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Electrical properties of point defects in 4H-SiC have been studied extensively, but those related to carbon
interstitials (Ci) have remained elusive until now. Indeed, when introduced via ion irradiation or implantation,
signatures related to Ci observed by deep level transient spectroscopy (DLTS) tend to overlap with those of
other primary defects, making the direct identification of Ci-related levels difficult. Recent literature has
suggested to assign the so-called M center, often found in as-irradiated 4H-SiC, to charge state transitions of
the Ci defect in different configurations. In this work, we have introduced excess carbon into low-doped n-
type 150 µm thick 4H-SiC epilayers by thermal annealing, with a pyrolyzed carbon cap on the sample surface
acting as a carbon source. Because the layers exhibited initially low concentrations of carbon vacancies
([V C] = 1011 cm−3), this enabled us to study the case of complete VC annihilation, and formation of defects
due to excess carbon, i.e. carbon interstitials Ci and their higher-order complexes. We report on the occurrence
of several new levels upon C injection which are likely Ci-related. Their properties are different from those
found for the M center, which points towards a different microscopic identity of the detected levels. This
suggests the existence of a rich variety of Ci-related defects. The study will also help generating new insights
into the microscopic process of VC annihilation during carbon injection processes.

I. INTRODUCTION

Point defects in the 4H polytype of silicon carbide
(4H-SiC) exhibit great technological potential in novel
quantum technologies; on the other hand, such defects
can have detrimental effects on power device operation.
Specifically, the silicon vacancy (VSi) and related com-
plexes can be functionalized for single-photon emission
and coherent spin manipulation1–4. Meanwhile, the car-
bon vacancy (VC) is notorious for limiting the minority
carrier lifetime5 and having a detrimental impact on the
performance of bipolar power devices. However, despite
extensive studies on the fundamental defects and their
complexes in 4H-SiC, the electrical signatures of inter-
stitial defects remain elusive.

DLTS spectra of as-grown n-type 4H-SiC commonly
exhibit the ever-present Z1/2 and EH6/7 levels, which

were assigned to the (0/2−) and the deeper-lying
(2+/+/0) charge transition levels of the carbon vacancy,
respectively6,7. Upon irradiation other defect levels ap-
pear including the EH4 and EH5 levels8,9 (recently tenta-
tively assigned to the carbon antisite-vacancy pair10), the
S center11 (attributed to the Si vacancy12), EH1/3

13,14,

and the M center15–18. Intriguingly, the latter three de-
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fect levels (S1/S2, EH1/EH3 and M1/M3) are reported
in the same regions of the DLTS spectra and often
overlap. The M center is metastable15,17, while EH1/3

has been found to arise after electron irradiation below
the assumed silicon displacement limit14. Depending on
the study, different formation and annealing parameters
are reported, and some controversy remains regarding
the assignment and nomenclature of the different defect
species. It was noted that the photoluminescence emis-
sion intensity from defects in 4H-SiC, e.g. from the VSi,
is enhanced after annealing at 100 ◦C–600 ◦C depending
on the implantation species19. This has been partly as-
cribed to the annealing of Ci, as it is expected to be an
efficient non-radiative recombination center, reducing the
overall luminescence irradiated samples.

Ci was predicted to be electrically active early on20–22.
Direct identification has proven challenging, but Ci may
account for instabilities that arise in the DLTS spectra
of n-type 4H-SiC immediately after irradiation, but dis-
appear upon heat treatments at 100 ◦C–300 ◦C10,23. A
recent study on He-implanted 4H-SiC, combining DLTS
measurements and density functional theory calculations,
aimed to address Ci directly by assigning the M center
to the carbon self-interstitial24. The bistability was at-
tributed to conversion between Ci at the hexagonal (h)
and pseudo-cubic (k) lattice sites. However, the unavoid-
able presence of vacancy-related defects after irradiation
prevents the study of interstitial related defects in an un-
obstructed environment.

The involvement of Ci has been discussed extensively
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in the context of VC control. The VC is perennially
present in state of the art 4H-SiC epitaxial layers25 and
its presence has been correlated to lower minority carrier
lifetimes5 having a negative impact on bipolar device op-
eration. Removal of the VC is thus of strong interest
and three main strategies have been devised: (i) near-
surface implantation of ions and subsequent annealing
leading to VC annihilation26–29, (ii) thermal oxidation of
the epilayer surface, promoting injection of Si and C into
the bulk material28,30,31 and (iii) thermal equilibration
of VC by annealing in the presence of a carbon cap32,33.
Common to all three methods is the presence of an ex-
cess of mobile atom species moving through interstitial
lattice sites, promoting the disappearance of VC by the
atoms occupying VC sites. In this regard, carbon appeals
as the most suitable diffusing species since it completely
annihilates with VC without introducing new defect lev-
els. While the methods (i)-(iii) have been shown to work
well, the introduction and migration through the 4H-
SiC lattice is not well understood because the amount
of excess carbon is usually lower than the concentration
of VC defects. It is sometimes assumed that diffusion
of C mono-interstitials (Ci) dominates; however, Ci is
also known to be an unstable defect that often binds to
other defect species, or to form carbon complexes. There-
fore the question arises whether instead such higher-order
complexes of carbon mediate C diffusion. To directly ob-
serve Ci-related defect levels, epilayers with initially low
[VC] are required, such that after C injection and VC

annihilation, a surplus of Ci-related defects remains.
In this study, we monitor the thermally induced intro-

duction of excess carbon into 4H-SiC epi-layers in the
near absence of vacancy-related defects. Excess carbon
is introduced into high-purity and low-doped n-type 4H-
SiC by thermal annealing using a pyrolyzed carbon cap
on the sample surface acting as a C source. The low con-
centration of other defects prior to and during annealing
enables the separation of interstitial- and vacancy-related
defect levels. Additionally, the interaction between VC

and Ci is discussed where we report on several levels ap-
pearing upon C injection, with a microscopic identity of
the detected levels that appears to be different from that
of the M center.

II. METHODS

The studied 4H-SiC samples consisted of 150 µm thick
epilayers doped with N (n ≈ 2× 1014 cm−3 as deter-
mined by capacitance-voltage measurements) grown on
highly-doped c-oriented 2” substrates, purchased from
Ascatron AB, Sweden. The samples were laser-cut into
pieces of 7 mm× 7 mm, cleaned using the full standard
RCA procedure, and then coated with photoresist (type
AR-U 4030) on the sample front and backside in several
spin-coating cycles (total resist thickness ≈ 5 µm). The
coated samples were then heat-treated in an RTP fur-
nace at a temperature of 900 ◦C for 10 min in vacuum

(p = 5× 10−5 mbar) during which the photoresist was
graphitized. The C-capped samples were then annealed
in a tube furnace under Ar atmosphere at 1250 ◦C for
1.5 h, 2.5 h or 6.6 h. It should be noted that after the
high-temperature anneals, the C cap on the samples had
been almost completely dissolved, and the samples’ sur-
faces had been oxidized to form SiO2 (as determined us-
ing energy-dispersive X-ray spectroscopy). We attribute
this to the presence of residual oxygen during the an-
nealing process, likely due to continued outgassing of the
furnace tube. It is unknown how long into the anneal-
ing the C-caps were still intact to provide a source of C.
However, thermal oxidation of SiC is another common
procedure to inject C into the epilayer; therefore, we be-
lieve the effect of unintended oxidation to be negligible
for the interpretation of this experiment.

After annealing, the samples were RCA-cleaned and
150 nm thick Ni Schottky contacts were deposited on
the epilayer using e-beam evaporation through a shadow
mask (diode area 7.85× 10−3 cm2). Silver paste was used
as a back contact to the conductive substrate. We note
that the oxidation of the epilayer surface during the an-
nealing did not lead to a significant surface roughening,
nor to a degradation of the Schottky diode quality.

The electrical characterization (CV) was carried out
using a Boonton-7200 high-precision capacitance meter,
operating at a test frequency of 1 MHz. The same de-
vice, in combination with an Agilent 81110A pulse gen-
erator was used for DLTS measurements. If not stated
otherwise, the DLTS measurements were performed at a
reverse bias of −20 V and pulse voltages of 20 V, using
a pulse length of 50 ms, and in a temperature range be-
tween 20 K and 300 K, where cooling was achieved with
a closed-cycle He refrigerator. During the DLTS runs,
the temperature was typically ramped with a rate of
1 K min−1, starting at low temperatures and going to
300 K, during which transients of 640 ms length were con-
tinuously recorded, averaged over an interval of 0.5 K,
and then mapped to the central temperature of the re-
spective interval. The DLTS signal was then calculated
on the averaged transient for each temperature. DLTS
evaluation was performed using a lock-in (“GS2”) and
a high-resolution (“GS4”) correlation function34,35, with
six (GS4: five) rate windows between 20 ms (GS4: 40 ms)
and 640 ms.

The extraction of trap parameters, such as activation
energy, capture cross-section, and concentration was in
some cases achieved by simulating the DLTS spectra us-
ing the method and software described in Ref.36.

III. RESULTS

In Fig. 1(a), DLTS spectra of the as-received sam-
ples as well as samples annealed at 1250 ◦C for dura-
tions of 1.5 h, 2.5 h and 6.6 h are shown. In the as-
received state, peaks belonging to the donor freeze-out
(at 50 K), the TiSi defect, and the VC (Z1/2 level) can
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be detected. The concentration of the VC amounts to
1.5× 1011 cm−3. After annealing under the C-rich envi-
ronment of the C-cap, several observations can be made.
Most prominently, two new traps appear at temperatures
of about 170 K (labeled E0.38) and 265 K (labeled E0.59),
respectively. Their activation energies and apparent elec-
tron capture cross sections, determined from the reduced
emission rate data in Fig. 1(b), are given in Table I. Note
that the activation energy and apparent electron cap-
ture cross section for the 170 K peak are similar to the
values previously found on the M1 level (Ea = 0.42 eV,
σn = 6× 10−15 cm2)17. Given the fact that the M center
has previously been shown to originate from charge tran-
sition levels (CTLs) of the Ci

24, and taking into account
that during the present experiment considerable amounts
of carbon can be expected to be continuously driven into
the uppermost regions of the epilayer, which suggests the
presence of the Ci defect, it is tempting to identify the
trap emitting at 170 K with the M1 level. However, the
data presented in the further course of this manuscript
casts doubt on this identification; therefore, we choose
to adhere to the temporary label E0.38 within this work.
Note that while the amplitude of E0.38 increases with
annealing time, that of the E0.59 level is approximately
the same for all annealed samples, suggesting a different
microscopic origin of the defects behind the two signa-
tures. Although the activation energy of E0.59 matches
the one found experimentally for the M2 level (0.63 eV24),
it seems unlikely that they are identical, given their dif-
ferent peak emission temperatures (265 K for E0.59 vs.
typically 295 K for M2).

A second important observation from Fig. 1(a) is that
the concentration of the Z1/2 level, originating from the

(0/2−) CTL of the VC defect, is apparently reduced
from an initial value of 3× 1011 cm−3 (corresponds to
a VC concentration of 1.5× 1011 cm−3) by roughly a fac-
tor of 2 for an annealing time of 1.5 h and stays ap-
proximately constant for longer annealing. Because it
is located on the decreasing flank of the E0.59 peak, and
also occurs nearly outside of the accessible temperature
range, the activation energy of the shoulder appearing on
the annealed samples can only be estimated by simula-
tions of the DLTS spectra, assuming certain values for
Ea and σn. According to such simulations, Ea amounts
to roughly 0.7 eV, and is therefore similar to that of Z1/2

(Ea = 0.67 eV). However, the depth profile for this level
which is presented further below is incompatible with
that expected for Z1/2. We therefore conclude that this
level does not originate from VC but from a different
point defect. In the further course of this paper, this
level will be labelled E0.7, based on its approximate acti-
vation energy. We note that the reduction of [Z1/2] (and

therefore [VC]) to below the detection limit of DLTS by
the presented annealing procedure is striking and sup-
ports the claim of carbon being injected into the epilayer,
leading to Ci and VC recombining.

A characteristic behavior of the M center is its bista-
bility with respect to annealing at moderate tempera-
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FIG. 1. (a) Complete DLTS spectra (rate window (640 ms)−1)
of the as received as well as samples annealed for different du-
rations. Inset: DLTS spectrum of the E0.38 trap with a high-
resolution weighting function obtained on the 2.5 h annealed
sample, revealing two components of the level. (b) Plot of
the reduced emission rates of the E0.38 and E0.59 traps and
respective Arrhenius fits.

TABLE I. Experimentally determined properties (activation
energy Ea, apparent electron capture cross section σn,app and
peak temperature T) of the E0.38, E0.59, and E0.7 traps.

trap label Ea (eV) σn,app (cm2) T (K)

E0.38 0.38 5 × 10−15 170
E0.59 0.59 2 × 10−14 265
E0.7 0.7 4 × 10−13 295

tures (up to 200 ◦C) with and without applied bias18,37,38.
Specifically, an annealing at zero bias and T = 450 K
leads to the reduction of the M1 (and M3 which lies out-
side of the studied range) amplitude and the emergence
of the M2 level; annealing at 310 K with large reverse
bias will restore the original DLTS spectrum without loss
of the M1 and M3 amplitudes. The specified anneal-
ing procedures (reverse bias annealing at V = −20 V for
20 min; zero-bias anneals at 0 V for 20 min) have been
performed on the 2.5 h-annealed sample, the results of
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FIG. 2. Bias annealing behavior of the defect signatures
detected by DLTS upon C injection, collected on the 2.5 h-
annealed sample.

which are shown in Fig. 2. As can be seen in the figure,
the E0.38 amplitude is reduced to below the detectivity
limit (< 5× 1010 cm−3) by zero-bias annealing at 450 K;
however, it remains undetectable after the reverse anneal-
ing step. Based on the formation energies for Ci-related
defects published in Ref.24, it can be calculated that the
chosen bias annealing conditions would lead to a conver-
sion of the M center between its two configurations in a
range between 2.1 µm and 9.5 µm into the epilayer. This
range coincides almost entirely with the probing depth
of the E0.38 level, and therefore the conversion should
be detectable. The absence of a recovery of the original
signal intensity is therefore incompatible with E0.38 be-
ing identical to M1. Moreover, the amplitudes of E0.59

and E0.7 remain unaffected by the annealing procedure,
supporting the hypothesis that they originate from an-
other point defect – one that is more stable than E0.38.
Importantly, they are likewise unrelated to the M center.

Concentration versus depth profiles for the traps E0.38,
E0.59, and E0.7 were recorded by varying the voltage pulse
height, from Vp = 0.5 V to 20 V, using a reverse bias of
−20 V, and at a fixed temperature. The λ correction was
taken into account. The resulting trap concentration pro-
files are displayed in Fig. 3. For E0.38, a clear increase in
concentration towards shallower depths is seen, in com-
pliance with a defect entering the epilayer from the sur-
face. For the E0.59 and E0.7 levels, the signal amplitude
is lower than for E0.38, however a slight decrease towards
the sample bulk can be observed here as well. The E0.38

concentration profiles have been fitted with the relation

c(x) =
c0
2
· erfc

{
x

2
√
Dtann

}
(1)

where c0 is the concentration of E0.38 at x = 0, D
is the diffusion constant, and tann the annealing time.

From these fits to the concentration profiles obtained
from DLTS for t = 1.5 h, 2.5 h, and 6.6 h, D and c0
were determined and are given in Table II. Note that
because the experiment was conducted at the same tem-
perature for the different tann, the diffusion constant D
should be identical across the three samples (assuming
that no transient effects occur); therefore, the value of
D was coupled between the datasets during fitting. The
diffusion is expected to be thermally activated according
to

D(T ) = D0 exp

{
− Ei

kBT

}
(2)

with D0 being the pre-exponential factor, usually D0 ≈
10−2 to 10−3 cm2 s−1 for atomic hops, and Ei the injec-
tion barrier. An estimate of Ei can be given based on
Eq. 2, and the values are also given in Table II. It must
be noted that the method used here to extract an activa-
tion energy for the trap injection and diffusion is not very
accurate, since only one annealing temperature was used.
In particular, this method relies on an assumed value of
D0 which may differ from the real value, and which can
only be determined by an experiment where varying tem-
peratures are used. However, even for the range of D0

values given above, the resulting range of the estimated
activation energy amounts to 2.5 eV–2.8 eV, and in effect
can still be considered small compared to migration bar-
riers associated with diffusion of certain defect species,
such as VC

39. Importantly, the determined value range
for Ei is in accordance with those predicted by DFT for
the diffusion of the neutrally charged Ci defect along the
c axis of 4H-SiC (Em,th = 2.20 eV)24. We therefore refer
to the injection barrier for E0.38 as the migration barrier
for Ci for the remainder of this paper, although it is pos-
sible that an additional barrier for release from the C cap
is incorporated in this value.

The depth profiles of E0.59 and E0.7 appear to be flat-
ter than that of E0.38, but retain a slight downward slope
towards the sample bulk. The low concentrations and
high noise levels prevent a reliable extraction of forma-
tion barriers for the two deeper levels (the detection limit
for defects under the conditions of the experiment is ap-
proximately 5× 1010 cm−3). We observe that although
E0.59 and E0.7 also appear to be coming in from the sur-
face they are likely of a different origin than E0.38. Im-
portantly, the depth profiles in Fig. 3 emphasize that the
E0.7 level is likely unrelated to VC because in that case,
as was noted further above, its concentration should de-
crease towards the surface as a result of the C injection.

IV. DISCUSSION

In Fig. 4, the evolution of the concentrations of the
three annealing-induced traps is shown for varying tann.
It can be seen that while [E0.38] clearly increases with
longer anneals, [E0.59] and [E0.7] do not seem to show
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TABLE II. Diffusion parameters of the E0.38 trap, determined
from DLTS depth profiles in Fig. 3: diffusion constant D,
surface concentration c0, and an estimate of the value of the

injection barrier Ei.

tann (h) D (cm2 s−1) c0 (cm−3) Ei (eV)

1.5 1.2 × 1012

2.5 4.6 × 1012

6.6 7.3 × 1012

(coupled) 6.03 × 10−12 2.5-2.8

2 4 6 8 10

1011

1012

 [E0.38]:
 1.5h       [E0.59]
 2.5h       [E0.7]
 6.6h

tra
p 

co
nc

en
tra

tio
n 

(c
m

-3
)

depth x (µm)

1.5 h

2.5 h

6.6 h

FIG. 3. Concentration profiles of the E0.38, E0.59 and E0.7

levels, determined by DLTS profiling. Profiles of [E0.38] are
shown for all annealing times. Profiles of [E0.59] and [E0.7]
are shown only for the 6.6 h anneal. Fits to the E0.38 profiles
according to Eq. 1 are shown in gray.

such a systematic behavior. It therefore appears that,
while all three traps are formed by C injection, they
originate from microscopically different defects. This is
also supported by their different annealing behavior (see
Fig. 2). As stated already, the injection barrier for the
E0.38 level matches well with the predicted value for Ci

migration, and its activation energy of 0.38 eV is close
to that of the M1 level which has previously been tied
to the (−/2−) acceptor level of the Ci

24,38. However,
the M center possesses four charge transition levels in to-
tal, labelled M1 to M4. They appear in pairs (M1 and
M3, M2 and M4) which are now believed to belong to
two configurations of the carbon split interstitial that
can be reversibly converted into each other. M1,2 are
thought to originate from the (−/2−) CTL, while M3,4

stem from the deeper-lying (0/−) CTL. Depending on
the orientation of the C-C dimer, one of the two level
pairs becomes dominant over the other, and because the
conversion between them is connected to barriers < 2 eV,
it can be triggered repeatedly by bias annealing proce-
dures close to room temperature. In the experiments for
the present paper, however, there were no further signa-

 6.6h

trap

FIG. 4. (a) Concentrations of all four traps induced by an-
nealing with C-cap in dependence on annealing time, (b)
probing depth of the three traps for the DLTS measurement
conditions used in the experiment.

tures resembling those of the M center apart from E0.38

which matches M1; DLTS scans up to 360 K revealed no
further peaks being present. Taking into account the lack
of the reversible character of the bias annealing of the ob-
served defect signatures, as reported for the M center, we
therefore suggest that the E0.38 level is different from M1,
although it is most likely also related to the Ci defect.

E0.59 and E0.7 do not exhibit a monotonous variation of
their concentration with C injection time; however, their
occurrence only after the annealing experiment, and the
possible slight increase of their concentration profile to-
wards the sample’s surface (see Fig. 3), suggest that they
originate from a defect that has been driven into the SiC
epilayer during the anneals. Okuda et al. have reported
that the thermal oxidation of 4H-SiC followed by an an-
neal in Ar atmosphere at 1550 ◦C leads to the formation
of a pair of electron traps labelled ON0a and ON0b40.
The authors propose that ON0a is identical to the EO1
minority trap found in p-type material after thermal ox-
idation, hence a correlation with carbon injection is con-
ceivable. ON0a and EO1 possess the same energy with
respect to the conduction band edge (Et = EC−0.59 eV)
which also coincides with the activation energy of the
E0.59 trap found in this work. Okuda et al. do not report
the activation energy of ON0b; however, its maximum
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emission occurs at a temperature roughly 30 K higher
than for ON0a, which is the same temperature differ-
ence as between the E0.59 and E0.7 traps in the present
work. It seems therefore likely that the E0.59 and E0.7

levels are the same as those labeled ON0a and ON0b by
Okuda et al., respectively. Furthermore, the EO1 mi-
nority trap has been tentatively attributed to the car-
bon split di-interstitial (Csp)2 by Okuda et al., based
on ab initio-calculations by Bockstedte, Mattausch and
Pankratov41. Specifically, the latter authors calculated
the (0/2−) CTLs of the hh and kk configurations of that
defect, which is predicted to show negative-U proper-
ties, to be situated around 0.55 eV and 0.63 eV below the
conduction band minimum, respectively, which roughly
matches the measured activation energies for E0.59 and
E0.7. B, M & P also calculate the C split di-interstitial to
be particularly stable: its predicted dissociation energy
amounts to 4.6 eV in both hh and kk configurations, in
accordance with the observed temperature stability of
E0.59 and E0.7 as compared to that of E0.38. An inter-
esting question is how the defect behind E0.38 can form
at temperatures as high as 1250 ◦C, as well as survive
during the cooldown ramp to room temperature (about
6 h in total), but anneal out at only 450 K during the
bias anneals. A possible explanation is that the pres-
ence of the built-in electric field of the Schottky barrier
promotes the diffusion of Ci out of the depletion region.
Furthermore, the migration or injection barrier of 2.5-
2.8 eV determined from the depth profile of E0.38 only
reflects the high-temperature conditions present during
the carbon injection, which promote a mid-gap Fermi
level. These typically induce more positive charge states
on point defects for which migration barriers are typically
higher than when the defect is negatively charged.

Unfortunately, the authors of Ref.41 did not calculate
CTLs of the single Ci in 4H-SiC to compare with those
of di-interstitials. Kobayashi et al. have used hybrid-
functional DFT calculations to predict the formation en-
ergies and CTLs of various native point defects and clus-
ters in 4H-SiC22. They find the (0/−) CTL of the carbon
split mono-interstitial Ci,split in its k and h configura-
tions at EC − 0.7 eV and EC − 0.33 eV. While the latter
is a reasonably good match for E0.38 and the former for
E0.7, the different injection and annealing behavior for
the two traps found in this work contradicts a common
microscopic origin. Kobayashi et al. also discuss the
case of carbon clusters to a limited extent, and claim
that according to their calculations, poly-interstitials ex-
hibit too high formation energies to be stable. Instead,
they find the di-carbon antisites (C2)Si to be highly sta-
ble, and to have their (0/−) CTLs at EC−0.5 eV (k) and
EC−0.13 eV (h). Again, while the former approximately
matches the activation energy of E0.59, the latter does
not seem to have a corresponding trap found in our data
(apart from the unequivocally identified TiSi(h) level).

It is interesting to note that even though the surface of
the epilayer had been partly oxidized during the anneal-
ing because of the dissolving carbon cap, the traps that

have been observed here are typically not produced in ox-
idation experiments (with the exception, perhaps, of ON0
in Ref.40) – compare, e.g., to Ref.42 where no emission
from defects is detected between 100 K and 350 K. This
observation indicates that oxygen is not involved in the
formation of the defects behind the three levels observed
in the present study. The oxidation in this work has only
lead to a very thin oxide layer in which case only few
interstitial-related defects are released into the epilayer43,
such that the dominant source of interstitial atoms can
be expected to be the carbon cap. While Si injection
can, in theory, occur during oxidation experiments43,44,
the formation energy of Sii has been calculated to be high
compared to that of Ci under n-type conditions24,45, such
that [Ci]� [Sii] can be expected. Therefore, a Si-related
origin of the traps formed in the present experiments can
likely be excluded.

Overall, it is challenging to make assignments of the
observed trap signatures to specific point defects at this
point. However, it can be noted that carbon injection, in
the near absence of VC, leads to the formation of several
new defect levels related to C excess, and that there are at
least two physically differing defect structures involved:
a less stable one, increasing in concentration as more car-
bon is injected, possibly hinting at a mono-interstitial as
its microscopic origin, and a more stable one that seems
to possess a more complicated formation and annealing
behavior, which may be due to a larger carbon complex.
Annihilation of VC by carbon injection therefore seems
to be a rather complicated process. One plausible sce-
nario is that this involves the migration of C in the form
of single interstitials Ci which, in the further course of
the injection and migration process, form higher-order,
more stable complexes. The absence of the M center
in this work demonstrates that excess carbon forms a
larger variety of interstitial-related defects than previ-
ously thought.

V. CONCLUSION

Using a carbon cap on the surface of n-type 4H-SiC
epilayers, we have injected excess carbon by thermal an-
nealing. Because the initial concentrations of carbon va-
cancies VC was low, the C injection lead to (1) the com-
plete annihilation of VC, and (2) the formation of new
C excess-related defects. A set of three defect levels be-
comes visible in low-temperature DLTS spectra, with ac-
tivation energies of 0.38 eV, 0.59 eV and 0.7 eV. Depth
profiles of the trap levels show that they originate from
C injection (the defect concentration increases towards
the epilayer surface), and the activation energy associ-
ated with the evolution of the depth profiles matches the
migration energy for carbon diffusion previously calcu-
lated by ab initio methods. The dissimilar behavior of
the traps with longer injection duration as well as their
starkly differing thermal stability points towards a differ-
ent defect structures behind the signatures, albeit likely
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related to carbon interstitials in all cases. An identifi-
cation of either of the defects with the M center, which
has previously been attributed to the mono-interstitial
Ci, does not appear justified. However, the ON0a and
ON0b defects found in thermally oxidized material, and
possibly originating from the carbon split di-interstitial
(Csp)2, match the levels at EC−0.59 eV and EC−0.7 eV
well. Generally, this work emphasizes the complexity of
the VC annihilation process via supply of excess carbon,
which seems to take place through a variety of channels.
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