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a b s t r a c t

Single crystal h0001i-oriented 6H–SiC was irradiated with Au2+ ions to fluences of 0.032, 0.058 and
0.105 ions/nm2 at 140 K and was subsequently annealed at various temperatures up to 500 K. The rela-
tive disorder on both the Si and C sublattices has been determined simultaneously using in situ D+ ion
channeling along the h0001i and h2 �201i axes. A higher level of disorder on both the Si and C sublattices
is observed along the h2 �201i. There is a preferential C disordering and more C interstitials are aligned
with h0001i. Room-temperature recovery along h2 �201i occurs, which is associated with the h0001i-
aligned interstitials that annihilate due to close-pair recombination. Disorder recovery between 400
and 500 K is primarily attributed to annihilation of interstitials that are misaligned with h0001i and
to epitaxial crystallization. Effects of stacking order in SiC on disorder accumulation are insignificant;
however, noticeable differences of low-temperature recovery in Au2+-irradiated 6H–SiC and 4H–SiC are
observed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Radiation effects in silicon carbide (SiC) have been extensively
investigated for over a decade due to its excellent physical and
chemical properties that make the material a prominent candidate
for a variety of applications. In addition to the fabrication of high-
temperature, high-power and high-frequency microelectronic and
optoelectronic devices [1], silicon carbide also has been proposed
for nuclear applications that include the structural component in
fusion reactors [2], cladding material for gas-cooled fission reactors
[3] and an inert matrix for the transmutation of plutonium and
other transuranics [4]. Previous experimental studies have led to
important findings and evidence that significantly improve the
knowledge of the physical processes in disorder accumulation,
amorphization, microstructural evolution, volume change, defect
recovery, and interactions of implanted species in ion-irradiated
SiC [5–14]. In a previous report [15], a multiaxial channeling meth-
od was used to study the damage states of low-defect concentra-
tions produced by Au2+ ion irradiation of 6H–SiC at room
temperature. This method allows one to observe displaced atoms
from different orientations, which can provide some details about
the defect configurations. To minimize the temperature effects on
disorder accumulation, irradiation and in situ disorder measure-
ments at low temperatures are required. This communication
reports on the results for 6H–SiC irradiated at 140 K and
ll rights reserved.

: +1 509 371 6242.
isochronally annealed at various temperatures up to 500 K. The re-
sults from this study will be discussed and compared to those for
6H–SiC irradiated at room temperature [15], as well as to the data
for 4H–SiC irradiated at 165 K [16].

2. Experimental procedure

The 6H–SiC wafer used in this study had a high crystalline qual-
ity with the minimum yield (vmin) of �3%, as determined along the
h0001i axis. Three areas on the specimen were irradiated at 140 K
with 2 MeV Au2+ ions to fluences of 0.032, 0.058 and 0.105 Au2+/
nm2, respectively. A large tilt angle of 60� off the (0001)-surface
normal was chosen to produce shallow damage that could be read-
ily measured by in situ ion channeling methods. A low ion-beam
flux of �2 � 1011 Au2+/cm2/s was utilized to minimize the high-
dose rate effects on disorder production and to prevent significant
beam heating during irradiation. A uniform beam intensity over
each of the irradiated areas (3.4 � 1.9 mm2) was achieved by using
a beam rastering system. Subsequent to irradiation, in situ ion
channeling analyses were performed using 0.94 MeV D+ ions along
the h0001i and h2 �201i axes that have an included angle of 35.2�.
The analyzing beam within the irradiated spot had a typical beam
current of �20 nA and caused negligible damage in the investi-
gated depth region during the channeling measurements. Ran-
dom-equivalent spectra were obtained at an off-axis orientation
(polar angle = 7� relative to h0001i or h2 �201i axis) with rotating
flip angles ranging from �3� to +3�. An additional area on the
6H–SiC wafer was fully amorphized to the surface for accurate
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Fig. 2. In situ 0.94 MeV D+ h2 �201i-aligned RBS/NRA spectra for (0001)-oriented
6H–SiC irradiated 60� of the surface normal with 2 MeV Au2+ ions at 140 K. Also
included are random and channeling spectra from an unirradiated area.
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normalization of the random spectra. The charge of the incident
beam was integrated by applying a positive voltage of 300 V to
the target to suppress the secondary electron emission.

Simultaneous determination of disorder on both the Si and C
sublattices in SiC was achieved based on the h0001i and h2 �201i
channeling geometries for 28Si(d,d)28Si Rutherford backscattering
spectrometry (RBS/C) combined with 12C(d,p)13C nuclear reaction
analysis (NRA/C) at a scattering or reaction angle of 150�. The
low D+ ion energy of 0.94 MeV [10,15–17] was selected to improve
the depth resolution for profiling narrow disorder distributions in
the irradiated specimen. The energy stability of the incident D+

ions was better than ±3 keV, which is necessary to ensure an accu-
rate analysis of the C sublattice from the (d,p) reaction. In situ iso-
chronal annealing was also performed in vacuum at temperatures
up to 500 K with an increment of 30–50 K for 20 min each. The
same ion-beam methods were employed to analyze the residual
disorder in the annealed sample. For samples that were annealed
at or below 300 K, the channeling measurements were conducted
well below the corresponding annealing temperature; for those an-
nealed above 300 K, measurements were conducted at room tem-
perature (294 K). This procedure is considered to be important to
ensure that the disorder recovery processes were quenched during
the ion channeling analysis. During both the ion irradiation and
channeling measurements, the vacuum in the target chamber
was typically in the range of 10�6 Pa, and carbon contamination
on the sample surface was not observed.

3. Results and discussion

3.1. Disorder accumulation

In situ h0001i-aligned spectra for 6H–SiC irradiated at 140 K
with 2 MeV Au2+ to three ion fluences are shown in Fig. 1. Also in-
cluded are random and h0001i-aligned spectra from an unirradi-
ated area, which, respectively, define the upper and lower levels
of the scattering/reaction yields from the amorphous and essen-
tially defect-free SiC. From Fig. 1, the Si damage peaks are readily
measurable from the 28Si(d,d)28Si RBS/C. In addition, there are also
12C(d,p)13C NRA/C yields (multiplied by a factor of 4 in Fig. 1) at lar-
ger channel numbers, which appear in a background-free region
and are completely resolvable from the RBS/C spectra. This condi-
tion allows for a simultaneous analysis of disorder on the Si and C
sublattices from one measurement. Fig. 2 shows h2 �201i-aligned
spectra for the same damage states as shown in Fig. 1. Apparently,
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Fig. 1. In situ 0.94 MeV D+ h0001i-aligned RBS/NRA spectra for (0001)-oriented
6H–SiC irradiated 60� of the surface normal with 2 MeV Au2+ ions at 140 K. Also
included are random and channeling spectra from an unirradiated area.
the scattering/reaction yields at the damage peak for both sublat-
tices observed along h2 �201i are significantly closer to its random
level than those along h0001i. This indicates anisotropy of disor-
der accumulation in 6H–SiC, as will be discussed in detail below.
The minimum yield (8%) for the unirradiated 6H–SiC along the
h2 �201i is higher than that (3%) along h0001i probably due to
pre-existing defects that are aligned with h0001i, such as possible
micropipes, impurities and point defects.

The relative disorder on the Si and C sublattices has been ob-
tained using a linear dechanneling approximation. This simple
method is useful to extract the disorder at the damage peak with
comparable precision to an iterative procedure [18–21]. The effects
of defect type [22,23], impurities and lattice strain on the dechan-
neling yields are assumed to be negligible. The accumulated disor-
der at the damage peak for both the Si and C sublattices, observed
along the h0001i and h2 �201i axes is shown in Fig. 3 as a function
of dose in units of displacements per atom (dpa). The experimental
error shown in the figure has been estimated based on two inde-
pendent sources [24], i.e., the uncertainty due to the analytical
method (5%) and the statistical fluctuation of the data. The dpa val-
ues at the damage peak are obtained from the ion fluence multi-
plied by a factor of 0.6273 obtained based on SRIM simulations
[25], where the threshold displacement energies for Si and C
sublattices are chosen to be 35 and 20 eV, respectively [26]. In
0.0

0.2

0.4

0.6

0.8

1.0

<2201><0001>

 C
 Si

R
el

at
iv

e 
D

is
or

de
r

Dose (dpa)

6H-SiC
2 MeV Au2+

140 K

0.00 0.03 0.06 0.00 0.03 0.06
0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
D

is
or

de
r

Fig. 3. Relative disorder on the Si and C sublattices, observed along the h0001i and
h2 �2 01i axes, as a function of dose in displacement per atom (dpa) at the damage
peak in 6H–SiC irradiated 60� of the surface normal with 2 MeV Au2+ ions at 140 K.
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general, the accumulated disorder shows a strong orientation
dependence. There is a higher level of disorder on both Si and C
sublattices along h2 �201i than h0001i for the same damage states,
which suggests that some interstitial defect types in the irradiated
SiC are well aligned with the h0001i axis. This behavior is similar
to that of 6H–SiC irradiated at room temperature [15] and 4H–SiC
irradiated at 165 K [16]. As noted elsewhere [27], the indices for
the h2 �201i axis were incorrectly labeled as h1 �102i in Ref. [15].
The results in Fig. 3 also indicate a higher level of disorder on the
C sublattice than on the Si sublattice along the h2 �201i axis. The
higher C disorder is attributed to a smaller threshold displacement
energy on the C sublattice, which is consistent with molecular
dynamics (MD) simulations [26] and other experimental measure-
ments [28]. Apparently, more C than Si displacements are aligned
with the h0001i axis at 140 K. This behavior is again similar to pre-
vious reports on 6H–SiC and 4H–SiC [15,16]. The similarity of dis-
ordering behavior may be attributed to the identical local structure
of SiC4 and CSi4 tetrahedrons in the SiC polytypes.

The excess disorder observed along the h2 �201i direction rela-
tive to that along h0001i is obtained by subtracting the h0001i re-
sults from the h2 �201i results in Fig. 3 at each corresponding dose.
This excess disorder is shown in Fig. 4 as a function of dose at the
damage peak. The solid lines are the smooth connections of the
data points. The relative excess disorder excludes the contribution
of three-dimensional interstitial and amorphous clusters that are
observable along all axes; thus the results in Fig. 4 are largely rep-
resentative of the stable interstitial concentrations that are visible
along h2 �201i, but not along h0001i. These defects may be in the
form of single interstitials, the split interstitial (dumbbell) defects
as predicted by ab initio results [29]], and/or other types of defects
that were aligned with the h0001i axis. The results in Fig. 4 indi-
cate that the concentration of the excess C interstitials (�0.42)
along h2 �201i is higher than that of the excess Si interstitials
(�0.27) at 0.04 dpa. After the concentrations are maximized or sat-
urated, they are expected to decrease with the increasing dose and
vanish at the critical dose for amorphization (0.12 dpa at 150 K
[30]).

3.2. Disorder recovery

The general behavior of disorder recovery in Au2+ irradiated
6H–SiC observed along the h0001i axis has been reported [10].
Since there are considerable shielding effects of the h0001i atomic
rows on some types of irradiation-induced defects, as discussed
above, studies of defect recovery along other axes might lead to
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Fig. 4. Relative disorder along h2 �2 01i subtracted from the disorder along h0001i
as a function of dose (dpa) at the damage peak in 6H–SiC irradiated 60� of the
surface normal with 2 MeV Au2+ ions at 140 K.
important insights, as indicated in an early study of 6H–SiC [15],
where only one annealing temperature (570 K) was used.

The isochronal annealing data at various temperatures for
20 min each are shown in Figs. 5 and 6, representing the results ob-
served along the h0001i and h2 �201i axes, respectively. In general,
the recovery of disorder is both sublattice and orientation depen-
dent. At the lowest ion fluence (0.032 Au2+/nm2), there is only a
modest recovery of disorder on the Si sublattice observed along
h0001i at 190 K and along h2 �201i at 300 K. Slightly more recovery
on the C sublattice occurs along both the h0001i and h2 �201i axes
at 190 and 300 K, respectively. Thermal annealing at higher tem-
peratures up to 500 K does not lead to a significant recovery. The
damage states in the as-irradiated specimen at the lowest dose
are expected to contain isolated point defects and possibly a few
defect clusters. The defect recovery at the low temperatures is pri-
marily associated with close-pair recombination, as suggested by
recent kinetic lattice Monte Carlo simulations of damage annealing
in 3C–SiC [31]. The probability for combination of uncorrelated
interstitials and vacancies, which happens at higher temperatures,
is small due to the low concentration of point defects.

From Fig. 6, a recovery stage for both the Si and C sublattices at
0.058 Au2+/nm2 is observed along h2 �201i between 190 and 300 K.
This disorder recovery is again attributed to close-pair recombina-
tion [31]. The absence of this recovery for the same damage states
when observed along the h0001i direction in Fig. 5 indicates that
the annihilated Si and C interstitials were well aligned with the
h0001i axis. This behavior of the defect recovery was not observed
along the h�440 �3i axis in 4H–SiC irradiated to 0.053 Au2+/nm2 at
165 K [16]. Since the h2 �201i direction in 6H–SiC is equivalent to
h�440 �3i in 4H–SiC (both of which have the same angle of �35.2�
relative to h0001i), the results in Figs. 5 and 6 indicate that the
stacking order of the Si/C double layers in the SiC crystal structures
has observable effects on the disorder recovery processes near
room temperature. It still remains to be investigated how the
atomic arrangements beyond the first nearest neighbors of the
point defects affect the configuration and stability of the close-
pairs in SiC. The defect recovery above 350 K is due to interstitial
migration and epitaxial recrystallization (see below). At this stage,
there is a similar recovery rate on the Si sublattice observed along
the h0001i and h2 �201i, indicating that a majority of the defect
recovery is associated with the annihilation of interstitials that
are misaligned with the h0001i axis. It is also interesting to point
out that in contrast to a slight reduction in the level of C disorder
observed along h0001i from 140 to 190 K, there is a flat level of
the C disorder along h2 �201i within the experimental error. The
results may indicate that some of the C interstitials that were
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Fig. 5. In situ isochronal recovery (20 min) of relative disorder on the Si and C
sublattices at the damage peak, observed along the h2 �201i axis in 6H–SiC
irradiated 60� of the surface normal with 2 MeV Au2+ ions at 140 K.
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Fig. 6. In situ isochronal recovery (20 min) of relative disorder on the Si and C
sublattices at the damage peak, observed along the h2 �2 01i axis in 6H–SiC
irradiated 60� of the surface normal with 2 MeV Au2+ ions at 140 K.
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misaligned at 140 K tend to align with the h0001i axis during lat-
tice relaxation at 190 K.

At the highest fluence (0.105 Au2+/nm2), point defects are abun-
dant in the irradiated 6H–SiC; in addition, defect complexes are
formed in the damage-overlapping processes. These damage states
determine the recovery behavior. From Figs. 5 and 6, defect recov-
ery on both Si and C sublattices is minimal below 350 K. However,
significant recovery between 400 and 500 K occurs along both
h0001i and h2 �201i, which is consistent with the previous recov-
ery stage observed for Au2+-irradiated 6H–SiC [10] and with the re-
sults for 4H–SiC [16]. The data in Figs. 5 and 6 suggest that the
recovery stage is largely associated with the annihilation of inter-
stitials that are misaligned with h0001i. This recovery stage could
be associated with the uncorrelated annihilation of mobile intersti-
tials that are combined with vacancies, as reported by a recent
study [31]. It may be also possible that the epitaxial recrystalliza-
tion of defect clusters or amorphized zones contributes to the dis-
order recovery, as has been observed in an earlier study [24].
Further analysis of the data for the fluences of 1.05 and
0.058 Au2+/nm2 in Figs. 5 and 6 reveals that at temperatures be-
tween 270 and 500 K, there is a significantly higher level of
h0001i-aligned Si displacements than C (0.25 vs. 0.12) for the
higher fluence; however, the aligned C displacements for the two
fluences have a comparable level (0.26) between 300 and 500 K.

4. Summary

Damage accumulation and recovery in 6H–SiC irradiated with
Au2+ ions at 140 K have been studied in situ using D+ channeling
along the h0001i and h2 �201i axes. There is a strong orientation
dependence of disorder accumulation and recovery. A higher level
of disorder on both the Si and C sublattices is observed along the
h2 �201i axis. More C displacements are aligned with the h0001i
axis. The aligned displacements may include single interstitials
and split interstitial defects. In addition, there is a preferential dis-
ordering rate on the C sublattice, which is attributed to a smaller
threshold displacement energy on the C sublattice. The disordering
behavior of 6H–SiC is similar to that of 4H–SiC under similar irra-
diation conditions, probably due to the identical local atomic
arrangements (SiC4 and CSi4 tetrahedrons) in the SiC polytypes.
Lattice relaxation at 190 K is observed in 6H–SiC irradiated to
0.058 Au2+/nm2 at 140 K, leading to alignment of displaced C atoms
with the h0001i axis. The recovery at room temperature is largely
associated with the annihilation of the h0001i-aligned interstitials
in close-pair recombination. This behavior was not observed in
4H–SiC irradiated and annealed under similar conditions. The dif-
ference could originate from the effects of stacking order in SiC
on the configuration and stability of close Frenkel pairs. During
thermal annealing at temperatures between 400 and 500 K, signif-
icant recovery of disorder on both the Si and C sublattices is ob-
served in 6H–SiC irradiated to 0.058 and 1.05 Au2+/nm2, which is
mostly attributed to the annihilation of interstitials that are misa-
ligned with h0001i and to the epitaxial recrystallization of defect
clusters and amorphized zones.
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