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A rich variety of optical centers with high energy local vibrational modes has been found in electron-
irradiated 4H-SiC in both the as-irradiated and annealed states. These energies have been measured and the
annealing dependence of the optical centers has been investigated by low-temperature photoluminescence
spectroscopy. In view of the relatively high energies of these modes, it is anticipated that they involve carbon
interstitials and a detailed correlation has therefore been undertaken, in selected cases, between the experimen-
tally observed energies and those calculated by recent local density approximation, i.e., ab initio methods for
atomic arrangements involving carbon interstitials. When satisfactory agreement has been achieved, the an-
nealing behavior is compared to the calculated stabilities of the defects concerned. As a result, different
configurations of carbon antisite defects are identified together with their spatial distributions with respect to
the irradiated areas and their sequences of appearance and disappearance on annealing. These findings signifi-
cantly add to the understanding of the radiation damage process and its subsequent development and recovery
on annealing. Some of the optical centers that have well-defined local vibrational modes remain to be identified
in the future.
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I. INTRODUCTION

The nature of defects introduced into 4H-SiC during
growth or by atomic displacements caused by high energy
electron irradiation, by ion implantation, or by other process-
ing steps is of both practical and fundamental importance. As
impressive progress is being made in understanding the na-
ture and experimental signatures of intrinsic defects in
4H-SiC, this material may represent well a unique opportu-
nity to arrive at really detailed knowledge of the atomic pro-
cesses that occur in a compound semiconductor during
growth, irradiation, implantation, and annealing. This is a
consequence of the wide band gap that accommodates a
great variety of deep levels, such as the considerable number
of sharp zero phonon lines �ZPLs� in low-temperature pho-
toluminescence �PL� spectroscopy and of the sharp lines in
electron paramagnetic resonance �EPR� spectroscopy. The
carrier diffusion lengths are typically �5 �m so that exci-
tation does not diffuse far from its origin. The unit cell is
small enough to permit accurate ab initio calculations and, as
it contains two sublattices, issues such as stoichiometry and
antisite defects are important. The lessons being learned
from this material may well have much wider application to
other compound semiconductors that lack the combination of
properties exhibited by 4H-SiC. Recent work has produced
good understanding of vacancy-related defects and their
complexes, although uncertainties remain. In particular, EPR
studies have identified Vc

+ �Umeda et al.1�, Vc
− �Umeda et

al.2�, VSi
− �Mizuochi et al.3�, nearest neighbor �VcVSi� pairs

�Son et al.4�, and �VcCSi�− �Umeda et al.5� and �VcCSi�+

�Umeda et al.6� pairs, although the correlation for VSi con-
taining centers between PL experiments and the results of
EPR and related techniques is still under investigation �Mi-
zuochi et al.7�.

Self-interstitials are less well understood, although it is
generally accepted that they are more mobile than the vacan-
cies, i.e., carbon interstitials being particularly mobile, and

so they often are an important route for vacancy elimination
�Bockstedte et al.8�. At present, the deep centers responsible
for degradation of the electrical properties of 4H-SiC have
generally been associated with vacancy-related defects,9 but
as these are the only defects currently identified, this situa-
tion may change when the interstitial-related defects are bet-
ter understood.10 In fact, recent work �Grossner et al.11� in-
dicates that the prominent deep traps Z1/2, which are
identified by deep level transient spectroscopy, are related to
complex defects involving carbon interstitials. They are im-
portant for other reasons since they are potential sources of
internal stress and, when the complexes grow large enough,
they can nucleate dislocation loops.

This work is concerned with carbon interstitial-related de-
fects. There have been a number of recent detailed ab initio
calculations for possible configurations of such defects12,13

but, up until now, they have lacked any secure experimental
verification. Here, we provide a large body of experimental
data that can be compared to detail with the results of the
calculations. Since the insertion of additional atoms into the
lattice causes local stiffening, it is to be expected that optical
centers involving them will have local vibrational modes
�LVMs�, and in the case of the lighter C atoms, modes are of
quite high energy. As the calculations involve the ground
states of defects, photoluminescence spectroscopy, with vi-
bronic structures related to the ground states of the defects,
offers an obvious route to investigate the formation of cen-
ters that match the available data. The present publication,
together with a closely related work �Steeds et al.14�, is de-
voted to this exercise.

After giving the experimental details, we discuss the
methods that have been used to associate a given spectrum
with an individual defect and then summarize the results
obtained in this way. A few of these centers have been men-
tioned in previous reports, most have not. We then embark
on an attempt at correlating our results with the ab initio
calculations. Some of these optical centers can be matched
quite well with the calculated LVM energies and stabilities
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and we concentrate on these. One aspect of this work in-
volves a triplet of ZPLs with wavelengths close to 463 nm.
Their behavior under optical excitation is quite remarkable
and, as has been investigated in some detail, it is separately
treated in the associated publication �Steeds et al.14�. Finally,
the outcome of the attempted correlations is summarized and
some implications for other studies of defects in 4H-SiC are
addressed.

II. EXPERIMENTAL DETAILS

Most of the samples studied during the course of this
investigation were irradiated at room temperature by using
the pure �ion-free�, highly monochromatic, electron source of
a transmission electron microscope �TEM� �Philips EM 430�.
The irradiations were locally performed on bulk specimens
with an electron beam of circular cross section having a di-
ameter of either 100 or 200 �m and a uniform intensity
distribution with a sharp cutoff at the perimeter. The electron
energy was normally 300 keV, but lower energy irradiations
were also performed, which are mostly at 250 keV, and only
a small number of irradiations at energies below that. Elec-
tron doses covered a wide range from 1017 to 2
�1020 e cm−2, but most of the results discussed here came
from samples irradiated with doses greater than 1019 e cm−2.
For higher energy irradiations, which were up to 1 MeV, high
voltage TEMs at the Max Planck Institute in Stuttgart and at
the Lawrence Berkeley Laboratory in California were used.

After irradiation, the samples were studied by low-
temperature PL microscopy by using Renishaw micro-
Raman systems fitted with the Oxford Instruments cryogenic
stages. One of these Renishaw systems was operated with a
325 nm He/Cd laser; the other used an argon-ion laser that
was normally operated at 488 nm, but experiments were also
performed with 457.9 nm excitation. For the 325 nm opera-
tion, the laser spot size was approximately 5 �m in diameter
with 3 mW of power at 100% operation �it was generally
operated at 1% or 10%�. For the 488 nm laser, the power
level was �10 mW, which is focused into a 3 �m spot.
Three different modes of operation were commonly used.
These were the spot mode, with the laser incident at a chosen
location on the sample, the line-scan mode, where spectra
were collected at equally spaced points �typically 10 or
20 �m apart� along a chosen line, and the mapping mode,
where the spectra were collected at a rectangular array of
points. The sample temperature for most of the experiments
was approximately 7 K, except when the temperature depen-
dence of emission was being investigated. Time-dependent
experiments were performed on a separate system fitted with
an acousto-optical modulator and a GaAs photocathode. Iso-
chronal annealing was performed on several of the samples
with an annealing time of 30 min. Initially, the samples were
annealed with 100° increments, but in critical temperature
ranges, annealing intervals of 50° were used. The annealing
carried out at temperatures above 1000 °C was performed in
a specially designed furnace.15

The samples studied were obtained from nine different
sources, which are mostly in the form of thick
�30 �m-100 �m� n�N� and p�Al� doped epitaxial layers,

with doping concentrations varying from 1014�1017 to 6
�1017 cm−3. Material suppliers included the Institute for
Crystal Growth, Berlin �G Wagner�, the University of
Linköping �P Bergman�, Cree, SiCED �P Friedrichs�, and
CNR-IMM Catania �F LaVia�. Altogether, many thousands
of spectra have been produced and studied to provide the
data presented here.

III. METHODOLOGY USED

Photoluminescence spectroscopy of electron-irradiated
4H-SiC generally reveals a wealth of experimental detail that
has to be broken down into specific spectra that are associ-
ated with individual defects. A number of different methods
have been used in this work to achieve the deconvolution.
Since all the data were obtained by local irradiation by using
a TEM, one simple method used was to investigate the spa-
tial distribution, both within and outside the irradiated re-
gions, by looking for spatial correlations. It is a common
characteristic of centers with high energy LVMs that higher
harmonics exist and their regular correlation with specific
ZPLs in the thus separated spectra is therefore a good indi-
cation that effective deconvolution has been achieved. How-
ever, there are several other techniques that have been em-
ployed. One involves an investigation of the temperature at
which the spectra of interest appear and then disappear on
annealing. Others involve determination of the electron dose
or the accelerating voltage required to create the spectra.
Finally, the spectra can be studied by using different excita-
tion wavelengths �325 and 488 nm have been most fre-
quently used in this investigation� or different sample tem-
peratures. If a particular spectrum under study is present
under different excitation conditions, it should have similar
spectral characteristics, although its intensity relative to other
spectral details is often very different. The requirement that
all the elements of a particular spectrum should remain in a
fixed relationship is a very stringent one. Cases where the
process of deconvolution is incomplete are not included in
this work.

IV. EXPERIMENTAL RESULTS AND COMPARISON TO
CALCULATIONS

Before embarking on the exercise of comparison between
experiment and theory, it should be pointed out that the the-
oretical work is largely based on relatively small defect clus-
ters. Even for dicarbon, interstitials on a carbon site at least
six different atomic arrangements exist. Dicarbon antisite
pairs and a tricarbon antisite have also been investigated, but
clearly the number of possible configurations greatly in-
creases as the number of C atoms involved increases. The
experimental situation is, however, rather different, with
lower energy configurations being chosen on the basis of
ease of formation or the size of energy reduction rather than
on the number of C atoms in the center. Of course, the ability
to form large clusters could be limited by the probability of
the number of atoms required to come into close proximity.
However, the experimental evidence is that C interstitials are
extremely mobile under the conditions of electron irradiation
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so that complex configurations might form. One can there-
fore expect that the measure of agreement will be limited.
However, the accuracy with which the calculations of LVMs
can be performed is rather good and errors of less than 10
meV are claimed by the authors.12,13

A summary of several of the common optical centers that
have been found to have LVMs is given in Table I, which
includes the LVM energies observed. In particular, it in-
cludes the centers studied in some detail here as well as
others having high energy LVMs around 180 meV, which are
similar to those of the dicarbon antisites that are the subject
of the associated paper.13 These results are given here; those
for the triplet of lines at 463 nm were the subject of a pre-
liminary discussion16 and the ZPL at 414.2 nm that was pre-
viously referred to as HT2.17 Table I includes centers that
have different spatial distributions and different temperature

ranges over which they were observed. An overview of the
annealing dependence of the PL intensities of different ZPLs
is given in Fig. 1. The results in Fig. 1 were obtained for one
particular specimen �Al doped, NA-ND �7.0�1015 cm−3�,
without donor-acceptor pair emission, with thickness of
36.4 �m, with dose of 1020 e cm−2� and, although they are
generally representative of other samples subjected to a simi-
lar electron dose, the details were found to vary somewhat
from one sample to another and to considerably vary with
change in dose. The figure also includes, for reference pur-
poses, data for other commonly observed and intense ZPLs
such as the a-d alphabet lines,18 V1,19 and DI �Ref. 18� lumi-
nescence. It has results for 488 and 325 nm excitation. A few
of the ZPLs could be observed with both laser excitations.
Table I also includes results from centers for which the PL
intensity was concentrated within the irradiated region as

TABLE I. Experimental results for common optical centers having local vibrational modes in electron-
irradiated 4H-SiC. The two columns at the left side define the wavelength and energy of the zero phonon line
of the center. The LVM values are given with an accuracy of �0.1 meV.

Wavelength of ZPL
�nm�

Energy of ZPL
�eV�

Gap modes
�meV�

Other LVMs
�meV�

Highest energy LVM
�meV�

414.2 2.992 119.9, 122.5 129.2

450.6 2.751 74.8 135.1 180.0

456.7 2.714 133.5

463.3 2.675 132.8 179.8

463.6 2.674 132.5 178.5

464.3 2.670 131.9 180.0

465.7 2.662 177.8

471.8 2.627 151.8, 189.4 246.9

493.5 2.512 166.85 169.8

498.5 2.487 179.9

520.6 2.381 122.1 172.3

596.8 2.077 83.1 123.9 149.1

599.3 2.068 77.3, 79.2, 83.0, 87.9 124.4, 160.5 180.5
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FIG. 1. �Color online� Dependence of the
ZPLs in Table I on annealing for one particular
sample �Al doped, NA-ND �7.0�1015 cm−3�,
without donor-acceptor pair emission, with thick-
ness of 36.4 �m, with dose of 1020 e cm−2�.
Extra lines added include the alphabet lines a-d,
the Si vacancy �V1�, and the 673 nm ZPL. The x
on the 520.6 nm ZPL indicates that the result
comes from a different sample. Results were ob-
tained by using both 325 nm and 488 nm excita-
tion. The graphs have been scaled as indicated.
The PL results were obtained at a sample tem-
perature of �7 K.
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well as those found outside it. The principal lines predomi-
nantly outside the irradiated area under 325 nm excitation
were the b -d alphabet lines and the 463 nm triplet. Note that
where an optical center appears by up-conversion in Fig. 1,
its disappearance above a certain temperature might only in-
dicate the loss of the up-conversion mechanism.14 A com-
parison between the observed and calculated LVM energies
provides some encouraging agreements and we shall concen-
trate on these here by placing the greatest emphasis on the
highest energy modes. The highest energy modes are pre-
ferred for a more fundamental reason. It is unlikely that any
of the local vibrational modes will have well-defined sym-
metry in view of the complexity of the centers and the rela-
tively low symmetry of 4H-SiC. In addition, there is insuf-
ficient knowledge of the excited states of interest to allow the
prediction of which modes would be excited even if the
mode symmetries were well defined. However, one good
generalization is that the highest energy modes will be sym-
metric stretching modes and therefore most likely to appear
in PL experiments.

A. Optical centers with a highest energy local vibrational
mode of about 180 meV

The most complete comparison between theory and ex-
periment has been made for the triplet of three ZPLs labeled
463 �nm� on Fig. 1. As shown by Steeds et al.,14 this triplet
can be interpreted as coming from four ZPLs �two of them
unresolved in our experiments� and having their origin in
dicarbon antisites, that is, two carbon atoms sitting on a Si
site. These four ZPLs are related to defects on the
pseudohexagonal and pseudocubic sites having either spin
S=0 or S=1. Although they disappear from the 488 nm spec-
tra above 900 °C, it is not certain that they anneal out at this
temperature because of the up-conversion process involved
in their excitation. However, the change in relative and ab-
solute intensities of the individual lines of the triplet for tem-
perature increases up to 900 °C and the fact that up-
conversion is preserved for several other optical centers
above 900 °C, including DI, up to, probably indicates that a
change in atomic configuration has occurred. Quite different
behavior is found under 325 nm excitation as described by
Steeds et al.,14 and with this excitation wavelength, the 463
nm triplet can certainly be observed at higher temperatures
up to 1300 °C as will be discussed.

At first sight, the many centers with 180 meV LVMs
�Table I� might all be thought to be candidates for the dicar-
bon antisite defects. Even though the evidence presented14

may be regarded as convincing, it is important to demon-
strate that other centers exist with somewhat similar proper-
ties in view of the discussion that has occurred about the five
P-T centers in 6H-SiC.20 Each of the additional ZPLs de-
tected in these experiments was apparently distinct with dif-
ferent properties. The most obvious parallel exists for the
optical center with its ZPL at 450.6 nm �Table I�. This also
has a lower energy LVM at 135.1 meV, which is in good
agreement with the calculated energies for the dicarbon
antisite.12 However, the dicarbon antisites have been identi-
fied; there is only one other center for which similar LVM

energies have been calculated. This occurs in the recent work
of Eberlein et al.20 where they found energies of 140 and 177
meV for the recombination of an electron trapped on a dicar-
bon antisite with a hole trapped on a nearby silicon antisite.
The 450.6 nm center was not normally found in the as-
irradiated state but it annealed in at temperatures above
500 °C and persisted up to 1200 °C so that it is apparently
somewhat more stable than the 463 nm triplet. In fact, it has
rather similar properties to those of the P center in 6H-SiC.
The center did not exhibit the metastability of the 463 nm
triplet under intense 325 nm exposure. These properties
make a connection with the center of Eberlein et al.20 prob-
lematical. None of the remaining four optical centers �ZPLs
at 465.7, 498.5, 520.6, and 599.3 nm� have additional LVMs
at the lower energy of about 130 meV �Table I�. The center at
599.3 meV has additional LVMs that do not match the cal-
culations for the dicarbon antisite12 but are, however, in rea-
sonably close agreement with the calculated energies for one
of the carbon di-interstitial configurations.12 The LVM ener-
gies for the even modes of the configuration, which are des-
ignated as �Csp�2,hk,cub, are given as 189.1 and 161.3 meV.21

These vary from the experimental values by a larger margin
than is the case for carbon antisite defects, but the difference
is still within the range of uncertainty of the calculations.
This defect is calculated to have dissociation energy of 5.5
eV, which is consistent with the observed high thermal sta-
bility �Fig. 1�. The other three centers were all produced by
high-temperature anneals. The 465.7 and 498.5 nm centers
were found in the temperature range of 950–1300 °C, while
the 520.6 nm center had an even higher-temperature range of
existence �see Fig. 1� and an LVM of significantly lower
energy than the dicarbon antisite. The 498.5 nm had an in-
tense and sharp LVM with second and third harmonics
clearly visible and was concentrated in the irradiated region.
It was observed with both 325 and 488 nm excitations. The
465.7 nm center was only observed with 325 nm excitation,
and it had a broad intensity distribution extending well out-
side the irradiated region. Its intensity was enhanced on ex-
posure to an intense 325 nm beam.

B. Tricarbon antisite

The center with a ZPL at 471.8 nm appeared on annealing
to 1200 /1300 °C. It is of particular interest because of the
quite remarkably high LVM energy of 246.9 meV. The spec-
trum of this center is shown in Fig. 2 where the high energy
LVM is labeled LM3 to distinguish it from two other consid-
erably weaker LVMs of lower energy �LM1 and LM2�.
These LVMs also appear in second order �2LM1, 2LM2, and
2LM3�. The only previous experimental record of such high
energy LVMs in SiC was in the case of the 6H polytype22

and this result was recently interpreted21 as a particular con-
figuration of a tricarbon antisite and three carbon atoms on a
Si site, where two of them are very close together and acting
effectively as dicarbon molecule as far as the stretch mode
was concerned. At the time of this publication, the only ex-
perimental results available were for 6H-SiC although the
calculations were performed for 4H-SiC. The present experi-
mental results, for the 4H-SiC polytype, were obtained under
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similar circumstances to those for the 6H-SiC specimens but
are now for the actual polytype for which the calculations
were performed. The calculations arrived at slightly different
energies for the LVMs when the defect sits on the
pseudohexagonal or the pseudocubic site, which is the larg-
est difference occurring for the highest energy LVM �255.7
meV compared to 254.9 meV�. These differences are prob-
ably below the resolution of the present experiments if the
two ZPLs are similarly close in energy because the linewidth
of the relevant LVM was 1 meV �full width half maximum�.
Further, the calculations are not accurate to 1 meV and they
are unable to predict the energies of the ZPLs. The results of
a comparison between theory and experiment are shown in
Table II and reasonable agreement is demonstrated for the
three observed LVMs. We therefore conclude that the 471.8
nm center is related to the tricarbon antisite. As supporting
evidence for this conclusion, the calculated thermal stability
of this center is 5.8 eV, which is in reasonable accord with
experiment

C. The dicarbon antisite pair

We next consider the center with its ZPL at 493.5 nm.
This center becomes quite strong after annealing room-
temperature-irradiated samples in the range of
850–1200 °C, but it is not found outside this range. It has a
characteristic appearance �Fig. 3� with intense first, second,
and third order LVM emissions. It is predominantly polarized

with E parallel to �0001�. Its LVM energy of 169.8 meV is a
reasonable match with one of the many possible configura-
tions for dicarbon antisite pairs. This particular configuration
involves pseudocubic and pseudohexagonal sites and lies
within the hexagonal plane and has a LVM energy of 172.0
meV �Ref. 23� �see Table II�. Here, it is designated as kh,hex.
However, the calculations indicate that the various configu-
rations of the dicarbon antisite pair �seven have been studied�
have a property not shared with any of the other defects
involving carbon interstitials so far investigated �of which
there are about another 12�; they have another high energy
LVM.12 At first, this special property was not experimentally
detected, but a small number �5� of very high quality spectra,
without spectral overlaps, were obtained with long acquisi-
tion times and in every case an additional weak peak was
observed on the short wavelength side �lower LVM energy�
of the highest energy LVM �see Fig. 4�. By peak fitting, this
additional peak was found to correspond to a LVM energy of
166.9 meV. This energy is not only in reasonable agreement
with the calculation but is also lower than the highest energy
mode by 2.9 meV, which is in excellent agreement with the
calculated difference �Table II�. Additional information
comes from the annealing behavior of the center. As can be
seen from Fig. 1, the 493.5 nm ZPL appears as the 463 nm
triplet vanishes under 488 nm excitation and itself anneals
out when the 471.8 nm center anneals in.

TABLE II. Calculated and experimental LVM energies for �C3�Si �k site� and ��C2�Si�2,kh,hex. The values
were taken from Ref. 12.

LVM energies
�meV�

Theory
�meV�

Experiment
�meV�

Calculated dissociation energy
�eV�

�C3�Si �k site� 154.0, 182.3, 254.9 151.8, 189.4, 246.9 5.8

�C3�Si �h site� 154.2, 182.6, 255.7

��C2�Si�2,kh,hex 169.1, 172.0 166.85, 169.8 6.7

1 2

LM3LM3

2LM32LM3

LM1LM1
LM2LM2

2LM12LM1
2LM22LM2

ZPLZPL

480 520 560 600480 520 560 600

0

4000040000

8000080000

120000120000

Wavelength (nm)Wavelength (nm)

In
te

n
s
it
y

(a
rb

it
ra

ry
u
n
it
s
)

In
te

n
s
it
y

(a
rb

it
ra

ry
u
n
it
s
)

FIG. 2. Spectrum of the tricarbon antisite defect in 4H-SiC. The
three LVMs �LM1, LM2, and LM3� are repeated as sum modes in
the second order spectrum �2�. It was acquired at �7 K by using
325 nm laser excitation.
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FIG. 3. Spectrum of the 493.5 nm center interpreted here as the
kh,hex dicarbon antisite pair in 4H-SiC. In this case, the coupling is
so strong that two orders of sum modes are clearly visible as indi-
cated by the numbers below the curve. The spectrum was acquired
at �7 K by using 325 nm laser excitation.
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D. Spatial distributions of intensity

Emphasis has been placed in this work on the observed
intensity distributions with respect to the irradiated regions.
As mentioned earlier �Sec. III�, this played an important part
in the deconvolution of overlapping spectral systems. Two
further aspects of the intensity distributions could also have a
bearing on the defect identifications discussed here. As this
activity is not well known �or well understood�, some pre-
liminary remarks are called for. Very different spatial distri-
butions have been frequently encountered in this investiga-
tion. They are strongly dependent on the electron doses
applied. Extremes of behavior are exhibited by some of the
alphabet lines as compared to the DI luminescence. Figure 5

shows the intensity distribution of the c /d alphabet lines in
an as-irradiated sample compared to that of the DI center
after annealing at 1300 °C. These results are for a dose of
1020 e cm−2 at 300 keV. More important is the observation
that the intensity distributions for a given sample with differ-
ent excitation wavelengths may be quite different. One such
example is that of the 463 nm triplet discussed in the asso-
ciated paper.14 Less complicated behavior is that of the 450.6
nm center �Fig. 6�a��. This result, for a sample irradiated to a
dose of 1020 e cm−2 at 300 and 250 keV and subsequently
annealed at 1100 °C, showed quite different intensity distri-
butions at 325 and 488 nm. The difference between them is
likely to be the result of different excitation processes in the
two regions with up-conversion at 488 nm dependent on
other defects that do not exist outside the irradiated area,
while the above-band-gap excitation could ionize these de-
fects. The 488 nm intensity for this sample reached its maxi-
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FIG. 4. �Color online� Detail of the LM local mode of the 493.5
nm center illustrated in Fig. 5. Deconvolution of the spectrum has
been performed, as shown in the inset, to determine the energy of
the considerably weaker side band �LM’� on the short wavelength
side of LM. The spectrum was acquired over 15 min at �7 K by
using 325 nm laser excitation.
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FIG. 5. �Color online� Line scans of PL intensity variations
across two 100 �m diameter electron-irradiated areas of a sample.
The c /d spectra were acquired after a 300 °C anneal and the DI

spectrum was acquired from the same region after a 1200 °C an-
neal. The spectra were obtained at �7 K by using 325 nm laser
excitation.
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FIG. 6. �Color online� Figures comparing the ZPL integrated
intensity distributions across two 100 �m diameter irradiated areas
observed for different optical centers by using 325 and 488 nm laser
excitations at �7 K. The irradiations on the left side of the figures
were performed at 300 keV, on the right at 250 keV; the dose was
1020 e cm−2 in each case. �a� ZPL of 450.6 nm for a sample an-
nealed to 1100 °C; note the drop off of intensity in the irradiated
region and the spread of intensity outside it for 325 nm excitation.
�b� ZPL of 471.8 nm for a sample annealed at 1200 °C; note the
similarity of the results at the two wavelengths.
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mum value after an 800 °C anneal, whereas the 325 nm
intensity was a maximum after a 1100 °C anneal when the
competitive excitation of intense emission from the alphabet
lines was eliminated. Further, the actual form of the intensity
distributions changed with annealing, with the 325 nm re-
sults having a narrower width as they shortly increased in
intensity before annealing out. The intensity distributions ob-
served for the 493.5 nm center under 488 nm excitation were
similar to those for the 450.6 nm center, even though up-
conversion was no longer required, but the 325 nm distribu-
tions, while very broad, lacked the central dip of intensity of
the 450.6 nm center. The experimental evidence of intensity
continuity across the gap caused by the holographic notch
filter14 indicates that the excitation process for below-band-
gap excitation is the same for laser wavelengths above and
below the notch. In each case, the maximum intensities of
emission at the two different wavelengths occurred after an-
neals at about 100 °C higher than for the 450.6 nm center.
By way of contrast, the intensity profiles for the 471.8 nm
center are very similar for both 325 and 488 nm excitations
�Fig. 6�b��.

Bearing in mind the obvious limitations of the method, it
is, nevertheless, of interest to enquire whether the observed
distributions offer support for the progression from carbon
antisites to pairs of antisites and then to tricarbon antisites as
suggested by the annealing curves in Fig. 1. One might ex-
pect that the spatial distributions of one center transforming
into another would be similar. When 488 nm excitation was
used, similar spatial distributions were observed for each of
the three centers �463 nm triplet, 493.5 and 471.8 nm ZPLs�.
However, the situation is more complicated for 325 nm ex-
citation for several reasons. The 463 nm triplet was created
by exposure to the beam, the 493.5 nm center had a rather
broad distribution, but the 471.8 nm center was limited to the
irradiated region.

An alternative way of making use of the intensity distri-
butions is suggested by the observation14 that the 463 nm
triplet can be created by an intense 325 nm beam in samples
annealed at 1300 °C. Does this come about by release of a
carbon interstitial from the tricarbon antisite or the dicarbon
antisite pair? There is some evidence to support this idea
�Fig. 7�a��. A technique described in the associated paper was
used. It involves scanning the 325 nm beam along a line
through the electron-irradiated region and subsequently in-
vestigating the modified intensity distributions by creating
spectra at much lower laser power �1%�. Figure 7�a� shows
the intensity distributions of the three relevant ZPLs across
this line for a sample annealed at 1300 °C. To minimize the
effects of specimen drift, the collection time of the individual
spectra from which these intensity profiles were derived were
obtained was only 10 s. The enhancement of 463 nm triplet
intensity is correlated with reduction in intensity of the two
other centers. A similar experiment was carried out on an-
other sample after annealing at 1100 °C �Fig. 7�b��. At this
temperature, the 496 nm triplet has annealed out and the
493.5 nm center has created. Once again, the creation of 463
nm triplet intensity is correlated with loss of the 493.5 nm
center. However, more extensive investigation, involving
mapping the relevant areas, revealed that these results only
occurred in a narrow spatial range near the periphery of the

irradiated areas. Further, outside the intensity of the 463 nm
triplet increased in regions where neither of the ZPLs of the
other two centers existed. Moreover, it cannot be ruled out
that the results in Fig. 5 might be the consequence of com-
petition between the centers for the excitation injected. In
any case, the majority of the 463 nm triplet centers were
created from defects that do not appear in the spectroscopy
performed in these experiments.

V. DISCUSSION OF RESULTS

A detailed comparison between the calculated properties,
particularly the energies of the LVMs of C interstitial-related
defects, and the experimental results reported here, for opti-
cal centers in irradiated and annealed 4H-SiC, has produced
several examples of close agreement. Of particular interest is
the annealing sequence of the identified defects which, in
fact, all involve C antisites. The dicarbon antisite defects are
created in the as-irradiated state. They can also be created
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FIG. 7. �Color online� Figures illustrating the changes in inte-
grated intensity of specified ZPLs as a consequence of exposure to
an intense 325 nm beam at �7 K. The results come from the pe-
riphery of the irradiated regions and the intensity profiles were ob-
tained by using the low-power �25 times reduction� 325 nm excita-
tion �7 K along a line perpendicular to the linear trajectory of the
intense 325 nm beam. �a� Enhancement of 463 nm intensity and
reduction of 471.8 and 493.5 nm intensities for a sample annealed
at 1300 °C. �b� Enhancement of 463 nm intensity and reduction of
493.5 nm intensity for a sample annealed at 1000 °C.
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from other defects by exposure to an intense 325 nm laser
beam. They exist in two spin states and the S=1 defects
should therefore be detectable in EPR experiments but have
not yet been reported. At a temperature of about 900 °C,
there is evidence that these defects anneal out and that they
are replaced by a particular configuration of a pair of dicar-
bon antisites. At higher temperatures, still the dicarbon anti-
site pairs are replaced by a tricarbon antisite defect that is
particularly thermally stable and has a very high energy
LVM. The results obtained suggest that this process of ag-
gregation may be to some extent reversible under the influ-
ence of an intense 325 nm laser beam, which convert the
tricarbon antisite and the dicarbon antisite back into a dicar-
bon antisites. The tricarbon antisite and the dicarbon antisite
are stable to relatively high annealing temperatures
�1100–1300 °C�, and, once eliminated, only the well-known
DI and DII centers remain in PL spectra. These results repre-
sent the first clear experimental evidence of the existence of
carbon antisite defects in electron-irradiated 4H-SiC. They
suggest that carbon antisite defects may be involved in the DI
and DII centers that replace them, as is often asserted �Mat-
tausch et al.24 and Gali et al.13�. The appearance of thermally
stable DII luminescence in 750 °C irradiated 4H-SiC indi-
cates that high-temperature irradiation may have unwelcome
consequences. The failure to identify, at present, C
interstitial-related complexes on C sites is another interesting
outcome of this investigation.

A by-product of the results presented here apparently
challenges the interpretation of the a-d alphabet lines as
nearest neighbor CSi-SiC pairs that convert to DI centers at
higher temperatures.20 First, although the b−d lines anneal
together, the annealing of the a line is quite different. Sec-
ond, there is a 400 °C temperature interval between the an-
nealing out of the b−d lines and the annealing in of the DI
center. Finally, the spatial distributions of the b−d centers
are quite different from that of the DI center since the former
are concentrated outside the irradiated region while the latter
is concentrated within it.

There remain several optical centers that were observed in
this work for which no link could be found to the calculated
LVM energies. Two of these have relatively low energy
LVMs and might therefore be related to Si interstitial com-
plexes. C-Si complexes may also exist and have higher en-
ergy LVMs. Future calculations could help us to clarify the
situation. In addition, there are numerous possibilities of
more complex aggregates, including C aggregates, that have
not yet been the subject of ab initio calculations. None of the
defects studied here has sufficient thermal stability to ac-
count for the Z1/2 or the EH6/7 defects well known9,25 from
deep level transient spectroscopy measurements and believed
to be important in controlling the electrical properties of
4H-SiC.

VI. SUMMARY AND CONCLUSIONS

A detailed comparison to experimental results obtained by
low-temperature PL microspectroscopy of electron-irradiated
4H-SiC with calculated LVM energies of C interstitial clus-
ters has produced a number of successful correlations. Nev-
ertheless, a considerable number of the experimental centers
remain without credible atomic models at present. The cen-
ters that have been identified with a reasonable level of con-
fidence all involve carbon antisite defects. The dicarbon an-
tisite is found in the as-irradiated state after room-
temperature irradiation to an electron dose of �5
�1019 cm−2. As it anneals, first �at 850 °C� dicarbon anti-
site pairs, and then, at a slightly higher temperature
�1000 °C�, tricarbon antisite defects are created.
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