surements, as shown in Paper IV.

(a) (b)

Figure 5.11: (a) Breakdown and (b) forward conduction electroluminescence
of a diode on Sample 1 captured with optical emission microscopy setup.
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(a) (b)

Figure 5.12: Breakdown electroluminescence captured with a Fuji MX-1500
digital camera through the microscope attached to the high-voltage probe station.

Electroluminescence images during measurements at high reverse volt-
ages were taken with a standard Fuji MX-1500 digital still image cam-
era through the optical microscope attached to the probe station (see
Fig. 5.12).



6

Summary and Conclusions

6.1 Selected Results

6.1.1 Sample 1

Sample 1 contains about 200 mesa diodes. The sample was processed by
by molten KOH etching of a CVD grown epilayer structure. The diodes
contained an almost symmetrical pn junction with an n-type doped top
layer (ND = 5 × 1017 cm−3) on a p-type doped (NA = 8 × 1017 cm−3)
epitaxial layer on a commercial 4H-SiC p-type substrate. Originally the
diodes had an aluminum based metallization, which was removed after
initial electrical measurements to allow observation of the electrolumines-
cence of these devices.

The first electrical measurements and the optical observation of micro-
plasma light spots at electrical breakdown indicated the importance of
crystallographic defects for the performance of silicon carbide diodes. At
that time, the role of the micropipe in the context of premature breakdown
had already been established, however, the presence of a second group of
defects was concluded in Paper I.

In collaboration with William M. Vetter and Michael Dudley an X-ray
topograph of the sample was taken at the Stony Brook Synchrotron To-
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pography Facility, Beamline X-19C at the National Synchrotron Light
Source, Brookhaven National Laboratory. At KTH detailed electrolumi-
nescence images under both, forward and reverse bias were taken of all
individual diodes on the sample, while the current-voltage characteristics
were measured simultaneously. EBIC measurements on a couple of diodes
were done by John Österman. The correlation of all collected data gave
the proof that even closed-core screw dislocations led to a reduction in
the critical electric field of the devices and hence to a 5− 15% reduction
in breakdown voltage.

Diodes free of crystallographic defects on this sample reached avalanche
breakdown at the theoretical breakdown voltage of about 150 V, which
corresponds to a maximum electric field of 4 MV/ cm at the pn junction
of the devices. The bevelled edge termination is able to protect the devices
from breakdown at the periphery.

6.1.2 Sample 2

Sample 2 consists of implanted pin and Schottky diodes with different
kinds of junction edge terminations. The base material is a 35 µm thick
n-type doped drift layer (ND = 1.5 × 1015 cm−3, nominally) grown by
CVD at Linköping University on a commercial n-type substrate (Cree).

The thickness and doping of the epitaxial layer corresponded to a punch-
through structure where the complete thickness of the epitaxial layer is
depleted at around 1700 V. This leads to a linear increase of the elec-
tric field at the junction with further increasing reverse voltage and a
theoretical breakdown voltage of about 5500 V.

The pn diodes were fabricated by ion implantation of aluminum and boron
to form the anode region and floating field rings as edge termination. The
total number of diodes on this sample is 508, in sizes from 100 µm up to
800 µm in diameter. The highest breakdown voltage observed on this
sample is 3800 V, corresponding to more than 80% of the critical electric
field for this material, as described in Papers II and VIII. A strong out-
diffusion of boron was observed after the high-temperature annealing of
the implantation damage. While some boron diffusion was expected and
designed in order to move the electrical junction deeper into the material,
the long tail of boron adversely affected the design of JBS diodes on this
sample. The Schottky area between the implanted grid was found to
be less than 20% of the designed area. Further investigation revealed
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the presence of deep levels in the boron tail, acting as recombination
centers and thus reducing the effective carrier lifetime. This resulted
in the observed high voltage drop of about 5 V at a current density of
100 A/ cm2. These results are summarized in Paper V and Refs. [15, 131].

6.1.3 Sample 3

The epitaxial layers of Samples 3a & 3b have been grown in a verti-
cal chimney reactor at Linköping University at rather high growth rates
of approximately 30 µm/ h. Both samples showed an uneven surface with
two indentations caused by the sample mounting during epitaxial growth.
The nominal doping concentrations were measured after growth by pho-
toluminescence and by CV measurements (V < 40 V) on nickel Schottky
diodes and are listed in Tab. 6.1. It should be pointed out that these
values were not reproducible after the device processing (see Paper III
and IV).

Table 6.1: Parameters of the chimney reactor grown epitaxial layers of Sam-
ples 3a & 3b.

thickness net doping concentration

Sample 3a 65 µm ND −NA ≤ 8.7 · 1015 cm−3

Sample 3b 60 µm ND −NA ≤ 2.3 · 1014 cm−3

The device processing was similar to the one used on Sample 2, except
for the fact that a pure aluminum implantation was used. The resulting
diodes on Sample 3a showed very high leakage currents and were not use-
able for breakdown measurements. The pn diodes on Sample 3b showed
breakdown voltages of less than 3000 V, corresponding to less than 30%
of the critical electric field of the silicon carbide material. An X-ray topo-
graph of the sample was taken at the Stony Brook Synchrotron Topogra-
phy Facility, Beamline X-19C at the National Synchrotron Light Source,
Brookhaven National Laboratory by William M. Vetter and Michael Dud-
ley. Together with the evaluation of etch pits obtained from etching the
surface of part of the sample in molten potassium hydroxide, the density
of closed-core screw dislocations is estimated to at least 20 000 cm−2, in-
terestingly corresponding to the number of wavy “half-moon” defects on
the sample surface. The result of the analysis of this sample is found in
Papers III, IV and VIII.
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6.1.4 Sample 4

This series of 12 samples was part of a study to optimize the annealing
conditions after p-type ion implantation into 4H silicon carbide. Four
35 mm silicon carbide wafers with different n-type epitaxial layers were
implanted with the doping profile shown in Fig. 4.13. Samples were cut
from the wafers and annealed under different conditions in order to acti-
vate the dopants. The parameters are listed in Tab. 6.2. The samples were
patterned with linear TLM structures to measure the sheet resistance as
an indicator of the quality of the implanted layer.

Table 6.2: Annealing temperatures and duration used in the processing of the
test samples. The annealing was performed in a horizontal hot-wall CVD reactor
at Linköping University under silane atmosphere.

0 min(1) 10 min 15 min 20 min 30 min 40 min 50 min

1500 ◦C - - - - - 4k -

1550 ◦C - - - 4g 4h 4i 4j

1600 ◦C - - - - - 4f -

1650 ◦C 4a 4b 4c 4d - 4e -

(1) the reactor was only ramped up to the target temperature

The investigation was complicated by the fact that the different annealing
conditions resulted in a difference in the surface structure of the samples.
Layers of various thickness and composition had been deposited on the
samples during the annealing procedure in silane atmosphere in a stan-
dard CVD reactor. The samples have been further analyzed by scanning
spreading resistance measurements and the results are found in Ref. [16].

6.1.5 Sample 6

The n-type epitaxial layer used for the processing of Sample 6 is iden-
tical to the material used for Sample 2. Two additional p-type doped
epitaxial layers have been deposited by Andrey O. Konstantinov in a hor-
izontal CVD reactor at ACREO AB. Mesa-etched epitaxial diodes were
manufactured and an implanted single-zone JTE was applied as edge ter-
mination around the majority of the devices. Measurement results on
these diodes are yet unpublished, however, the devices show a near-ideal
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forward conduction with a voltage drop of less than 3.5 V at current den-
sities of 100 A/ cm2. Fig. 6.1 shows the forward IV characteristics of two
typical diodes 200× 200 µm2 in size. From comparison with the theoret-
ical curve it can be seen that these diodes show high-injection at current
densities above 10 A cm−2. Diodes with excess currents at low forward cur-
rent densities generally show an increased leakage current accompanied by
microplasma breakdown below 1000 V reverse bias. The reverse leakage
current at 1000 V is below 0.2 µA/cm−2 for a number of diodes. Most of
those diodes with low leakage current appear to suffer from microplasma
breakdown at reverse voltages between 1600 V and 2000 V.
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Figure 6.1: Forward characteristics of two 200×200 µm2 pn diodes from Sam-
ple 6. Diode (1) showed ideal behavior, while diode (2) showed the presence of
excess currents for low forward current densities. The dotted curve (3), which
is based on the series resistance of the epitaxial layer Rs ≈ 0.01 Ω, indicates
the theoretical current-voltage characteristic for a diode without high-injection.
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6.2 Outlook

In the scope of this thesis the general role of extended crystal defects
on the device performance has been investigated. Apart from recombi-
nation enhanced stacking faults, screw dislocations have been identified
as the single most important limiting factor in state-of-the-art silicon
carbide material. These defects are still found as closed-core screw dis-
locations in areal densities of typically 10 000 cm−2 in epitaxial layers,
while micropipes as super-screw dislocations have almost been eliminated
by improvement of crystal growth during recent years.

Apart from the crystalline quality of the material, also the thickness and
doping uniformity of thick epitaxial layers of silicon carbide have to be
significantly improved, before square centimeter large devices, capable
of conducting hundreds of amperes, can become reality. Until then the
device size will be limited by the density of crystallographic defects and
by the doping homogeneity in the low-doped epitaxial layers.

The development in the silicon carbide research community is today faster
than ever. After years of moderate interest a multitude of silicon carbide
material suppliers have entered the scene during the past three years. Na-
tional and international research cooperations have identified and solved
problems and developed models for the understanding of silicon carbide
as the probably best understood wide band gap semiconductor. During
the last years several silicon carbide based devices have been introduced
to the market, most prominently radio frequency MESFETs and high-
voltage Schottky diodes. It is now up to circuit and system engineers to
make use of these first components in order to establish silicon carbide
among the conventional technologies.
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son, C. Jagadish, and B. G. Svensson: Appl. Surf. Sci. (1985) in press
(2002)

[40] R. Raghunathan and B. Baliga: Appl. Phys. Lett. 72, pp. 3196–8 (15 June
1998)

[41] P. G. Neudeck, W. Huang, and M. Dudley: IEEE Trans. Electron Devices
46, pp. 478–484 (1999)

[42] P. G. Neudeck and C. Fazi: IEEE Trans. Electron Devices 46, pp. 485–492
(1999)
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