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Abstract
Electrically active point defects in semiconductor materials are important because
they strongly affect material properties like effective doping concentration and charge
carrier lifetimes. This thesis presents results on point defects introduced by ion implantation in silicon and silicon carbide. The defects have mainly been studied by
deep level transient spectroscopy (DLTS) which is a quantitative, electrical characterization method highly suitable for point defect studies. The method is based on
measurements of capacitance transients and both standard DLTS and new applications
of the technique have been used.
In silicon, a fundamental understanding of diffusion phenomena, like room-temperature migration of point defects and transient enhanced diffusion (TED), is still incomplete. This thesis presents new results which brings this understanding a step
closer. In the implantation-based experimental method used to measure point defect
migration at room temperature, it has been difficult to separate the effects of defect
migration and ion channeling. For various reasons, the effect of channeling has so far
been disregarded in this type of experiments. Here, a very simple method to assess
the amount of channeling is presented, and it is shown that channeling dominates in
our experiments. It is therefore recommended that this simple test for channeling is
included in all such experiments. This thesis also contains a detailed experimental
study on the defect distributions of vacancy and interstitial related damage in ion
implanted silicon. Experiments show that interstitial related damage is positioned
deeper (& 0.4 µm) than vacancy related damage. A physical model to explain this
is presented. This study is important to the future modeling of transient enhanced
diffusion.
Furthermore, the point defect evolution in low-fluence implanted 4H-SiC is investigated, and a large number of new defect levels has been observed. Many of these levels
change or anneal out at temperatures below 300 ◦ C, which is not in accordance with
the general belief that point defect diffusion in SiC requires high temperatures. This
thesis also includes an extensive study on a metastable defect which we have observed
for the first time and labeled the M-center. The defect is characterized with respect
to DLTS signatures, reconfiguration barriers, kinetics and temperature interval for
annealing, carrier capture cross sections, and charge state identification. A detailed
configuration diagram for the M-center is presented.
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Chapter 1

Introduction
Small crystallographic irregularities, so-called point defects, in semiconductor
materials can be of a chemical or structural kind. Although semiconductor materials are extraordinary pure and generally almost free of native point defects
or complexes, defects do exist in semiconductor materials and they have, despite
their low concentrations, tremendous effect on the electronic properties of semiconductor devices. These defects are not inherently good or bad, as they may
induce a devastating effect in one type or devices, and at the same time significantly enhance the performance of another kind of devices[1]. To continue the
development toward new and better devices it is important to understand, on
the very basic level, the behavior and characteristics of point defects in semiconductor materials. In this work, defects in silicon and silicon carbide of polytype
4H have been investigated.
In silicon, the main interest has been to deepen the understanding of the role
of point defect reactions during and after ion implantation, which is one of the
fundamental steps in device fabrication. As in all semiconductor materials, the
point defects in silicon are intimately linked to dynamic annealing during ion
implantation as well as to defect evolution and diffusion. This thesis contains
results on the spatial distribution of defect complexes after ion implantations
and on the important topic of migration of point defect at room temperature.
The former shows that vacancy and interstitial related defects are separated in
depth; a finding that is crucial for the understanding and modeling of transient
enhanced diffusion[2] - one of the larger obstacles for a further size-reduction
of silicon-based devices. In silicon, the diffusion of point defects has long been
debated, and as it was clear that extrapolations from other temperature regimes
1
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only added to the confusion, experiments to measure these diffusivities at room
temperature were needed[3]. One such method involves ion implantation[3, 4],
and in this work we show how effects of ion channeling during implantation
can be mistaken for point defect diffusion and present a very simple method to
asses contributions from channeling - thereby avoiding an overestimation of the
diffusivities.
Silicon carbide is a semiconductor material much less developed than silicon. It is still expensive but it offers opportunities of devices operating in high
temperature, high frequency, high current and high voltage regimes, which are
inaccessible with silicon-based devices. Detailed information on the point defects
in silicon carbide is still scarce, even though some defects have indeed been thoroughly studied[5–12]. The aim of the silicon carbide study has been to describe
and understand the defect composition and development in low-temperature
(25-400 ◦ C) annealed 4H-SiC. Most studies on implantation-induced point defects in SiC have been on material which has been annealed at much higher
temperatures, but we believed that important information could be obtained
also from low-temperature annealing experiments. We have discovered numerous defect levels and given their signatures. We have also shown that the number
of defects is particularly high after annealing (storage) at room temperature and
100 ◦ C, and that different mechanisms for defect evolution dominate at 25 and
100 ◦ C. One of the discovered defects in 4H-SiC was observed to be metastable
and this defect, which we labeled the M-center, has been studied in great detail.
The characterization of deep levels in the band gap has been based on the
deep level transient spectroscopy (DLTS) technique. An overview of the defect
composition in a sample is easily acquired, but the technique has other advantages as well. It is quantitative and this makes it very well suited for studying
defect evolution in detail. Examples on this could be the accurate measuring
of defect annealing kinetics or reconfiguration, but also correlation of appearing
and disappearing levels. In this work we have had great use of the standard
DLTS applications: temperature scan, depth profiling and capture cross section
measurements, but certain situations, however, demanded that we went beyond
these. Two things were to prove particularly useful, namely the possibility to
subtract DLTS spectra and the algorithm which combines three DLTS spectra
into one high resolution spectrum. The latter is especially useful when analyzing spectra with many and closely spaced peaks. We also found it necessary
to pay special attention to the charge carrier capture in the Debye tail during
both depth profiling and capture cross section measurements. In addition, we
have implemented and applied a pulse-train measurement program, which we
designed in order to study the capture and emission processes for the M-center

3
in 4H-SiC.
The appended papers are numbered with roman numerals and they are
placed at the end of this thesis. A short introduction is given in Chapter 1
before point defects in silicon and silicon carbide are discussed in more detail
in Chapter 2. As metastability has played a special role in this work, this topic
will also be happily addressed in this chapter. Ion implantation is described in
Chapter 3 where the focus is on the different ion implantation parameters and
on dynamic annealing. Results from several studies, both from literature and
from this work are used as examples throughout this chapter before the chapter
is concluded with a larger example. Both this one, and the two examples in
Chapter 4, have been chosen to illustrate some finer points of the chapters in
a way, which was not believed possible by general statements and accounts of
equations alone. Chapter 4 describes some of the more specialized capacitance
transient based measurement techniques in detail, and it was written particularly with people embarking on such measurements in mind. An overview of the
main results from this work is given in Chapter 5 and is closely linked to the
general conclusions and the future outlook in Chapter 6. I hope these chapters
provide a background and serve as a complement to the articles in the way that
it was intended.
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Chapter 2

Point defects
Point defects exist in small concentrations in all semiconductor materials, but
they can also be introduced intentionally or as an unfortunate by-product by
particle irradiation or ion implantation. Some amounts may also remain after
wafer production. In this work, we are mainly concerned with defects produced
by irradiation or implantation, and which are often simply referred to as damage. Among their undesirable consequences are various types of interference
with device performance through e.g. compensation or passivation of dopants,
reduced charge carrier lifetimes, and elevated diffusion of dopants. To investigate what constitutes this damage, point defects are introduced deliberately
under controlled experimental conditions to answer questions like: Which defects are generated? How many are introduced? Where? How do different point
defects interact? How does heat treatment (annealing) affect them? Generally,
one can say that only defects which introduce levels in the band gap affect the
electrical and optical properties of a material, and not all defects are equally
important. It is properties like the position in the band gap or the optical or
electrical capture cross section that determine which are the critical (good or
bad) defects in a particular situation.
It is desirable to characterize individual point defects to establish how carriers are trapped and emitted.1 The capture rate is mainly controlled by the
carrier concentration in the material and by the electrical capture cross section,
σ, of the defects. The capture cross section, which is determined by the potential around the defect[13], may vary considerably from one type of defect
1 For

definitions and more detailed descriptions see e.g. Refs. [1] and [13]
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to another. It is strongly affected by the charge state of the defect, and realizing that a hole (positive) is more easily attracted to a negatively charged
defect than to a positively charged one, this is easily understood. The emission
rate of a defect is also coupled to the capture cross section, through the rule of
Detailed Balance, but is predominately controlled by the temperature and the
energy position of the level in the band gap. This is used in deep level transient spectroscopy (DLTS) to measure the position in the band gap and carrier
capture cross section, σ. This important technique for defect characterization
is described in Chapter 4.
A very important piece of information about a defect is of course what it
consists of. The building blocks (vacancies, interstitials and impurities - including donors and acceptors) are quite simple but the possible ways to combine
them are many. A brief overview of the most important defect complexes observable by DLTS in silicon and n-type silicon carbide is given in Sections 2.1
and 2.2, respectively. For more detailed reviews see Refs. [14], [15], and [16].
There are experimental techniques which excel in determining the identity and
configuration of point defects, and computer models can simulate many of the
properties of defect complexes. Although a defect’s composition and certainly
its actual configuration is inaccessible2 by DLTS, metastable defects, whose
configurations depend on their charge state, are well suited for examination by
DLTS. Metastability is described in detail in section 2.3.

2.1

Defects in silicon measured by DLTS

During irradiation or ion implantation of silicon, large amounts of Frenkel
pairs (vacancy-interstitial pairs) are generated. These simple point defects are
not stable at room temperature and they quickly either annihilate or develop
into more stable point defect complexes[17]. The following introduces the most
abundant and well-known complexes in silicon, and an overview of the levels
they induce in the band gap are shown in Table 2.1.
The most pronounced vacancy related defects in silicon are the divacancy and
the vacancy-oxygen pair, which is also known as the A-center. Divacancies are
mainly generated directly[18], but are also to a smaller extent generated by intracascade migration of mono-vacancies[19]. The generation of A-centers depends,
on the other hand, heavily on mono-vacancy migration as they are formed when
a migrating mono-vacancy[20] wanders near an immobile oxygen atom and binds
2 The

composition might be extracted indirectly through, for example, impurity-variation,
fluence-dependence or annealing behavior.
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to it. Oxygen and carbon are impurities in silicon and their concentration vary
with the growth method. In as-grown material, oxygen is positioned at an interstitial site (Oi ) and carbon at a substitutional site (Cs ) and neither of these defects are observable by deep level transient spectroscopy (DLTS). During and after implantation, oxygen complexes, like the A-center, may be formed. Another
such example[21–23] is the interstitial-carbon-interstitial-oxygen pair (Ci Oi ),
which is formed when interstitial oxygen captures interstitial carbon (Ci ), which
in turn is generated when implantation-induced interstitials react with substitutional carbon. Ci moves slowly at room temperature but fast enough for the
Ci ’s to have settled in more stable complexes within a few days after their introduction[21, 24, 25]. Several carbon-related defects can be seen by DLTS. Both Ci
and Ci Oi are observable by DLTS and so is the carbon-carbon pair [21, 26–28]
and the carbon-phosphorus pair[21, 29]. When dopant atoms, like phosphorus
or boron, build defect complexes they no longer function as dopants. One example of this is in n-type silicon, where group five atoms (donors) are known
to trap mono-vacancies and form the so-called E-centers[30, 31]. In p-type, the
typical acceptor (substitutional boron) is immobile at room temperature and
has a shallow level just above the valance band edge but, again, implantation
may induce boron-related defects with deeper levels, like interstitial boron (Bi ),
boron-impurity pairs or boron-interstitial clusters[32–40].
Small clusters like vacancy-, interstitial- or boron-interstitial-clusters may
result from ion implantation in p-type silicon because of the compact pocket
formation, which will be described in Section 3.1.6. This severely adds to the
complexity of ion implantation compared to electron irradiation. The interstitial related clusters are particularly interesting because they have been linked to
transient enhanced diffusion of boron[2]. We are part of an on-going project to
observe and identify small interstitial clusters by photoluminescence (PL) and
deep level transient spectroscopy, but the comparative results are still preliminary and therefore no articles on this subject are among the appended papers.
Samples have been prepared so that PL and DLTS can be performed on material, which has been implanted and annealed simultaneously or under identical
conditions. At the moment, we are trying to establish a link between a PL
line and a DLTS peak, which are believed to be related to a cluster of four
interstitials, I4 [41].
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Position of
majority
trap level
in p-type Si

Defect

V2 :
VO
Ci

Ci Cs
Ci Oi
Bi
Bi Oi
Bi Cs
Bi Bs
VP

(=/–)
(–/0)
(0/+)
(–/0)
(0/+)
(–/0) B
(–/0) A
(0/+)

Position of
majority
trap level
in n-type Si
EC − 0.23 eV
EC − 0.42 eV

EV + 0.20 eV
EC − 0.17 eV
EC − 0.10 eV
EV + 0.27 eV
EC − 0.11 eV
EC − 0.17 eV
EV + 0.09 eV
EV + 0.35 eV
EC − 0.13 eV
EC − 0.45 eV
EC − 0.26 eV

(0/+)
(–/0)
EV + 0.29 eV
EV + 0.30 eV

EC − 0.44 eV

Table 2.1: Some well-known defect levels in silicon. The charge states are indicated in
parentheses, and for the metastable carbon-carbon pair, the configuration (A or B) is
also given, see Section 2.3.2.

2.2. DEFECTS IN 4H SILICON CARBIDE

2.2

9

Defects in 4H silicon carbide measured by
DLTS

Disregarding impurities for a moment, the only defects in homogeneous materials are vacancies and interstitials - or combinations thereof. For compound
materials it must be specified if, say, the vacancy in SiC is a silicon or a carbon
vacancy. Together with the anti-sites this greatly increases the number of possible defects in compound materials. This could be one of the reasons why equally
doped silicon and silicon carbide, which have been identically implanted, suffer
different amount of damage. Silicon is much more resilient when it comes to retaining its effective doping concentration[42] but this may not only be caused by
a reduced annihilation during dynamic annealing. The nitrogen donors in SiC
are particularly vulnerable to implantation damage[10]. Below follows a short
overview of point defects in n-type silicon carbide. The metastable M -defect,
which is at the center of attention in Papers III, IV and V, will be described
separately in section 2.3.3.
The Z-defect
In 4H-SiC, the defect most studied by DLTS is probably the Z-defect and it has
been observed in both as-grown and irradiated n-type material. It is thermally
very stable and usually seen by DLTS through its (EC − 0.68 eV)-level[7, 43].
(−/+)
(−/+)
Actually, this level consists of two, overlapping levels, Z1
and Z2
, and
(0/+)
(0/+)
they are both negative-U centers[8]. The donor levels Z1
and Z2
are positioned at (EC − 0.52 eV) and (EC − 0.45 eV), respectively, but they require
illuminations and very short filling pulses to be seen by DLTS[8, 44]. The identity of this important defect was debated for some time[45, 46] before Pintilie
et.al. showed that nitrogen was a part of this defect and that an increased C/Si
ratio, enhanced the concentration of the Z-defect[44]. Based on these results,
Eberlein et. al. were able to calculate the exact structure of the Z-level as
the interstitial-nitrogen-interstitial-carbon defect[47]. The debate, however, has
been re-opened as Storasta et.al. question the participation of nitrogen in the
Z-defect[48].
The S-defect
The irradiation and implantation induced S-center[49] has two levels, S1 and
S2 , in the upper part of the band gap at (EC − 0.40 eV) and (EC − 0.71 eV),
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respectively[12, 50, 51]. The defect is observed in implanted material after lowtemperature annealings or even after long-term storage at room temperature[49]
and the defect generation is stimulated by an applied reverse bias[12]. The two
S-levels anneal out simultaneously. The approximate temperature which gives
significant reduction in defect concentration after 30 minutes annealing has been
reported as ∼ 525K in Ref.[50] and ∼ 623K in Ref.[12]. In Ref.[51], it is present
in almost full concentration at 573 K and has disappeared by 673 K. In our
experiments, we studied the temperature interval 473-643 K and saw a gradual
reduction in S-center concentration. The levels had completely disappeared by
643 K. We could exclude any influence from the overlapping M -levels, but it is
unclear whether the M-center had any effect on other studies. The difference in
reported annealing behavior may very well be related to differences in impurity
concentration or other effects. The chemical and structural identity of the Sdefect has not been determined.
Intrinsic defects in silicon carbide
Both interstitial carbon and interstitial silicon are accommodated in the crystal
as split-interstitials[52], and interstitial carbon is expected to be mobile at room
temperature[47]. The mono-vacancies in 4H-SiC have been studied through experiments and calculations[47, 53–55], but will not be discussed here. However,
it should be mentioned that the silicon vacancy is expected to be metastable,
although not in n-type, where the M-center is observed[54, 56]. It has also been
argued that the vacancy pair VC − VSi gives rise to the the DLTS levels labeled
as EH5,6,7 or RD1/2,3,4 , which takes up positions at 0.96, 1.0 and 1.5 eV below
the conduction band edge, see Ref. [16] and references therein.
When an atom in a compound is positioned on the ”wrong” sublattice, it
is called an antisite. First-principles density functional calculations on antisites
in 4H-SiC[52] link antisite pairs (a Si antisite near a C antisite) to the alphabet
lines, which is the joint name for approximately up to 40 luminescence lines
with energies between 2.8 and 2.9 eV. They have been observed by photoluminescence[57, 58]. The large number of lines with similar energies arises because
the antisites can be nearest, second or third nearest neighbors and because the
antisites can be at either cubic or hexagonal sites.
Many other defect levels have been reported from DLTS investigations, and their
occurrence may depend on growth method or impurity content. There is today
a strong need to combine different measurement techniques to, e.g., identity the
most important DLTS levels in 4H-SiC.

2.3. METASTABLE DEFECTS

2.3
2.3.1
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Metastable defects
Metastability

A defect is described not only by its constituent parts, but also by how these
are placed in the lattice. A single impurity, like carbon, can be either at a
substitutional (Cs ) or an interstitial (Ci ) site and although the shift in position
of the carbon atom is small, the differences between Cs and Ci are large. Ci
has two levels in the band gap and is mobile at room temperature whereas Cs
has no levels and is immobile at room temperature.
The configuration of a defect can be determined experimentally by methods
like electron paramagnetic resonance (EPR) or photoluminescence (PL)[59] in
combination with uniaxial stress, or it can be modeled by ab initio calculations.
A defect will always try to arrange itself in the energetically most favorable
configuration and what is the favored one depends on the charge state of the
defect. When the charge state of a defect is changed by capture or emission of
a hole or an electron, and the new charge state prefers another configuration,
the defect will immediately switch to this configuration provided that no significant barrier exists. Structural transformations like this are thermally activated
processes, so whether a barrier is significant or not will depend on temperature.
The barrier height, Eb , can be extracted by an Arrhenius plot after measuring
the rate of reconfiguration, R(T ), at different temperatures:
R(T ) = R0 · exp (−Eb /kB T ) ,

(2.1)

where kB is Boltzmann’s constant and T is absolute temperature. The prefactor
R0 is expected to be close to the characteristic oscillation frequency of the
lattice, which is 1.6 × 1013 s−1 in SiC and similar values are obtained in other
materials[60].
A defect is labeled metastable when a transformation between configurations is controlled by an energy barrier and when the transformation process is
fully reversible and charge state dependent. If a defect can only change between
two different configurations it is called a bistable defect, and if more configurations are involved, it is labeled multistable. The carbon-phosphorus pair in
silicon is multistable and has as many as five distinct configurations[61]. When
a metastable defect changes configuration, signals (like DLTS peaks, PL lines
or other defect fingerprints) will appear and disappear because different configurations will have different characteristics, such as position in the band gap.
As a metastable defect merely changes between different configurations and the
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Active
DLTS
Region

Surface

Schotty
contact

Bulk

Vp
Vm

W(Vm-Vp )

W(Vm)

Figure 2.1: The extension, W , of the depletion region in a diode is controlled by
the applied reverse bias. From the left: Schottky contact, depletion region and bulk
material. Defects in the active region can be studied by DLTS. The schematics for a
standard DLTS measurement is shown on the right.

total concentration of the defect is unchanged, the sum over all possible configurations must also remain constant. For a bistable defect this means that an
increase in the signal from one configuration must be accompanied by an equal
decrease in the signal from the other configuration.
There are different ways of exercising charge state control. The temperature
is very important because it not only controls the reconfiguration, it also affects
emission rates and the Fermi level - two parameters which can change the charge
state of a defect. Keeping track of the thermal history is vital when studying
metastability. The opportunities to manipulate charge states is limited in bulk
material, but when a junction is present the depletion region offers such opportunities through a combination of temperature and applied bias, which controls
the extension of the depletion region. The DLTS active region can be seen in
Figure 2.1 and is determined by the edge of the depletion region at applied
measurement voltage (Vm ) and during the filling pulse (Vp ). The active region
is either depleted (V = Vm ) or filled (V = Vm − Vp ) with majority carriers. The
following example illustrates how temperature and bias can be used to control
the configuration of a metastable defect. Imagine a bistable defect which be-
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Pulse on
Active region
bulk-like
Pulse off
Active region
depleted

A

B

temperature

TA

B

temperature

TB

A

Configuration diagram

Figure 2.2: A bistable defect which can reconfigure from A to B at temperatures
& TA→B when the active region contains majority carriers. When the active region is
depleted, the defect changes configuration from B to A at temperatures & TB→A .

haves as indicated in Figure 2.2, where ”A” and ”B” are the names for the two
different configurations. It can be helpful to know that the bias conditions are
the same in the upper and lower parts of figures 2.1 and 2.2, respectively. If the
pulse is applied (upper case), the bistable center is in a particular charge state,
which is determined by the Fermi-level. If the bistable defect is already in configuration B it will stay there, but defects in configuration A will try to change
to configuration B. At temperatures below TA→B this is a very slow process,
and the defects are essentially frozen in configuration A (see equation 2.1), but
at higher temperatures the barrier can easily be overcome. When the reverse
bias, Vm , is applied (lower case), the defects in this example will emit an electron and assume another charge state. In this charge state, it is configuration
A which is favored and, again, the rate of reconfiguration will be slow or fast
depending on whether the temperature is below or above TB→A , respectively.
When planning a study of this bistable defect by DLTS, two things must be
remembered: (i) in a DLTS measurement the bias is repeatedly switched between Vm and Vm − Vp (see Fig. 2.1), and (ii) that a DLTS spectrum sweeps the
band gap by varying the temperature. It is important to be able to arrange the
bistable defects completely in either one of the two configurations in order to
study each configuration separately. This can be achieved by choosing the bias
so the desired configuration is the most favorable one and then heat the diode to
temperatures above the transition temperature. For the example in Figure 2.2,
the bistable defect can be measured in configuration A at any temperature,
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but the defect can only be measured in configuration B at temperatures below
TB→A .
Two metastable defects have played an important role in this work and they
are described in detail below. The carbon-carbon pair in silicon is a well-known
and very well-described metastable defect as can be seen from section 2.3.2.
The M -center in 4H-SiC has only just been discovered and the work presented
in this work may be all that is known, so far, about this defect. The M -center
is described in section 2.3.3.

2.3.2

The carbon-carbon pair in silicon

The carbon-carbon pair in silicon is metastable as it has one stable configuration
in its neutral state (Cs − Sii − Cs , state B) and another (Ci Cs , state A) in
the singly positive and negative charge state.3 The acceptor state gives rise
to two levels in the band gap positioned at (Ec − 0.17 eV) and (Ec − 0.11 eV)
for state A and B, respectively. These two levels had previously been very
convincingly linked together[26] and identified as the mentioned carbon-carbon
configurations[21] by DLTS in comparison with PL, but it was a combined EPR,
PL and DLTS study that provided the full picture of the Ci Cs defect[28].
The configuration diagram for the acceptor state can be seen in Fig. 2.3 and
the rates for changing between A and B have been determined[26].
RA→B = 7.5 × 10−13 s−1 · exp (−0.174/kB T )
RB→A = 7.3 × 10−13 s−1 · exp (−0.145/kB T )
The (Ec − 0.17 eV) level (A− → A0 ) was an important part of a study (Paper I)
on the different depth distributions of vacancy-related defects (represented by
VO) and interstitial-related damage (Ci Cs ) after ion implantation [62]. It was
necessary that all carbon-carbon pairs were in the A− configuration before the
(A− → A0 ) transition, and that this was the case at the measurement temperature (79 K) is illustrated by Fig. 2.4. Assume that reverse bias is on (pulse
off) so that the active region is depleted and that all Ci Cs defects are in state
B0 . Because this is the stable configuration for the unfilled (neutral) state, all
the defects will remain here until the bias is changed. When the DLTS filling
pulse is applied, the defects will capture and emit electrons, and because the
capture rate (B0 → B− ) greatly exceeds the emission rate at 79 K, the defects
will, on the average, be in state B− . From here the defects do not only have
3 ”A”

and ”B” refer here to the conventional labeling of the configurations for the carboncarbon pair in silicon, and not to the example in the previous section.
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(C i Cs) +e
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0

0

B

A

(Ci Cs)-

0.11

0.17

0.15

B-

A-

Figure 2.3: Configuration diagram for the carbon-carbon pair in silicon. The transitions from the negative to the neutral charge state corresponds to the two DLTS level
(EC − 0.17 eV) and (EC − 0.11 eV). There is a barrier of 0.15 eV for reconfiguration
from state B to A when the defect is negatively charged. (From Fig. 22 in [28].)

pulse off,
fast reconfig.

4

A0

0

B

3 pulse off,
slow emission
[EC -0.17eV]
Configuration

pulse on,
fast capture

1

A-

2 pulse on,
slow reconfig.

B-

Figure 2.4: Changes in charge state and configuration for the Ci Cs acceptor level in
Si at 79 K as the bias is changed. The active region is depleted when the pulse is off.
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Figure 2.5: DLTS measurements on an un-implanted reference sample and on protonimplanted 4H-SiC. The implanted sample has been annealed at 200 ◦ C and results
are shown both when the M-centers are in configuration A and when they are in
configuration B. (Figure 1 from Paper V.)

the chance to re-emit the captured electron (B− → B0 ), but they may also overcome the energy barrier and reconfigure (B− → A− ) to the stable state. The
B− → A− transition happens on a timescale of milliseconds and given sufficient
filling time all defects will change to state A− . Having all the defects in state
A− , it is now possible to measure the full Ci Cs signal via the (EC − 0.17 eV)
DLTS level (A− → A0 ). Once in the A0 state, the configuration is quickly
changed to the stable B0 from which the next pulse will return it to A− and
so on. As the involved processes (reconfiguration, capture and emission) are
temperature dependent, this will not hold for all temperatures, but it holds for
temperatures around 79 K, where the measurements were performed[63, 64].

2.3.3

The M-center in 4H-SiC

We have discovered a metastable defect in 4H-SiC and labeled it the M -center
(M for metastable). So far, three DLTS peaks (M1,2,3 ) have been shown to
originate from this defect, and in Paper V it is argued that a fourth level, M4 ,
exists. The levels M1,2,3 can be seen in Figure 2.5 as the difference between
the dotted and solid curves, which were recorded with the M -centers in configuration A and B, respectively. An overview of the M -center levels can be seen
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Figure 2.6: Configuration diagram for the metastable M-center in 4H-SiC.

Level
M1
M2
M3
M4

Ea
( eV)
0.42
0.63
∼ 0.83
> 0.8

σArrh
(×10−15 cm2 )
6
4
∼ 300
-

σmeas
(×10−15 cm2 )
0.05
0.04
>2
-

Configuration
A
B
A
B

Assigned
level
(–/0)
(–/0)
(=/–)
(=/–)

Table 2.2: Data for the four M-center levels in 4H-SiC

in Table 2.2. After realizing that a metastable defect existed in our protonimplanted samples, the first step was to completely understand under which
conditions the defect would reconfigure. The example in Section 2.3.1 on how
to measure a metastable defect with DLTS is actually based on the M -center,
which has TA→B ≈ 400 K and TB→A ≈ 295 K. By carefully measuring the
reconfigurations rates at different temperatures, the energy barriers for reconfiguration were determined from Eq. 2.1 as it is described in Paper III. These
barriers can be seen in Figure 2.6, which is the configuration diagram for the
metastable M -center. The energy curves are shown for the neutral, single negative and double negative charge states, and transitions between these curves
corresponds to carrier capture or emission. For the same charge state, the defect may exist in one of two configurations, A or B, and there are barriers for
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changing from one configuration to the other. The charge states are believed to
be the (= / − /0) charge states, but it may also be the (−/0/+) charge states.
The former is, however, favored by the values of the directly measured carrier
capture cross sections for M1 and M2 . This is discussed in detail in Paper V.
Table 2.2 and the configuration diagram (Figure 2.6) places the M -center among
the best described defects in 4H-SiC. We have also shown that the M -center
anneals out between 310 and 370 ◦ C (see Paper IV) with an activation energy
of 2.0 eV, and that defect dissociation is the most probable mechanism behind
the disappearance of the M -center (see Paper V).

Chapter 3

Defect production by ion
implantation
Ion implantation is performed by directing a beam of ions onto a sample. The
beam is generated by accelerating ions emitted from an ion source. The beam
is guided and filtered so that, when the beam reaches the sample surface, it is a
well focused, mono-energetic beam of the chosen isotope. The word implantation
refers to when the ions are stopped at a certain depth in the target and somehow
affect the properties of the target. When the energy is sufficiently high or the
sample thin enough for the particles to pass through the samples, the process
is referred to as irradiation. When the particles stay in the samples but have
their end-of-range far beyond the region of interest, both words are used to
describe the process. In this work, electrostatic accelerators have been used to
produce MeV beams of electrons, protons and heavier ions. Such implantations
took place at the following facilities: The Ångström Laboratory in Uppsala[65],
Australian National University[66], and Aarhus University. The implantations
described in Paper II were performed at the keV-implanter at Aarhus University.
It is important to control the number of ions implanted into a sample and
this is easily done by measuring or integrating the beam current. Charge collection and measurements of beam current can be done with good accuracy
except for very low fluences (< 108 ions/cm2 ). In this work, low fluences were
used when B or Si was implanted in silicon to study end-of-range defects. It
is difficult to operate with currents below ∼ 100 pA because it is difficult to
maintain current stability and reproducibility. For a scanned area of 10 cm2 ,
19
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Figure 3.1: Nuclear and electronic stopping power, where the energy loss is given
in electronvolts per Ångström. Here an example, calculated by TRIM, for boron
implantation in silicon. Notice the difference in scale.

this corresponds to 6 × 107 ions/(s · cm2 ) for singly charge ions, so a fluence
of 1 × 108 ions/cm2 is achieved within only a few seconds. Depending on the
aim of the implantation, the desired fluence is calculated to give, for example,
a specific doping concentration or amount of damage. The flux (fluence per
unit time) is monitored, and this is done by measuring the beam current. The
current is usually chosen to give a reasonably short implantation time, but on
occasion it is treated as an important parameter[67, 68]. The fluence, flux, and
other implantation parameters are discussed in Section 3.1.
Once the energetic ions enter the material, they start loosing energy in collisions with target electrons and nuclei. Figure 3.1, which is obtained from
TRIM [69], shows the energy loss (per unit path length of the ion) to the target
electrons and nuclei. At high energies, the electrons are almost solely responsible
for the slowing down of the incoming ion, but for lower energies collisions with
target atoms become more likely and more damage is generated [69].
The final ion distribution depends on sample material, direction of incidence,
ion type, and energy and can in many cases be approximated by a Gaussian
distribution, characterized by a mean projected range, Rp , and a statistical
spread around this value, the so-called straggling, ∆Rp . The width of the
distribution can also be expressed as the full-width-at-half-maximum (FWHM)
of the ion distribution (see Fig. 3.2). However, in a crystalline material the
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FWHM
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Figure 3.2: Implantation of 4H-SiC with 2.5 MeV protons. The end-of-range region,
and therefore the main defect production, is buried in the highly doped substrate
giving uniform and irradiation-like damage in the region measured by DLTS.

Figure 3.3: Experimental depth profiles obtained by DLTS of the (EV + 0.35 eV) level
in p-type silicon after implantation with 65 keV silicon ions and 150 keV germanium
ions using fluences of 5 × 1011 and 2 × 1011 cm−2 , respectively. During implantation
the tilt angle was 7◦ and the rotation angle was 0◦ . (Fig. 2 in Paper II.)
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range of the ions can be greatly extended if the incident direction of the ions
is aligned with the symmetry directions of the crystal. This effect is called
channeling [70, 71] and in some cases it can be important to estimate the degree
of channeling either experimentally or through simulations (see Paper II and
Section 3.2).
Crystallinity is a prerequisite to channeling so the amount of channeling is
sensitive to preexisting or built-up damage. The amount of channeling is also
affected by the implanted ion. Increasing the atomic number of the implanted
ion and also decreasing the sample temperature will increase the amount of
channeling[72]. An example of the former can be seen in Fig. 3.3, where the defect concentrations are an indirect measurement of the channeling. The critical
angle for channeling is given by
s
2q 2 Z1 Z2
ψ1 =
,
(3.1)
E1 d
where d is the size of the crystal channel, and Z1 and Z2 are the atomic numbers
of the ion and target atoms, respectively[73, 74]. The angle between ion direction
and channel must be smaller than the critical angle for channeling to occur.
Channeling is more important at lower energies and for ions with high atomic
number, and this is also what is seen experimentally in Figure 3.3.
In the following (Section 3.1), the various parameters involved in defect generation by energetic particles will be described, as will the interplay of these
parameters and how they determine the final defect distribution. Implantation
parameters affect the collision processes as well as the migration and reactions of
point defects during implantation. The latter processes are known as dynamic
annealing. Section 3.2 gives a short introduction to computer programs, which
can simulate different aspects of defect generation by ion implantation. The
chapter is concluded (Section 3.3) with an example which illustrates the profound connection between the ballistic generation of point defects and dynamic
annealing.

3.1
3.1.1

Ion implantation parameters and dynamic
annealing
Fluence

The implantation fluence is defined as number of incident ions per unit area and
it is one of the most important implantation parameters. Depending on the flu-
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ence, the material can be anything from virtually unaffected to amorphous. It
is tempting to assume that the defect concentrations will merely scale with the
fluence and, although this is often the case in a certain fluence regime, caution
must be exercised when extending results to e.g. other fluence regimes, different
temperatures, or materials with different impurity concentrations. The generation mechanism may change, reactions with already generated defects may
become important at higher fluences[75], or the supply of an involved impurity
may simply run out.

3.1.2

Temperature

It is important to emphasize that dynamic annealing takes place during implantation. One obvious consequence of this is that the implantation temperature
will influence the final defect composition, that is, both defects present and their
concentration. So will of course any heat treatment (annealing) performed after
the implantation, but the annealing kinetics may be very different from dynamic annealing. Implanting at low temperatures (e.g. 80 K) before returning a
sample to room temperature, and implanting directly at room temperature will
not produce the same defect composition[76]. Dynamic annealing is a complex
matter and many parameters must be considered in an experiment. It is not
possible to make simple and general rules like: implanting at higher temperature will give lower generation rates because more defects will automatically be
repaired. Intuitively, this seems reasonable, and it is often the case, but exceptions do exists[76, 77]. That being said, interesting observations can be made
by implanting at different temperatures[49, 76, 78], as point defect migration is
an integral part of dynamic annealing.
Implanting at one temperature and then gradually annealing the material
can also provide valuable information about the development and interaction
of defects[17, 79, 80]. For example, in silicon, it is possible to follow the development from mono-vacancies (V ) to divacancies (V2 ) and vacancy-oxygen pairs
(V O) by implanting at very low temperature and gradually increasing the temperature until the mono-vacancies become mobile (∼ 150 − 200 K in n-type and
∼ 70 K in p-type)[79, 81].

3.1.3

Flux

It is also difficult to state a simple rule for the flux (fluence per unit time). In
fact, generation rates for vacancy related defects in n-type silicon normally increase with the flux at higher fluences, but decrease with increasing flux at lower
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fluences. This was first observed for proton irradiations[67] but it is also the
case for low-fluence, heavy-ion implantations[77]. The flux is defined as number
of ions arriving per unit area per unit time and it is easy in envisage the influence of the rate of incoming ions on the defects production. On a microscopic
scale, picture an ion and the damage it generates. The damage originates from
the collisions which displace atoms in the material and the timescale for the
collisions themselves is less than picoseconds[82]. The generated vacancies and
interstitials will, however, require much more time before they have all annihilated or settled in stable defect configurations. If the damage distributions from
two implantations overlap partly in time and space (high flux), the dynamic
annealing may vary considerably from a situation of single ion cascades (low
flux).

3.1.4

Impurities

The impurities in semiconductor materials play an important role in dynamic
annealing and defect interactions. This role is typically studied by implanting
samples with different impurity compositions[3, 17, 36, 78, 83–91]. The main effect of impurities is to provide an alternative reaction channel for vacancies and
interstitials. By knowing or assessing the impurity concentrations, diffusivities,
and probabilities of different reactions, it is possible to simulate and understand dynamic annealing. When an incoming ion, or one of the recoiling atoms,
knocks an atom from a lattice site, a vacancy and an interstitial are generated
(Frenkel pair). Luckily the probability that they quickly annihilate is large. If
they do not, what happens next is partly dependent on the impurity content
of the material, because now a trapping competition sets in. The players are
the vacancies and the interstitials, whose most important property is their diffusivity, and the impurities. In silicon, impurities are mainly dopants, oxygen,
carbon and hydrogen and they can form defects, like Ci Oi or V P or even develop into small clusters as described in Section 2.1. To illustrate this trapping
competition think of oxygen in silicon. Obviously, the generation rate of V O
will be directly affected by the concentration of oxygen, but also the final concentration of Ci Cs will be different because chances will increase for interstitial
carbon to bind to an oxygen atom and form carbon-oxygen pairs (Ci Oi ) instead.
Actually, all defects will be indirectly affected through the increased survival of
interstitials. Similarly, if an interstitial, otherwise destined to annihilate with
a vacancy, is trapped by a doping impurity and create e.g. interstitial boron,
this not only produces Bi , it also makes it more likely that the excess vacancy
(that it did not annihilate with) will create a vacancy-like defect. It is processes
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like this that can explain why antimony diffusion increases in the presence of
boron[92]. An important topic regarding diffusion is that of transient enhanced
diffusion[2] and there are actually many similarities between dynamic annealing
and transient enhanced diffusion. Radiation enhanced diffusion[92–95] is even
more similar to dynamic annealing, but has a focus on the final position of
the dopant atoms rather than the general defect composition. The irradiation
provides an excess of both vacancies and interstitials which enhances dopant
diffusion.

3.1.5

Ionization during implantation

As mentioned above, the residual damage is produced through collisions with
the target atoms, but as can be seen from Figure 3.1, most of the energy from
the implanted ions is transferred to the target electrons, and huge amounts
of electron-hole pairs are generated as a result. Although electron-hole pairs
quickly recombine, the semiconductor material will be far from equilibrium conditions during implantation. This may produce effects like ionization-induced
defect diffusion and annealing, which have been observed in silicon[78, 96]. The
non-equilibrium conditions during implantation affect the charge states of the
various defects, and since point defect diffusion, trapping, and annealing can be
very dependent on the charge state[52, 97, 98] this effect should not be ignored
when it comes to analyzing dynamic annealing.

3.1.6

Ion mass and energy

The mass and energy of the implanted ion greatly influence the final defect
composition. Figure 3.4 shows that very different DLTS spectra are obtained
after 2 MeV electron irradiation and 150 keV germanium implantation into the
same p-type silicon material. The difference is due to the denser cascades
formed by the 105 times heavier Ge ion. The following equation describes the
maximum energy transfer, E2max , from an ion (or electron) to a target atom
E2max =

4M1 M2
· E1 ,
(M1 + M2 )2

(3.2)

where E1 is the energy of the ion before the collision, and M1 and M2 are the
ion and target masses, respectively.
Electron irradiation, which is characterized by a high flux and low energy
transfer to the target atoms (see Eq. 3.2), produces dilute, uniformly distributed damage consisting mainly of simple defects. The lighter the ion, the more
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Figure 3.4: DLTS spectra of 2 MeV electron irradiated (squares, 1.25×1016 cm−2 ) and
150 keV germanium implanted (triangles, 2×1011 cm−2 ) p-type silicon. (Fig. 1 in
Paper II.)

similar the ion implantation damage will be to electron irradiation damage. For
example, 15 MeV electron and 2.5 MeV proton irradiation give similar DLTS
spectra in low-temperature annealed 4H-SiC, when defects in the surface tail
of the proton implantation are measured. For ion implantation, the collision
cascades dominate at the end-of-range region and this region can be pictured as
undamaged material impinged with pockets of damaged material. These pockets have been described as amorphous-like after studying them with high resolution transmission electron microscopy[99], Rutherford-backscattering channeling spectrometry and transmission electron microscopy in combination[100],
and after simulating ion implantation using molecular dynamics[82, 101]. This
means that many of the defects produced by ion implantation will be in close
vicinity to other defects and more likely to be of a more complex nature, such
as small clusters.
The behavior of the divacancy in and outside the damaged pockets in silicon illustrates well that, on the microscopic level, electron irradiation and ion
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implantation are very different. Two divacancy levels
(=/−)

V2

: EC − 0.23 eV

and

(−/0)

V2

: EC − 0.43 eV

are seen in n-type silicon after both electron irradiation[75, 102–104] and ion implantation[20, 105, 106], where (= /−) denotes the transition between a double
and a single negative charge state. During electron irradiation, the divacancy
production occurs through migration and pairing of intracascade monovacancies, and this means that the presence of tin[19], which traps vacancies, or
proximity to the surface[75, 107] will affect the final divacancy distribution. Divacancies are also produced directly in single-collision processes both by electron
irradiation[18, 108] and by ion implantation. None the less, divacancies generated by electron irradiation are isolated defects. This is also the case for the
majority of the divacancies produced in the surface-tail of a defect profile following ion implantation[106], but at the end-of-range region the divacancies
display abnormal behaviour which increases with the ion mass and dose. The
signal from the (EC − 0.23 eV) level gradually disappears, so that the one-to-one
relation between the two divacancy levels no longer exists[75, 104–106]; furthermore, (EC − 0.42 eV) DLTS peak widens[106], and the capture rate for both
levels decreases[109]. The key to understanding these observations is realizing
that at the end-of-range region, most of the divacancies are generated inside the
highly disordered pocket[109]. DLTS, which measures the average concentration
of defects in the active region, showed defect concentrations below 10% of the
doping concentration and the standard requirement for good DLTS conditions
was therefore met (see Section 4.1). The low average defect concentration is,
however, misleading. On the microscopic scale, the divacancies are crammed
inside the pockets to concentrations up to ten times the doping concentration.
By modeling the capture and emission of carriers in the pocket as well as the
diffusion of carriers into the pocket Monakhov et. al.[109] were able to explain
most of the abnormalities observed for the divacancy levels in ion implanted
n-type silicon.
For ions, most of the damage is generated at the end-of-range region, and
moderately changing the energy will simply translate the distribution to another
depth. The threshold energy for generating a single Frenkel pair is about a few
tens of electonvolts and this amount of energy can easily be transferred from
almost any implanted ion (see Eq. 3.2). For electrons the situation is different.
Because the electrons are so much lighter than the target atoms, highly energetic
electrons are needed to generate crystal damage (see Eq. 3.2 again). Electrons
with energies of a few hundred kiloelectronvolts barely have enough energy to
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Figure 3.5: DLTS spectra of 4H-SiC material irradiated with high- and low-energy
electrons. From experiments by G. Alfieri [110].

generate a single Frenkel pair, and the recoiling atom will not have enough
energy to generate further Frenkel pairs. The damage from such low-energy
electron irradiations will be of the very simplest kind. An example of this can be
seen in Fig. 3.5 where the resulting damage in 4H-SiC from low and high energy
electron-irradiation can be compared[110]. The low-energy irradiated sample
contains fewer defect levels compared to the high-energy irradiated material,
where many overlapping DLTS peaks are observed. The high-energy irradiated
sample had even been annealed at 200 ◦ C, which reduced the number of defects
in the material.
That a considerably lower number of different defects are observed in SiC
after low-energy electron irradiation has also been observed by Steeds et. al.[58]
and they determined a threshold of 125 keV, below which only carbon interstialvacancy pairs can be generated. It requires more energetic (>200 keV) electrons
to displace the heavier silicon atoms. By irradiating with energies above and
below the thresholds it should thus be possible to distinguish between carbon
and silicon related defects[51, 58, 111]. However, dynamic annealing also play
its role here and this complicates matters. Even though only carbon defects are
produced directly by the electrons, carbon interstitials are not stable and may
induce silicon related damage by reactions with the neighboring atoms. Calcu-
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lations by Eberlein et. al.[52] even show that Ci may functions as a catalyst in
the generation of antisite pairs.
All in all, fluence, flux, temperature, impurity content, ion mass, ion energy, and
sample material collectively determine the final defect composition in a material
and the best way to understand how, is by combining experiments like the ones
mentioned above with theoretical tools described below.

3.2

Simulation tools

The range of implanted ions can be calculated by programs like Transport of
Ions in Matter (TRIM)[69] and Crystal-TRIM[112], which are described in Section 3.2.1. Though these programs will also successfully predict the average
amount of primary damage at a particular depth, they can not tell how many
of these point defects that will survive recombination or take part in defect
reactions, nor will they take into account that the mass of the implanted ion
will affect the type of defects existing after the implantation. Modeling of the
dynamic annealing may answer some of these questions about the complicated
events leading to stable point defects, and this will be discussed in Section 3.2.2.

3.2.1

Calculation of ion range and channeling

Transport of Ions in Matter (TRIM) is a well-known, regularly updated, and
frequently used program for determining ion range and damage distribution[69].
Implantation in multi-layered targets can be simulated and each layer can easily
be individually designed or chosen from a large list of standard materials. For
the implanted ion, the type, mass, energy, and angle of incidence must be specified. The current version is called The Stopping and Range of Ions in Matter
(SRIM-2003) and program details, background and downloads are available on
the SRIM homepage[113].
TRIM and other binary collision approximation Monte Carlo codes that assume amorphous targets are unable to simulate effects caused by the crystal
structure. One of these effects is channeling, and, as briefly mentioned previously, the amount of channeling will depend on target orientation as well as
temperature and ion type. Crystal-TRIM[112] is a program which takes target
structure and orientation into account, and results from Crystal-TRIM simulations are shown in Figs. 3.6 and 3.7 and in Paper II.
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In silicon, the diffusivities of point defects are important for dynamic annealing and for the diffusion of dopants. One way to extract the diffusivities at
room-temperature is to make a shallow-depth implantation and monitor (indirectly) the vacancies and interstitials escaping deeper into the sample from the
damaged region. The indicator being measured could be the reduced carrier
concentration [3, 87] or the generation [4] or modification [76, 87] of defects. In
this context it is vital that the amount of channeling is assessed and excluded
because channeling, as well as point defect migration, can change the mentioned
indicators. Figure 3.6 compares TRIM and Crystal-TRIM simulations of silicon
and germanium ion implantations in silicon and shows that (for the parameters
given in the figure caption) germanium ions channel ten times deeper than the
TRIM mean projected range. Silicon ions also display significant channeling in
this example but being lighter they ”only” exceed the mean projected range by
a factor of 5-6.

Figure 3.6: Ion distribution from Crystal-TRIM calculations of 65 keV silicon and
150 keV germanium implantation to doses of 5 × 1011 cm−2 and 2 × 1011 cm−2 , respectively. The tilt angle was 7◦ and the rotation angle was 0◦ . A TRIM calculation of a
150 keV germanium implantation is also included. (From Fig. 3 in Paper II.)

In Figure 3.6 the sample was assumed tilted 7◦ , which corresponds to the
actual built-in tilt in many implanters. Knowing the orientation of the wafer,
(100)-silicon, one additional parameter is needed to unambiguously lock the tar-
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Figure 3.7: Germanium implantation (150 keV) with different rotation angles.
Crystal-TRIM calculations for 0◦ and 55◦ , and experimental depth profiles for the
(EV + 0.35 eV)-level for 0◦ and 45◦ rotation. The tilt was 7◦ and the implanted dose
was 2 × 1011 cm−2 . (From Fig. 4 in Paper II.)

get geometry to the beam direction. The rotation angle describes rotation in
the sample plane and Crystal-TRIM defines 0◦ as the h011i direction. Usually
only the tilt parameter is specified but when it comes to channeling, the rotation of the samples is also important. This can be seen in Fig. 3.7, where the
Crystal-TRIM ion distributions for a rotation angle of 0◦ and 55◦ are compared.
The simulations are also compared to the experimental depth profiles of the implantation induced (EV + 0.35 eV)-level. The results in Paper II show that by
comparing implantions with different rotation angles (0◦ and 45◦ ), the amount
of channeling can be assessed.
When using ion implantation to introduce dopants, the final ion distribution
is of course very important, but when studying the induced defects, the final
defect distribution is often more interesting. Both TRIM and Crystal-TRIM can
be used to calculate damage in the sense that they keep track on the distribution
of displaced atoms. However, nothing is revealed about the recombination of
vacancies and interstitials, or about the final defect distribution.
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3.2.2

Modeling of dynamic annealing

The point of dynamic annealing simulations is to have the means to predict the
final defect composition when a known material is implanted or irradiated in
a controlled way. Nowadays, defect kinetics taking place after the thermalization of the collision events can be modeled by molecular dynamics simulations.
However, in this thesis we have made use of the rate equation approach, which
is based on solving a set of coupled differential equations.
The heart of dynamic annealing simulations is migration and point defect
reactions. At a given temperature, some defects are mobile and others are not.
It is the mobile species that are responsible for most reactions so it is important
to know which defects are mobile and how fast they migrate. Another important
matter is which defects to include in the simulations - as it is too time consuming
to include all of them. Judging by the large number of defects mentioned in
Section 2.1, it is easy to understand that often a model which includes only the
most abundant species and most likely reactions is chosen. When the important
constituents and dominating reactions have been decided upon, the differential
rate equations can be written down and solved numerically. In a simulation of
electron irradiated silicon the equation for the vacancy concentration could be
written as1
∂[V ]
= G − R(DI + DV )[V ][I] − 2RDV [V ]2 − RDV [V ][Oi ] + RDI [V2 ][I]. (3.3)
∂t
Following the terms from left to right, vacancies (V ) are generated (G) directly
by the electrons, annihilated by interstitials (I), transformed to divacancies
and V O-centers, and reappear when interstitials react with divacancies. R is
the trapping radius, the D’s denote diffusivities and brackets indicate concentrations. When simulating electron-induced damage, all defects are assumed
uniformly distributed [19, 25, 108], but to simulate dose rate effects it is necessary to simulate the implantation one ion at the time, separating the ions in
time and space[3, 20, 67, 91].
Differential equation systems like this can also be used to simulate annealing reactions and kinetics when several defects are involved in an annealing
process[90].
1A

simplified version of one of the equations in ref [108]
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Example: Separation in depth between vacancy and interstitial related defects

The following example has been included to illustrate the close connection that
exists between collisions during implantation and dynamic annealing. First,
some background information is required. In n-type silicon the irradiation- and
implantation-induced vacancy-oxygen (V O) and carbon-carbon (Ci Cs ) pairs
have similar energy positions, (EC − 0.17 eV), in the band gap, and their DLTS
signals overlap. Usually, as it is the case with the vacancy-phosphorus pair and
the (= /−) level of the divacancy, this would make the two defects indistinguishable by DLTS[98, 104], but for V O and Ci Cs a special situation exists where it
is possible to distinguish their signals by varying the filling pulse duration[63],
and we have used this to measure the depth distribution of these two defects
separately. For this to work, it is important that the filling rates for the two
defects are very different. The filling rate for V O is controlled mainly by the
carrier capture cross sections and the charge carrier concentration of the material, so the filling rate for V O is difficult to manipulate. Ci Cs is the metastable
defect discussed in Section 2.3.2 and for this defect the effective capture rate
is actually a reconfiguration rate because the B 0 → A− transistion is limited
by the slower reconfiguration process (see Figure 2.4). This is important because reconfiguration rates are highly temperature dependent; so, by choosing
an appropriate temperature, the filling of V O and Ci Cs will occur on different
timescales. A suitable choice of temperature is 79 K.
Figure 3.8 shows the normalized DLTS signal, which is proportional to the
measured defect concentration, as a function of filling pulse duration, tp (filling
pulse measurements are discussed in Section 4.4). For very short filling pulses
only few defects have time to capture an electron, but increasing the filling
pulse duration will allow more and more of the fast trapping V O defects to
capture an electron, until all V O defects have been filled and the curve levels off
(tp ≈ 10−6 s). At 79 K, the Ci Cs defects will not start to fill until tp ≈ 10−4 s so
V O can be measured separately by choosing a short filling pulse. For sufficiently
long filling pulse duration the total V O + Ci Cs signal can be measured, and the
Ci Cs DLTS signal can be found by subtraction.
The DLTS setup can also be used to measure the depth distribution of
defects. This will be described in detail in Section 4.3, but for now it suffices
to know, that depth profiles can be measured by DLTS. Again, measuring the
depth profile with a short or long filling pulse will give the V O or (V O + Ci Cs )
concentration as a function of depth, respectively, and the Ci Cs profile can
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Figure 3.8: Filling pulse measurements on the (EC − 0.17 eV)-levels in silicon.

Figure 3.9: Measured depth profiles for V O and V O + Ci Cs in ion implanted (6.8 MeV
boron) n-type FZ silicon. The Ci Cs depth profiles is found by subtraction. The
interstitial related defect (Ci Cs ) distribution is deeper than the vacancy related one
(V O). (Fig. 6 in Paper I.)
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be determined through subtraction. It should here be mentioned that making
a good choice for long and short filling pulses is not as easy as Fig. 3.8 may
indicate, and this is discussed in detail in Section 4.5. Measured defect profiles
can be seen in Fig. 3.9. It is interesting in itself that it is possible to distinguish
between the overlapping V O and Ci Cs signals in this way, but it is even more
interesting that there is a large shift ( ∼ 0.4 µm) between a vacancy related
defect (V O) and an interstitial related defect (Ci Cs ).
Having established experimentally that such a shift, ∆, exists[62] speculations as to the reason for this shift began. It was first believed to be directly
related to the magnitude of the preferential forward momentum and experiments
with different transferred forward momentum were carried out. The preferential
forward momentum was varied by changing the implantation tilt angle, as the
momentum parallel to the surface normal decreases with increasing tilt angle.
The shift was therefore expected to decrease for a high (40◦ ) tilt angle compared
to a low (7◦ ) angle. In total, five implantation conditions were examined using a
material that gave approximately equal amounts of V O and Ci Cs . This was important to achieve a high accuracy for both depth profiles and hence for the shift
between them. For two impinging ions, boron and hydrogen, implantations were
performed at both low and high tilt angles, and a shift was measured. However,
contrary to what was expected, a higher tilt angle produced a larger shift. This
can be seen in Fig. 3.10, which shows the correlation between the measured shift
in depth distribution and the FWHM of the distribution of generated vacancies as calculated by TRIM. It is also worth noticing that implantation with the
lighter ion (hydrogen) results in a larger shift for the same tilt angle. This is also
contradictory to the forward momentum model. The last of the five samples was
another hydrogen implanted sample with a tilt of (7◦ ). The energy was higher
(1.3 MeV compared to 0.68 MeV), so, in order to place the end-of-range defect
profile inside the active DLTS region, a foil was placed in front of the sample
during the implantation. This resulted in depth profiles positioned similarly in
all five samples, but the two 7◦ hydrogen implantations had different widths of
the implanted profile and, as can be seen from Fig. 3.10, this width is correlated
to the magnitude of the shift, ∆, between the vacancy related profile (closer to
the surface) and the interstitial related profile (deeper in the sample).
A physical model, which combines ion implantation and dynamic annealing,
and which can explain the correlation between ∆ and the width of the defect
profile, has been suggested (see Paper I). The essence of the model can be seen
in schematic form in Fig. 3.11. There the primary vacancy and interstitial distributions are represented by equal, but shifted Gaussian distributions. Where
the vacancy and interstitial distributions overlap, the vacancies and interstitials
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Figure 3.10: Correlation between experimental values for the shift, ∆, and full width
at half maximum (FWHM) of the vacancy depth profile calculated by TRIM 98. (Fig.
10 in Paper I.)

Figure 3.11: Schematic presentation of the 0.68MeV (on the left) and 1.3MeV hydrogen
implantations. The graph shows the generated vacancy (black) and interstitial (grey)
distributions which are separated by a small shift due to the preferential forward
momentum. After perfect recombination of vacancies and interstitials, the difference
between vacancies and interstitials is given by the dotted curve. The shift, ∆, is also
indicated. (Original figure by P. Lévêque.)
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are assumed to recombine completely. This leads to a separation, ∆, between
the remaining vacancies and interstitials, as shown by the dotted curve, which
is the interstitial distribution minus the vacancy distribution. The recombination is not complete for actual implantations, but generally, in silicon, only a
few percent of the generated vacancies and interstitials are expected to survive
recombination.
Hence, by combining the understanding of implantation profiles (width) and
dynamic annealing (recombination), it is possible to explain the observed dependence on tilt angle and width, which is seen for the V O and Ci Cs profiles
in n-type silicon.
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Chapter 4

Experimental methods
The aim of this work has been to study point defects in semiconductors, and the
main experimental method has been deep level transient spectroscopy (DLTS).
This method provides possibilities of both surveying and detailed studies of any
semiconductor material where a sufficiently good junction can be found. The
method is described below and the description is based primarily on Refs. [13,
114–116]. First a few words about the samples.
The studied defects were generated by ion implantation or electron irradiation in different semiconductor materials. These materials were FZ- and
CZ-grown, commercially available silicon as well as silicon which was specially
grown by chemical vapor deposition (CVD) at CNR-IMM in Catania. Defects
in both n- and p-type silicon have been measured. Another studied material
was n-type silicon carbide of polytype 4H. It was epitaxially grown by CVD at
Linköping University as a 20 µm thick layer on top of a Cree substrate.
DLTS is based on measuring the depletion region capacitance of diodes, and
typically two kinds of diodes are used; Schottky diodes and one-sided abrupt pndiodes. In this work, Schottky diodes were prepared on silicon by evaporating
gold on n-type material and titanium on p-type. Because of the hydrogen
introduced in the p-type material during the cleaning process, which involves
a dip in hydroflouric acid, the diodes on p-type material were annealed at
200 ◦ C after metal evaporation to repair the doping compensation caused by
the hydrogen[117]. On 4H-SiC, excellent Schottky diodes were prepared by
evaporating a layer of titanium-tungsten onto the material and annealing it at
500 ◦ C[118].
The point defect composition in an implanted or irradiated semiconductor
39
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material will depend on the thermal history of the material. Many relevant
processes like diffusion, dissociation, and reconfiguration are thermally activated, and as a result, the annealing temperature is often used as a parameter
in defect studies. In this work, annealing were performed either in atmospheric
air inside the DLTS sample holder (T < 360 K) or inside one of two furnaces.
One furnace was operated at atmospheric pressure, but with the ability to flow
gas (N2 ) through the furnace during annealing. The other one was a vacuum
furnace with an operating pressure below 2 × 10−6 Torr.

4.1

Deep level transient spectroscopy

DLTS is a quantitative, electrical-characterization method, which can survey
deep levels in the upper part of the band gap in n-type material and in the lower
part of the band gap in p-type material. The whole band gap is accessible either
through optical excitation or, in pn-diodes, through minority carrier injection. A
DLTS spectrum is obtained by scanning the sample temperature, typically from
77 K to 300 K, while extracting information from capacitance transients caused
by defects in the material. Each deep level in the band gap results in a peak
in the DLTS spectrum (DLTS signal vs temperature) and a DLTS spectrum
usually contains several peaks (corresponding to different defects or different
levels from the same defect). The position of a peak is determined by the energy
position in the band gap and carrier capture cross section of the deep level. As
long as certain measurement parameters are not changed, all levels will retain
their position in the DLTS spectrum, and this makes comparison, e.g. during an
annealing series or between samples with different impurity concentrations, very
easy. From the peak position, the apparent energy position and apparent carrier
capture cross section can be extracted and this is described in Section 4.1.1.
The height of a DLTS peak is proportional to the defect concentration,
and this is one of the most powerful qualities of DLTS. Deep level transient
spectroscopy is a standard method and only a brief introduction, which focuses
on the particular setup used in this work, is given in Section 4.1.2. Section 4.1.3
summarizes some effects which may affect the measured DLTS spectrum.
Furthermore, it is possible to measure the depth profile (concentration vs
depth) and capture kinetics of individual defects. Both types of measurements
are based on the DLTS principle and the defect is chosen by stabilizing the
temperature at the DLTS peak belonging to that defect. The two methods will
be described in Sections 4.3 and 4.4, respectively.
Laplace-DLTS is yet another capacitance transient-based technique used to

4.1. DEEP LEVEL TRANSIENT SPECTROSCOPY

41

study carrier emission from deep levels[119]. It is very useful when studying
and revealing overlapping DLTS peaks, because its resolution in emission rate is
much better than for regular DLTS. It is, however, more time consuming and
does not have the surveying capabilities which characterizes DLTS. Nor is it
applicable when many (> 5) peaks contribute to the measured capacitance
transient, but it is a strength that DLTS and Laplace-DLTS complement each
other well. In a Laplace-DLTS measurement the temperature is fixed and the
capacitance transient is measured with great precision. The transient is then
analyzed using Fast-Fourier-Transform-based algorithms to extract the number
of different defects, their emission rates, and concentrations. By doing this at
different temperatures and plotting the results in an Arrhenius plot, apparent
energy position and carrier capture cross section can be found the same way
as for DLTS. Laplace-DLTS has not been used in this work because both ionimplanted silicon and proton-irradiated silicon carbide contains so many defects
that transient analysis would become very difficult.
Two examples are included (Sections 4.2 and 4.5) to illustrate some important features. The first example is on low-temperature annealed 4H-SiC and
here the possibilities to subtract DLTS spectra and to apply a special algorithm
to increase the resolution are used. The second example deals with the carrier
capture in the so-called Debye tail and how this affects depth profiling using
different filling pulse durations. Both examples also contain interesting physics
and the aim of these two examples has also been to discuss the physics behind
it all. To serve this additional purpose, more descriptions and discussions have
been included than strictly necessary to illustrate the technical points.

4.1.1

Emission rate and Arrhenius plot

The emission of majority carriers from deep levels is a process which depends
exponentially on the inverse temperature and the position in the band gap. The
emission rate for electrons is given by




∆S
−∆H
en (T ) = g0 /g1 · exp
· NC · vth · σn · exp
(4.1)
kB
kB T
where T is the absolute temperature, kB is Boltzmann’s constant, and g0 /g1
is the degeneracy factor[120]. ∆S is the change in entropy, NC is the effective
density of states in the conduction band, vth is the average thermal velocity
of electrons, σn is the carrier capture cross section, and ∆H is the activation
enthalpy needed to promote an electron from the level to the conduction band.
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If σn does not depend on temperature, Eq. 4.1 can be rewritten as


−∆H
en (T ) = K · T 2 · σn · exp
,
kB T

(4.2)

where K is a constant. Measuring the emission rate as a function of temperature
and plotting ln e/T 2 vs 1/T (an Arrhenius plot) will give a straight line, from
which the apparent activation energy, Ea , can be extracted from the slope and
the apparent carrier capture cross section, σa , from the intersection of the line
with the y-axis.
The true energy position of a deep level, (EC − Et ) in n-type, is given by the
difference in Gibb’s free energy, ∆G = ∆H − T ∆S, so the extracted Ea is not
the actual energy position, even if the term is often used for the values obtained
from Arrhenius plots. When σ does not depend on temperature, then


∆S
Ea = ∆H and σa = exp
· σn ,
(4.3)
kB
where σn is the true carrier capture cross section, which can be measured directly
as will be described in Section 4.4.

4.1.2

The DLTS signal

The following cycle of events constitutes one DLTS measurement point: (i) filling
of deep levels in the active region by applying a filling pulse (corresponding to the
upper part of Fig. 2.1), (ii) during reverse bias and as a function of time, measure
the capacitance, C(t), of the extended depletion region, where the emission of
trapped carriers will result in a capacitance transient, and (iii) calculate the
DLTS signal, S, from the capacitance transient. As mentioned earlier, this is
not intended to a DLTS tutorial and only a brief introduction is given. Again,
Refs. [13], [114], and [115] will provide more detailed descriptions.
Only defects in the active DLTS region will be measured and because the
emission of carriers takes place when the active region is depleted of free carriers,
capture (and recapture) processes can be ignored. For a single defect level in
n-type with emission rate en , the capacitance transient is given by
C(t) = C∞ − ∆C · exp (−en t)

(4.4)

where C∞ is the steady state capacitance due primarily to the active doping
concentration, Ndop . The size of the transient, ∆C, is related to the concentration, Nt , of the defect giving rise to the deep band gap level. For quantitative
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DLTS measurements, the defect concentration should be smaller (≤ 10%) than
the doping concentration, as discussed further in Section 4.1.3. DLTS is a very
sensitive technique and very small capacitance transients, corresponding to defect concentrations of (10−4 − 10−5 ) × Ndop , can be measured.
Instead of analyzing the transients directly, a filter, called a rate window, is
applied and yields the DLTS signal, S. Which emission rates that are allowed to
pass the narrow filter is set 1/τi , where τi is the analyzed length of the transient,
and i is the rate window number.
Z
1 τi
Si =
∆C · exp (−en t) · w(t)dt
(4.5)
τi 0
The weighting function, w(t), provides the filter, and the shape and quality
of the DLTS signal will depend on the choice of weighting function[13, 121, 122].
The setup used in this work samples the capacitance transient by measuring
the capacitance each 10’th or 50’th ms[123]. The total number of measured
points is given from the number of desired rate windows. Typically six windows
are chosen and this results in 64 measured capacitance values on one transient.
If the time between measurements is 50ms this means that τi for the rate window
using all 64 points will be 64 × 50 ms = 3200 ms long. The rate window itself
(”window 6 ”) will be (3200 ms)−1 . A rate window of (1600 ms)−1 (”window 5”)
comes from using only the first 32 points, and so on until window 1 is calculated
from the first 2 points of the transient. The number of points used in window
i is Ni = 2i . The weighting function used in this work simulates that of the
lock-in-amplifier, so for the i’th window the DLTS signal, Si becomes

1 
Si =
Ni

Ni
X



Ni /2

Ch −

h=Ni /2+1

X

Ch  ,

(4.6)

h=1

where Ch is the capacitance value of the h’th point on the capacitance transient.
At each temperature, the capacitance transient is measured several times to
improve the signal to noise ratio and then averaged before the DLTS signals
are calculated for all the rate windows. By plotting Si (T ), the DLTS peaks

corresponding to the defects in the material can be seen, but more often ∆C
C i
is plotted as a function of temperature.


∆C
C


(T ) =
i

Si (T )/F2i
Cm (T )

(4.7)
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The reason for this is that at the peak maximum

max
∆C
1 Nt
≈
.
C
2 Ndop

(4.8)

The DLTS signal, S, must be scaled with the reverse bias capacitance, Cm , to
obtain the defect concentration and it is worth noticing that Eq. 4.7 is independent of the area of the measured diode. The scaling factors, F2i , depend on the
DLTS setup and for the setup used in this work, the values can be found in [64].
The DLTS signal from a defect level will peak when the emission rate of
the defect is equal to the characteristic rate, 1/τimax of the rate window. The
characteristic rates are close to 1/τi but their exact values depend on the DLTS
method (type of setup, weighting function) as well. For the DLTS setups used
in this work the exact values can be found in [124]. For each window, the
peak position, Timax , and the characteristic rate, 1/τimax , will give one point in
the Arrhenius plot; so, several rate windows are needed to provide an accurate
Arrhenius plot.
It is possible to calculate the theoretical DLTS signal for a defect with known
band gap position and carrier capture cross section, and this can be used as an
alternative to finding T max values and plotting an Arrhenius plot. The input
values of energy position and carrier capture cross section are varied until a satisfactory match with the measured DLTS curves is obtained. In theory, only one
window is needed for this, but different sets of (Ea , σa ) can give approximately
the same curve, so it is not advisable to base a fitting procedure on only one
curve (see Fig. 4 in [125]). However, when all rate windows are used simultaneously, this type of fitting procedure is more precise than using an Arrhenius
plot[125]. Often the two methods are combined so that the Arrhenius plot values
are used as an input in the fitting procedure. The simulated DLTS curves can
also be helpful when DLTS peaks are overlapping. Overlapping between DLTS
peaks adds considerably to the uncertainty of the Arrhenius method because it
is difficult to determine the values of T max precisely. Remembering that each
level in the band gap will result in one DLTS peak, and that the DLTS spectrum is the sum of all these peaks, it becomes clear that the total DLTS signal
from overlapping peaks can be fitted by a sum of simulated DLTS peaks, and
also that DLTS spectra can be subtracted to see which DLTS peaks that have
changed from one measurement to the next.
Another way to improve the temperature resolution in a DLTS spectrum
is to build a new DLTS signal, S ∗ , using an algorithm (PA) developed by P.
Pellegrino.
Si∗ (T ) = 4 · Si (T ) − 1.3 · Si−1 (T ) − 1.8 · Si+1 (T )
(4.9)
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This is described in [64] and the new, high resolution spectra have several advantages. In a first approximation, the height and general shape of the DLTS
peaks are maintained and at the same time the width is reduced. The only
disadvantage is that two rate windows (the shortest and the longest one) are
lost is the conversion. This algorithm is always applicable, but it is especially
useful when dealing with closely spaced DLTS peaks.
It should also be mentioned that the accuracy of the extracted Ea and
σa is limited by the accuracy of the temperature measurement[126], so DLTS
cryostats should be well calibrated and the temperature sensor should be in good
thermal contact with the sample. Also, the temperature should not be changed
too quickly when performing a DLTS temperature scan, as such precautions will
reduce any temperature gradient between sample and sensor.

4.1.3

Non-exponential transients, peak broadening and field
effects

The DLTS peak from a defect level will never be more narrow than the theoretical DLTS limit given by the energy position, carrier capture cross section, and
weighting function, but certain effects may broaden a peak. If, for example, the
capacitance transient is non-exponential this will broaden the DLTS peak.
If the defect concentration is smaller than 10% of the doping concentration,
and no other reason for broadening exists, the capacitance transient will be exponential and ”good DLTS conditions” exists. For higher defect concentrations
(Nt /Ndop ≥ 30%) the transients will be non-exponential and result in the following: the peak position will be shifted downwards in temperature, the peak
will broaden, and the peak height will no longer represent the defect concentration. It should be emphasized that this is not related to a change in emission
rate, but is a DLTS artifact due to a non-exponential capacitance transient.
When a defect is localized in an area of non-perfect crystalline material, it
may be subjected to strain, and this can also broaden the DLTS peak from the
defect as the strain may alter the capture cross section or band gap position
slightly. The transient will still be exponential[106], but the peak is smeared
out because each defect is unequally affected by strain.
Another broadening effect is seen in alloys. When the composition of the
alloy is changed, defect peaks may move and broaden. A classic example of this
is the EL2 center[127] in GaAs1−x Px , but it has also been observed e.g. for
gold-related levels in SiGe[128].
Because the apparent energy position, Ea , is used in the literature as a defect finger print, it is important to be on the look out for anything, like high
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Figure 4.1: Potential barrier for electron emission from a charged (a) and neutral (b)
deep-level defect in an external electric field. (Reprint from Ref. [129], Fig. 1.)

defect concentration or lattice strain, which may affect the extracted energy position. Another such effect is enhanced carrier emission due to the presence of
an electric field. The DLTS active region is depleted during measurement, and
the electric field, E, in the depletion region may affect the carrier emission. The
Poole-Frenkel field effect (see Fig. 4.1) lowers the barrier for carrier emission
from charged defects so that, the higher the field, the faster the emission will
be, and the DLTS peak will move toward lower temperatures. The peak will
also broaden because the defects in the active DLTS region are unevenly affected
as the field varies through the depletion region. Phonon-assisted-tunneling and
direct tunneling also ease carrier emission, but these processes are not limited to
charged defects. Figure 4.1 shows the effect of the electric field on carrier emission for a charged and a neutral defect. The √
field dependence of the emission
rate is different for the Poole-Frenkel effect (∝ E) and phonon-assisted tunneling (∝ E 2 ), and this can be used to identify the physical mechanism behind any
enhanced carrier emission[81, 129]. Because the magnitude of the electric field
in the depletion region depends on the applied bias, a field dependence can be
revealed by comparing DLTS spectra measured with different bias settings or
through double-DLTS measurements[13]. However, if the doping concentration
is low, then so is the electric field, and a field dependence may therefore not
necessarily be detectable in low-doped material. It should also be stressed that

4.2. EXAMPLE: DLTS ON 4H-SIC

47

only few defects show significant field dependence and that nothing can be concluded from the absence of field dependence[130]. The Poole-Frenkel effect is
often used to identify donor and acceptor levels, but even if a field dependence
is observed, caution should be exercised because the existence in itself is not
enough to conclude on the charge state of the defect. Additional information,
like the power law of the field dependence, is needed for that[129].

4.2

Example: DLTS on 4H-SiC

The aim of the DLTS study of n-type 4H-SiC was to characterize the asimplanted defect composition after room-temperature implantation and to observe how the composition changed under low-temperature (25-400 ◦ C) annealings.
The active region of the samples was inside the 20 µm thick, low-doped epitaxial layer which was grown by chemical vapor deposition on a Cree substrate
at Linköping University. TiW Schottky diodes were prepared[118] before implantation by 2.5MeV protons with a fluence of 1×1012 cm−2 . The chosen proton
energy of 2.5 MeV gives a projected range of 50 µm. Figure 3.2 exemplifies these
conditions.
Annealing-induced changes in the defect composition in 2.5 MeV protonimplanted 4H-SiC are discussed in Section 4.2.1. Section 4.2.2 focus on an
intriguing change in emission rate which is observed when the annealing temperature is increased from 150 to 200 ◦ C.

4.2.1

Annealing at room temperature and above

Before implantation, the samples contain a low concentration of the well-known
Z-defects (see Fig. 4.2), but after the proton implantation at least six levels have
become visible[80]. Figure 4.2 contains three ”as-implanted” spectra which were
measured 14, 39 and 525 days after implantation. These DLTS spectra show
that the dynamic annealing is on-going at room temperature. Similar behavior
has been observed previously[12, 43], and the annealing at room temperature is
dependent on the applied bias[12]. In our study, the first measurements were
a capacitance-voltage measurement at room temperature, followed by a DLTS
scan from room temperature to 77K, and then from 77K to 340K. It is 77-340K
measurements which are shown in Fig. 4.2.
The problems with overlapping DLTS peaks are well illustrated by Fig. 4.2.
Even though the high-resolution algorithm PA has been used, the overlap-
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Figure 4.2: DLTS spectra from un-implanted and 2.5 MeV proton implanted 4H-SiC.
The three spectra for the implanted samples were recorded 14, 39 and 525 days after
implantation. The reference, (+14 days) and (+39 days) spectra have been measured
by P. Lévêque and D. M. Martin. The high-resolution algorithm (PA) has been applied
to all four curves. The rate window was S ∗ 5 = (1600 ms)−1

.

Figure 4.3: Difference between a DLTS spectrum measured 525 days after implantation
and 14 days after implantation. Five different defect levels increase by long-term
storage at room temperature. Four PA high resolution spectra are shown, and the
rate windows span from (200 ms)−1 to (1600 ms)−1 .
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ping of peaks remains an obstacle. To clearly see which levels are affected
by room-temperature annealing the spectra recorded 14 days after implantation (+14 days) has been subtracted from the (+525 days)-spectra and these
subtracted spectra can be seen in Fig. 4.3. The concentration of at least five
levels (P1-P5 in Fig. 4.3) are different as a result of room-temperature storage.
The apparent energy positions of P1, P2, P3 and P4 have been found to be
0.31, 0.34, 0.48 and 0.65 eV below the conduction band edge, respectively. It
is not known why the signal intensity of P5 varies from rate window to rate
window, but it may be related to an overlapping peak or to annealing during
measurement as the temperature is increased above room temperature for the
first time. To our knowledge, this is the first time that defect signatures of
the defects involved in room-temperature annealing has been determined (see
Paper VI).
Developments in defect composition can also be followed by consecutively
annealing a sample at higher and higher temperatures. An example of this can
be seen in Fig. 4.4 where DLTS spectra after room temperature, 70, 150 and
200 ◦ C annealings are shown. This is not a true isochronal annealing study as the
annealing times varied for the annealings. Increasing the annealing temperature
from room temperature to 200 ◦ C reduces the number of peaks in the DLTS
spectrum. For reasons which will become clear in Section 4.2.2, it is not possible
to use subtracted spectra to analyze this development.

4.2.2

Change in emission rate

To study the metastable M -center (Section 2.3.3), spectra from both configurations must be measured. Temperatures of or above ∼ 140 ◦ C are needed
to transfer the M -center to state B, and this means that the behavior or even
the existence of the M -center below annealing temperatures of ∼ 140 ◦ C, has
not been determined. After annealing at 150 ◦ C, the characteristic M -center
levels are observed with M1 and M3 in state A and M2 in state B, as discussed
in Section 2.3.3. This can be seen in Fig. 4.5, where the spectra for the two
different configurations are shown following both 150 and 200 ◦ C annealing. For
each annealing temperature the M -center DLTS signals (M1,2,3 ) can be found
by subtraction (see Fig. 4.6). As the levels M1 , M2 , and M3 are assigned to
the same metastable defect, they are expected to have the same DLTS peak
height. This is the case for M1 and M2 in all measurements performed after
annealings of and above 200 ◦ C (see Papers III and IV) but it is not observed
after annealing at 150 ◦ C. Figure 4.6 shows that the M1 peak is lower than the
M2 peak and that the M1 DLTS peak has broadened. However, the area under
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Figure 4.4: High-resolution DLTS spectrum after consecutive annealing of the same
4H-SiC sample at room temperature, 70, 150 and 200 ◦ C. For the two highest
temperatures, the metastable M -center is in configuration A. The rate window was
S ∗ 5 = (1600 ms)−1 .

Figure 4.5: DLTS spectra from proton implanted 4H-SiC annealed at 150 ◦ C and
200 ◦ C. For both annealing temperatures, the state A as well as the state B spectra
are shown, where A and B refer to the configuration of the metastable M -center. After
an annealing at 200 ◦ C there is a shift upward in temperature for the DLTS peaks, in
particular for those relating to the M -center. The rate window was (3200 ms)−1 .
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Figure 4.6: Subtracted (state A minus state B) DLTS spectra after annealings at
150 ◦ C, 200 ◦ C and 300 ◦ C. The peak position for all three M -center levels are shifted
as a result of the annealings. The rate window was (3200 ms)−1 .

the peak remains constant and this indicates that the concentration is the same.
The height of the M3 level is lower than the M1 and M2 levels, but this does
not contradict assigning M3 to the same defect as M1 and M2 . The lower peak
height does not reflect a lower defect concentration but results from an on-set
of the reconfiguration (B → A) which takes place at ∼ 300 K. When all rate
windows are plotted (not shown), the M3 peak height decreases for shorter rate
windows (higher T max ). The same effect can be seen in Fig. 4.6 where the M3
peak height approaches those of M1 and M2 in the 150 ◦ C spectrum (where M3
has its peak maximum below 300 K).
The M -center levels are present for all annealing temperatures between 150
and 370 ◦ C, but a change in temperature position in the DLTS spectrum is
observed for all three peaks. The largest change is observed between 150 and
200 ◦ C. There is a further change for the next annealing temperature or for
longer times at 200 ◦ C, but this additional change is smaller and the positions
of M1,2,3 are ultimately constant (see Paper VII and [131]).
The change in peak position corresponds to a change in emission rate, and
to evaluate the magnitude of this change, the data from Figs. 4.5 and 4.6 are
shown in an Arrhenius plot in Fig. 4.7. An annealing at 200 ◦ C following an
annealing at 150 ◦ C decreases the emission rate of M1 and Z by approximately
a factor of 5 and 4, respectively. For M2 the factor is about 6 (not shown). The
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Figure 4.7: Emission rate for the Z and M1 levels after annealings at 150 and 200 ◦ C.
The emission rates for the Z level are extracted from the state A spectra so that
overlapping between Z and M2 is avoided.

change in emission rate may be caused by a change in ionization enthalpy or
capture cross section, but in this particular case it is very difficult to separate
these effects.
Before the possible mechanism behind these changes in emission rate is discussed, it should be stressed that the change is not caused by a Poole-Frenkel effect or a DLTS artifact resulting from a high defect concentration. The most
abundant defect (Z) has a concentration of about 10% of the doping concentration, and the M -center concentration is less than 2% of the doping concentration. That the change in DLTS signal is truely caused by a change in emission
rate can be seen from Fig. 4.8, which displays the reverse bias capacitance, Cm ,
as a function of temperature. The figure shows the Cm (T ) curves for state A and
state B after annealings at 150, 200 and 300 ◦ C. Measurements of the reverse
bias capacitance are always recorded along with the DLTS spectrum during a
standard DLTS temperature scan. The state A and state B reverse bias capacitance curves split for temperatures between emission from the M1 and M2
levels. From Fig. 4.8 it can be seen that when both levels are full (T < 150 K)
or empty (T > 300 K), the Cm (T ) curves are the same. This shows that the
M1 and M2 levels originate from the same charge state transition, and this is
discussed in more detail in Paper V. Because the M2 level is deeper into the
band gap than M1 , the electron emission is delayed until higher temperatures
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Figure 4.8: Reverse bias capacitance as a function of temperature. Measurements
from state A (dotted curves) and state B (solid curves) are shown for annealing temperatures of 150, 200 and 300 ◦ C. The split region moves up in temperature, which
reflects the decrease of emission rate which has been observed by DLTS for increasing
annealing temperatures.

and this causes the splitting of the state A and state B curves. As expected,
the splitting increases with increased M -center concentration (not shown). As
the annealing temperature is increased (150 ◦ C → 200 ◦ C → 300 ◦ C) the split
region in Fig. 4.8 moves higher in temperature showing that the change of peak
positions in the DLTS spectra results from a change in emission rate and not
from an artifact from the signal processing of the capacitance transient.
We do not know what the physical mechanism behind the change in emission
rate is, but we suggest that it is related to the surrounding material rather than
to the defects themselves. If it had only been the M -center levels which changed,
one suggestion would be that the M -center was changed slightly by for example
a neighboring hydrogen atom, but all the observed defects change, and they
all change in the same annealing temperature interval. Because all defects are
affected, it seems more likely that the reason is to be found in the surrounding
4H-SiC material. If the material contained structural defects like electrically
active stacking faults or enclosures of other polytypes, these could alter the
electric behavior of all point defects in the vicinity[132–134]. The reason for
the changes in emission rate would then be a change in the energy difference
between trap level and conduction band edge. This would agree well with the
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fact that all defects level are similarly affected. Experiments designed to observe
a shift of the levels relative to the conduction band edge have been undertaken.
The measurements involve admittance spectroscopy of the nitrogen donor levels
and also attempts to correlate DLTS and photoluminescence, but the results
are still inconclusive.
Another possible explanation acknowledges that as-implanted SiC contains
large amounts of point defects[42]. Even irradiation at 30 K produces defects,
believed to be interstitial in nature, that move outside the irradiated area due
to irradiation enhanced migration of point defect[134]. At the end of the implantation, when the material returns to equilibrium, these defects may become
immobile. The presence of such defects could strain the material and affect the
defects levels observed by DLTS. These frozen-in defects may later be thermally
activated by annealing, whereby the strain they induced would disappear. In
this context, it is interesting to note that interstitial carbon is expected to be
mobile in the temperature range RT-200 ◦ C[52, 135]. There is, however, no significant changes in the defect composition, as would have been expected for a
major release of point defects.

4.3

Depth profiling

The aim of depth profiling is to find the concentration as a function of depth for
individual defects. Various DLTS-based methods exist, but they all single out
the defect in question by stabilizing the temperature at the corresponding DLTS
peak. In the method used in this work, the reverse bias is kept constant while
the filling pulse amplitude is gradually increased (see Fig. 4.9). Other DLTSbased depth profile methods, like double (or differential) DLTS[136] and reverse
pulse DLTS[137, 138], will not be described here, although both these methods
are superior when it comes to defects with an electric field dependent emission
rate. The fixed reverse bias voltage, Vm , corresponds to a certain depth, xm ,
and results in a certain capacitance, Cm . The filling pulse amplitude, Vp , is
varied and takes the values Vp (1), Vp (2), · · · , Vp (j), · · · , Vp (N ). In the profiling
method used in this work, the increase in Vp is constant, but this is not a
requirement for this type of profiling. It should also be mentioned that long
filling pulse durations are used to ensure that all defects in the active region are
filled by the filling pulse. When the j’th filling pulse is applied, the capacitance,
Cp (j), is equal to C(Vm − Vp (j)) and the depletion region ends at the depth
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Figure 4.9: Schematics of the applied bias and the corresponding depth during depth
profiling. The active DLTS region is set by the reverse bias, Vm , and the applied
filling pulse, Vp (j), which is gradually increased. On the depth scale, the active region
is between xm and xp (j).

xp (j), where
xp (j) =

0 A
.
Cp (j)

(4.10)

An example of the position of xm , xp (j) and xp (j + 1) can be seen in Fig. 4.10
which contains a defect profile typical for ion implantation. The marked area
represents the defects which will be included in the active DLTS region when
the filling pulse amplitude is increased from Vp (j) to Vp (j + 1). A profiling
measurement is an alternation of filling pulses and transient measurements and
this is illustrated in Fig. 4.11. Each filling pulse will have a higher amplitude
than the previous one and this means that the capacitance during each filling
pulse will increase (Cp (j + 1) > Cp (j)). As the active region increases, more
and more defects contribute to the capacitance transient and the amplitude of
the transient increases (see Fig. 4.11). The transient amplitude ∆Cj = Sj /F2
is described in Section 4.1.2.
The following expressions describe how to calculate the defect profile from
a constant voltage profiling measurement. A uniform doping concentration,
Ndop , has been assumed. As indicated by Fig. 4.10, the defect concentration at
a particular depth will result in a change in the magnitude of the DLTS signal
and this can also be seen from Eq. 4.11 which describes the defect distribution,
Nt (x).
Nt (x)
2
∂S
=
·
(4.11)
3
Ndop
F2 · SL · Cm
∂Vp
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Figure 4.10: Depth profiling. When the active region is increased from the depth
interval [xp (j); xm ] to the interval [xp (j + 1); xm ] by applying a larger filling pulse,
additional signal is obtained from the defects in the marked area.
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time
Sj+1 / F2

Figure 4.11: The depletion region capacitance during depth profiling. The capacitance,
Cp , gradually increases as the filling pulse amplitude, Vp , is increased. The larger
active region will include more defects and the amplitude of the capacitance transient
(Sj /F2 ) will increase. The magnitude of the transient is exaggerated compared to the
pulse capacitances.
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Figure 4.12: Uniform doping gives a straight line when 1/C 2 is plotted as a function
of the applied reverse bias and the slope, SL, of the line is related to the doping
concentration as described by Eq. 4.12.

SL is the slope of the 1/C 2 vs V curve, which is a straight line when the
doping concentration is uniform, see Fig. 4.12 and Eq. 4.12.
SL · Ndop =

2
q0 A2

(4.12)

Two typical defect profiles are the uniform defect distribution and the implanted ion profile. A schematic presentation of the measured data, S(Vp ), and
the defect profile, Nt (x), for these two cases are shown in Fig. 4.13.
According to the depletion approximation, xp is the boundary of the active
region, but as it can be seen from Fig. 4.14, the defects are filled beyond this
depth. The depletion approximation assumes that no carriers are present for
x < xp , but because of the Debye tail, carriers will be available for trapping.
This is called the λ-effect [13] and means that the defects contributing to the
signal ∂Sj is not actually at xp (which is the depth calculated from Eq. 4.10)
but at (xp − λ). The expression for λ is given by
s
λ =

20
(EF − Et ) =
q 2 Ndop

s

4(EF − Et )
· LD
kB T

(4.13)

where 0 is the permittivity of free space and  the relative permittivity of the
semiconductor. EF is the Fermi level, and Et is the position of the defect level
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Figure 4.13: Schematic presentation of the data obtained from depth profiling a defect
with a uniform distribution (on the left) and a defect with a distribution typical for
ion implantation (on the right). The upper graphs shows the raw data, DLTS signal
vs filling pulse amplitude, and the lower graphs the defect concentration as a function
of depth.
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Figure 4.14: Part of a band diagram showing conduction band edge (Ec ), Fermi level
(EF ), doping level (Ed ), and trap level (Et ). The edge of the effective active region
for a trap level will be (xp − λ) instead of xp . The magnitude of λ will depend to the
trap position in the band gap. (From figure 12.6 in [13].)
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in the band gap. The Debye length, LD , is given by
s
0 kB T
LD =
.
q 2 Ndop

(4.14)

The λ-effect will vary from defect to defect and depends on the doping concentration, as it can be seen from Eq. 4.13 and Fig. 4.14. The magnitude of λ
depends directly on temperature and trap level position, but also on the Fermi
level - which in turn depends on both temperature and doping concentration,
so λ must be calculated each time a new defect, measurement temperature, or
doping concentration is used.
The expression for the defect profile can be re-calculated to account for the
λ-effect. The corrected version of Eq. 4.11 is given as Eq. 4.15.
xp (j)
∂S
Nt (xp − λ)
2
·
·
=
3
Ndop
F2 · SL · Cm
xp (j) − λ ∂Vp

(4.15)
j

If the λ-effect
the extracted defect concentration is increased by
 is considered,

xp (j)
a factor of xp (j)−λ and the true depth profile is a distance λ closer to the
surface compared to what is found when Eq. 4.11 is used.
In Paper II, the absolute depth of the defects was found by including the
λ-effect. The actual and apparent position differed by 0.11 µm. The scaling of
the defect concentration was not included.

4.4

Measuring the carrier capture cross section

One way to determine the majority carrier capture cross section of a majority
trap is to perform a filling pulse measurement, which is based on monitoring
the DLTS signal from an individual trap as a function of filling pulse duration,
tp . As can be seen in Fig. 4.15, the measurement voltage, Vm , and applied
voltages pulse, Vp , are kept constant. During the pulse, of length tp , the empty
defects capture majority carriers. After the pulse, the capacitance transient is
measured, and during this period (of length τe ) with applied measurement bias,
carriers are emitted from the defects. It is important that τe is chosen so that
all monitored defects have emptied before the next, slightly longer, filling pulse
is applied. For very short pulses, few defects will have had time to capture
carriers and the DLTS signal will be small, but as tp increases so does the DLTS
signal (S), until all levels are filled during the filling pulse and S(tp ) saturates at
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Figure 4.15: Applied bias as a function of time during filling pulse measurements. The
values of the applied bias and time between pulses remain constant while the filling
pulse duration, tp , is gradually increased.

S∞ . The following equations are given for n-type material, but the equations
are equivalent for p-type material. The bulk capture rate, cno , of a particular
defect is given by the capture cross section, σn , the average thermal velocity of
charge carriers, vth , and the bulk concentration of free charge carriers, n.
r
cno = σn · vth · n

;

vth =

3kB T
meff

(4.16)

T is the absolute temperature, kB is Boltzmann’s constant, and meff is the
effective mass of the majority carriers. The tp dependence of the DLTS signal
is then given by
S(tp ) = S∞ (1 − exp(−cno tp )) .
(4.17)
The charge carrier capture cross section can then by found by applying Eqs. 4.16
and 4.17. However, not only the defects in the region between xp and xm can
capture charge carriers. Figure 4.16 shows the filling process for defects in the
region x < xm . For xp < x < xm the capturing is determined by cno , but for
x < xp the capture rate, cn (x), follows the spatial variation of the gradually
decreasing carrier concentration.
( 
2 )
xp − x
;
for x < xp
(4.18)
cn (x) = cno · exp −
4LD
The Debye length, LD , was defined in Eq. 4.14. By making certain approximations, like uniform doping and defect distributions, it is possible to give an
analytical expression for the magnitude of the capacitance transient, ∆C, as a
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Figure 4.16: Band diagram during applied filling pulse. For xp < x < xm the bulk
capture rate, cno , controls the filling of the defect levels, but for xp − λ < x < xp the
filling process is slower because the concentration of free majority carriers is lower.
(From Fig. 11.3 in [13].)

function of filling pulse duration, tp [116].
"
2 
2 #
∆C(tp )
1 Nt
λ
Cm
L1 (tp )
= ·
· R(tp ) ·
1−
−
−
Cm
2 Ndop
xm
Cp
xm

(4.19)

R(tp ) describes the capture in the region xp < x < xm .
R(tp ) =

1 − exp(−(en + cno )tp )
1 − exp(−en τe ) · exp(−(en + cno )tp )

(4.20)

L1 (tp ) is an approximation of the region xp − L1 (tp ) < x < xp which has the
time to capture carriers during the pulse of length tp . For short tp (when the
region between xp and xm is still filling) L1 ≈ 0 and for long filling pulses
L1 → λ.
q
1
(4.21)
L1 (tp ) ≈ LD 2 ln(β0 tp cn − 1) ; β0 =
ln(2 − exp(−en τe ))
How much the capture in the Debye tail will influence the filling pulse curve
is determined by temperature and position in the band gap of the investigated
defect, but also by the choice of the DLTS parameters Vm and Vp . When a
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Figure 4.17: Measured DLTS signal as a function of filling pulse duration for the M2
level at 265 K (triangles). Also included are the simulated curves (Eq. 4.19) with (solid
curve) and without (dotted curve) the Debye tail effect. The measurement voltage was
5 V.

small Vm is chosen, xm is small and the relative importance of λ and L1 (tp) in
Eq. 4.19 increases (see also Fig. 8 in Paper V).
Figure 4.17 shows a filling curve for the M2 level in 4H-SiC at 265 K and two
fitted curves. One which disregards capture in the Debye tail (L1 = 0) and one
which includes this effect. Using Eq. 4.19 gives a good fit to the experimentally
determined filling pulse curve, and from the curve fit a capture cross section for
M2 at 265 K of 5 × 10−17 cm2 is obtained. It is always better to measure the
capture cross section directly as opposed to relying on the Arrhenius plot value.
In this example, the Arrhenius plot value for M2 is about 2 orders of magnitude
larger than the directly measured value. The reason for this large difference is
probably a large entropy factor for the defect.

4.5

Example: Depth profiling the (EC -0.17 eV)
levels in Si

Section 4.4 clearly showed that the slow capture in the Debye tail affects filling
pulses measurements, but it also affects depth profiling measurements. The

x
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xp

xp - L1 (tp )
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depth

depth

Figure 4.18: In a depth profiling measurement, the position of the boundary between
filled and empty defects depends on the filling pulse duration. In the upper case, the
filling pulse is so short that filling in the Debye tail can be ignored. In the lower case,
the filling pulse is longer, and the Debye tail effect becomes important.

λ-effect described in section 4.3 is a direct consequence of the Debye tail. There
λ was described as a constant (because long filling pulse durations was assumed),
but given the discussions in Section 4.4, it becomes clear that Nt (xp − λ) in
Eq. 4.15 should be replaced by Nt (xp − L1 (tp )). As the following example will
show, this becomes important when comparing depth profiling measured using
different filling pulse durations.
Figure 4.18 shows two measurements of the same defect profile. In the upper
case, tp is short and in each step in the profiling measurement, defects between
xp (j) and xp (j +1) are measured. If tp is increased so that L1 6= 0, the measured
region will be between (xp (j) − L1 (tp )) and (xp (j + 1) − L1 (tp )) instead (lower
case).
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Figure 4.19: Depth profile for the V O defect in silicon measured with a filling pulse
duration of 1 and 30 µs. The defects were generated by boron implantation with an
energy of 6.8 MeV and a fluence of 1.4 × 108 cm2 .

The (EC − 0.17 eV) DLTS peak in silicon is an overlap between the V O and
Ci Cs peaks, as discussed in Section 3.3. The plateau between 1 µs and 100 µs
in Fig. 3.8 shows that all V O defects in the active region of the filling pulse
measurement were filled. This explains why the two measured depth profiles in
Fig. 4.19 have the same height. One profile was measured with tp = 1 µs and
the other using tp = 30 µs. The 30 µs profile places the defect profile deeper
in the sample, and this difference is caused by the difference in the Debye tail
filling. The position of the V O defect profile eventually saturates as can be seen
in Fig. 4.20, which shows, as a function of filling pulse duration, the position
of the profile maximum of the (EC − 0.17 eV) defect profile as well as the
normalized DLTS signal (same as Fig. 3.8). For both the V O and Ci Cs centers,
the profile starts to move when the filling of the defects in the xp < x < xm
region is nearly complete (∼ 1 µs for V O and ∼ 2 ms for Ci Cs ). It can also
be seen that the profiles eventually stop moving. The aim of the study was
to measure the exact shift between the V O and Ci Cs profiles (see Paper I).
This can be done by comparing the V O depth profile for tp = 200 µs and the
V O + Ci Cs depth profile for tp = 1 s because, at these filling pulse durations,
both profiles have stopped moving and have been shifted by the same amount
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Figure 4.20: Normalized DLTS signal and position of the maximum concentration in
the total depth profile of the (EC −0.17eV) level as a function of filling pulse duration.

(λ). The λ’s for V O and Ci Cs are the same because the profiles are measured in
the same material, at the same temperature, and because the energy positions
of the two levels are the same (EC − 0.17 eV). In Section 3.3, the origin of the
shift, ∆, between the vacancy-related V O and interstitially-related Ci Cs was
discussed. From the discussion in this section it became clear how this shift
can be accurately measured and that great care must by taken when comparing
depth profiles measured using different filling pulse durations, so that any shift
from L1 (tp ) is eliminated from the analysis. The experimental determination
of the shift and the discussions and conclusions which followed, would not have
been meaningful without an accurate treatment of the filling in the Debye tail.
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Chapter 5

Summary of results
5.1
5.1.1

Ion implantation in silicon
Separation of vacancy and interstitial depth profiles
in ion-implanted silicon

With Paper I we presented the first detailed study on the shift between vacancy
and interstitial related defect distributions in a semiconductor material. The
existence of such a shift had already been demonstrated by Pellegrino et. al.[62],
and we have studied the effect in detail by measuring the magnitude of the shift
after implantations which varied in tilt angle and ion energy (see Section 3.3).
A comment by Yarykin[139] on the original paper by Pellegrino et. al. helped
us realize the importance of carrier capture in the Debye tail and this made
it possible for us to device a way to measure the magnitude of the shift with
good precision (see Section 4.5). With these quantitative results in hand, it was
now possible to work toward a deeper understanding of the shift between the
vacancy and interstitial related defect distributions. The preferential forward
momentum, which places the interstitials slightly deeper into the material relative to the vacancies, is small and the idea of a direct correlation with the shift
was discarded, but it is none the less the indirect reason for the shift. We were
able to link the shift to the width of the initial defect profiles and to present
a physical model which could explain the measured shift (in vacancy and interstitial related defect profiles) from the preferential forward momentum and
the width of the initial defect distributions (see Section 3.3 and Paper I). The
results were puzzling at first, but with the development of the model, they now
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seem perfectly logical. These experiments are important because they provide
a rare look into the microscopic and complex world of dynamic annealing , and
these results may prove important when more advanced models and simulation
codes for defect evolution will be designed.
Author´s contribution to Paper I
Participated in measurements, analysis, and discussions. Smaller
contributions to the manuscript.

5.1.2

Point defect migration or ion channeling

Paper II is called Electrically active defects in silicon produced by ion channeling. Channeling is a well-known and extensively studied topic, but what is
special about this study is that it linked observations, previously believed to
be exclusively caused by point defect migration, to channeling. We studied the
effect of low-energy ion implantation in a high doped top layer of a n+ p-diode
on defects in the lowly doped active DLTS region. The results from this study
was also discussed in Chapter 3, and it was shown that the relative importance
of channeling could be estimated through experiments where the orientation of
the sample compared to the beam direction was varied. The aim of the study
was to experimentally determine the room-temperature diffusivities of point defects in silicon and this is still an important task. Channeling must be ruled
out before it can be argued that any observed change in defect composition is
caused by room-temperature diffusion of point defects. If channeling effects are
mistaken for point defect migration, this will lead to an over-estimation of the
diffusion coefficients. Paper II provides a very simple method to experimentally
rule out channeling. The method is not limited to DLTS, but can be applied in
any experiment which relies on a shallow ion implantation.
Author´s contribution to Paper II
Assisted in the planning and Crystal-TRIM simulations, performed
many of the measurements and most of the data analysis. Wrote
the manuscript.

5.2

The metastable M-center in 4H-SiC

We have reported on the existence of a metastable defect in 4H-SiC and studied
this defect in great detail. Paper III, which is the first report on the M -center,
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Figure 5.1: Normalized M-center concentration as a function of annealing time at
temperatures 250, 280, 300, 320 and 340 ◦ C. Determination of the rate of annealing
at 250 ◦ C is based on four points, of which only the first one is shown.

describes the metastable nature of the defect and gives values for the reconfiguration barriers. There is a barrier of 1.4 eV for the transformation A → B
and a barrier of 0.90 eV for the B → A reconfiguration. The Arrhenius plot for
the reconfiguration rates also showed prefactors close to the lattice oscillation
frequency, which is expected for such a process. In Paper IV, we reported on
the annealing behavior of the M -center and showed that the annealing obeyed
first order kinetics and that the defect started to anneal at ∼ 310 ◦ C and had
completely disappeared by 370 ◦ C. Our studies on the M -center in 4H-SiC is
summarized in Paper V, but this article also provides considerable amounts of
additional information. It was showed that the most likely annealing mechanism is M -center dissociation and an activation energy of 2.0 eV was found for
the process. These conclusions are based on results from isothermal annealings,
which are shown in Figure 5.1. We also presented a configuration diagram for
the defect. The configuration diagram (Fig. 2.6) was based on various types of
measurements, such as standard and subtracted DLTS scans as well as filling
pulse and reverse capacitance measurements. The configuration diagram constitutes a model of the M -center, and we showed that pulse-train experiments
and simulations strongly supports this model. The pulse-train measurements
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and simulations also provided compelling evidence for the existence of a fourth
M -center level in the band gap, and we have tentatively named this level M4 .
Author´s contribution to Paper III
Very involved in the initial discovery of the metastable defect. Planned
and supervised measurements and data analysis. Performed some of
the measurements. Assisted in writing the manuscript.
Author´s contribution to Paper IV
Very involved in the planning. Performed all measurements and data
analysis. Wrote the manuscript.
Author´s contribution to Paper V
Very involved in the planning. Performed all measurements, data
analysis and simulations. Wrote the manuscript.

5.3

Low-temperature annealed 4H-SiC

For the very first time, the defect evolution at room temperature in silicon carbide has been studied in detail. A large number of defects were observed and
many of these continue to increase in concentration during long-time storage
at room temperature (Paper VI). This discovery has been achieved by low-dose
and low annealing temperature studies with deep level transient spectroscopy.
Analyzing an old isothermal annealing series performed at 100 ◦ C and comparing it to the annealing behavior at room temperature, revealed a change in
mechanism for defect evolution in this narrow temperature interval. Studying
these 4H-SiC samples also revealed a general change in the DLTS spectra for
annealing temperature between 150 and 200 ◦ C (PaperVII). It is caused by a
decrease (of about a factor of five) in the emission rates for the M-center levels
M1 and M2 , and for the Z-level. The decrease was only quantified for these
levels, but all levels seem to change. This is believed to be linked to a change in
the overall status of the silicon carbide material and this should be investigated
further.
Author´s contribution to Paper VI
Compiled data on own initiative. Performed some of the measurements and all of the data analysis. Wrote the manuscript.
Author´s contribution to Paper VII
Very involved in the planning. Performed all measurements and data
analysis. Wrote the manuscript.

Chapter 6

Conclusions and future
outlook
In this work, progress has been made on various aspects of point defects in
silicon and silicon carbide. The most important consequences of the studies
on ion implanted silicon are 1) the realization of the importance of channeling
during room-temperature migration studies and 2) the accurate experimental
determination and understanding of the shift in vacancy and interstitial related
defect distributions. This understanding provides insight into dynamic annealing and also to an improved modeling of transient enhanced diffusion. It will be
interesting to see the outcome of the correlated study of ion implanted silicon
by photoluminescence and deep level transient spectroscopy. The study aims to
identify and characterize small clusters of intrinsic point defects in silicon. Such
results would be very valuable for defect evolution modeling.
An immediate consequence of the silicon carbide studies was the observation
of a surprisingly high number of levels, which have not been described before
and which are not only present in the as-implanted silicon carbide, but actually
evolve during long-term storage at room temperature. As diffusion in silicon
carbide generally requires very high temperatures or non-equilibrium conditions,
like ionization during implantation, these are indeed consequential results. In
this study, we showed how powerful the post-measurement analysis of the DLTS
results by signal subtraction and the building of high resolution spectra can
be, and we recommend the use of these tools in future DLTS studies. These
may be the tools which have been lacking for a full-scale, detailed study of
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the defect evolution in low-dose implanted silicon carbide. Such a study could
include not only more detailed annealing series but also implantation below
room temperature and identical implantations in 4H-SiC materials varying in
impurity or doping concentrations.
This work included an extensive study of the metastable M-center in 4HSiC and an obvious next step is to identify it. This cannot be done by DLTS
alone, but will rely on comparative studies with other techniques like electron
paramagnetic resonance (EPR), photoluminescence (PL) or positron annihilation spectroscopy (PAS). Generally, there seems to be much to be gained by an
intensified collaboration between groups specializing in different techniques, and
in the future such collaborations may result in the identification of the M-center
or any of the numerous levels observed in low-temperature annealed 4H-SiC.
We also believe that the very intriguing question of what causes the change in
emission rate in proton-implanted 4H-SiC at annealing temperatures between
150 and 200 ◦ C may be answered by combining the possibilities of different
techniques. It would, for example, be extremely interesting to investigate if this
effect is in any way connected to the serious problem of degradation in bipolar
silicon carbide power devices.
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[80] P. Lévêque, D. Martin, B. G. Svensson, and A. Hallén, Defect Evolution
in Proton-Irradiated 4H SiC Investigated by Deep Level Transient Spectroscopy, Mat. Sci. Forum 433-436, 415 (2003).
[81] N. Zangenberg, J.-J. Goubet, and A. Nylandsted Larsen, On-line DLTS
investigations of the mono- and di-vacancy in p-type silicon after low temperature electron irradiation, Nucl. Instr. and Meth. B 186, 71 (2002).
[82] M. J. Caturla, T. Diaz de la Rubia, and G. H. Gilmer, Disordering and
defect production in silicon by keV ion irradiation studied by molecular
dynamics, Nucl. Instr. and Meth. B 106, 1 (1995).
[83] G. Ferenczi, C. A. Londos, T. Pavelka, M. Sologyi, and A. Mertens, Correlation of the concentration of the carbon-associated radiation damage
levels with the total carbon concentration in silicon, J. Appl. Phys. 63,
183 (1988).
[84] N. E. B. Cowern, G. F. A. van de Walle, P. C. Zalm, and D. J. Oostra,
Reactions of Point Defects and Dopant Atoms in Silicon, Phys. Rev. Lett.
69, 116 (1992).
[85] P. A. Stolk, D. J. Eaglesham, H.-J. Gossmann, and J. M. Poate, Carbon
incorporation in silicon for suppressing interstitial-enhanced boron diffusion, Appl. Phys. Lett. 66, 1370 (1995).
[86] N. E. B. Cowern, A. Cacciato, J. S. Custer, F. W. Saris, and W. Vandervorst, Role of C and B clusters in transient diffusion of B in silicon,
Appl. Phys. Lett. 68, 1150 (1996).
[87] V. Privitera, S. Coffa, F. Priolo, and E. Rimini, Migration and interaction of point defects at room temperature in crystalline silicon, Rivista del
Nuovo Cimento 21, 1 (1998).

BIBLIOGRAPHY

85

[88] C. R. Cho, N. Yarykin, R. A. Brown, O. Kononchuk, G. A. Rozgonyi, and
R. A. Zuhr, Evolution of deep-level centers in p-type silicon following ion
implantation at 85 K, Appl. Phys. Lett. 74, 1263 (1999).
[89] P. Pellegrino, A. Yu. Kuznetsov, and B. G. Svensson, Impurity-assisted
annealing of point defect complexes in in-implanted silicon, Physica B 273274, 489 (1999).
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characterization of titanium tungsten to n- and p-type 4H silicon carbide,
J. Appl. Phys. 87, 8039 (2000).
[119] L. Dobaczewski, A. R. Peaker, and K. B. Nielsen, Laplace-transform deeplevel spectroscopy: The technique and its applications to the study of point
defects in semiconductors, J. Appl. Phys. 96, 4689 (2004).
[120] O. Engström and A. Alm, Thermodynamical analysis of optimal recombination centers in thyristors, Solid-State Electronics 21, 1571 (1978).
[121] A. A. Istratov, New correlation proceduce for the improvement of resolution of deep level transient spectroscopy of semiconductors, J. Appl. Phys.
82, 2965 (1997).
[122] K. Dmowski, A new correlation method for improvement in selectivity of
bulk trap measurements from capacitance and voltage transients, Rev. Sci.
Instr. 61, 1319 (1990).
[123] B. G. Svensson, K.-H. Rydén, and B. M. S. Lewerentz, Overlapping electon
traps in n-type silicon studied by capacitance transient spectroscopy, J.
Appl. Phys. 66, 1699 (1989).

88

BIBLIOGRAPHY

[124] Denny Åberg, Ph.D. thesis, Capacitance Spectroscopy of Point Defects in
Silicon and Silicon Carbide, KTH/FTE/FR-2001/5-SE, 2001.
[125] A. A. Istratov, H. Hieslmair, and E. R. Weber, Determination of parameters of deep level defects from numerical fit of deep level transient
spectroscopy spectra: Analysis of accuracy and sensitivity to noise, Rev.
Sci. Instr. 69, 244 (1998).
[126] M. Pawlowski, Effect of temperature errors on accuracy of deep traps parameters obtained from transient measurements, Rev. Sci. Instr. 70, 3425
(1999).
[127] P. Omling, L. Samuelson, and H. G. Grimmeiss, Deep level transient spectroscopy evaluation of nonexponential transients in semiconductor alloys,
J. Appl. Phys. 54, 5117 (1983).
[128] A. Mesli, P. Kringhøj, and A. Nylandsted Larsen, Pinning behavior of
gold-related levels in Si using Si1−x Gex alloy layers, Phys. Rev. B. 56,
13202 (1997).
[129] S. D. Ganichev, E. Zieman, W. Prettl, I. N. Yassievich, A. A. Istratov,
and E. R. Weber, Distinction between Poole-Frenkel and tunneling models
of electric-field-stimulated carrier emission from deep levels in semiconductors, Phys. Rev. B. 61, 10361 (2000).
[130] W. R. Buchwald and N. M. Johnson, Revised role for the Poole-Frenkel
effect in deep-level characterization, J. Appl. Phys. 64, 958 (1988).
[131] David M. Martin, M.Sc. report, KTH, ELE/FTE/2003-1.
[132] A. Galeckas, J. Linnros, and P. Pirouz, Recombination-enhanced extension
of stacking faults in 4H-SiC p-i-n diodes under forward bias, Appl. Phys.
Lett. 81, 883 (2002).
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