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Abstract

Irradiation experiments have been performed at 100, 170 and 300 K for 6H-SiC single crystals using Au®" and He*
ions over a range of fluences. The evolution of disorder on both the Si and C sublattices has been simultaneously
investigated using 0.94 MeV D* Rutherford backscattering spectrometry (RBS) in combination with >C(d,p) nuclear
reaction analysis (NRA) in a (000 1) axial channeling geometry. At low doses, a higher rate of C disordering is ob-
served, which is consistent with molecular dynamics simulations that suggest a smaller threshold displacement energy
on the C sublattice. At higher doses for He* irradiation, the C disordering appears to increase less rapidly than the Si
disordering. Three distinct recovery stages are observed on both the Si and C sublattices in the Au*"-irradiated 6H-SiC.
However, complete recovery of irradiation-induced disorder does not occur during isochronal annealing at tempera-

tures up to 970 K. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Jh; 61.72.Cc; 61.82.Fk; 61.85.+p

1. Introduction

Irradiation-induced disordering and amorphization
in several silicon carbide (SiC) polytypes have been the
subject of numerous studies in recent years [1-6]. Be-
cause of its outstanding physical and nuclear properties,
SiC is a promising candidate material for advanced
electronic devices and a variety of nuclear applications.
The potential nuclear applications for SiC include
structural components in fusion reactors [7], cladding
material for gas-cooled fission reactors [8] and an inert
matrix for the transmutation of plutonium and other
transuranics [9]. A fundamental understanding of the
accumulation and recovery of irradiation-induced
damage in SiC is needed to advance these technological
applications. Recent scientific efforts have substantially
improved the understanding of radiation damage pro-
cesses in SiC and have resulted in several comprehensive
reviews of the experimental investigations [1-4] and
relevant theoretical models [10].
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Previous studies have primarily used electrons or
light to medium-heavy ions as irradiation particles,
and ion mass effects on the disordering rate have been
observed [2,11-13]. Although the damage energy for
full amorphization at 77 K in Au-irradiated SiC has
been reported [14], the temperature dependence of
damage accumulation and the details of thermal
recovery processes in SiC irradiated with very-heavy
ions, such as Au, have not yet been reported in the
literature. Previous studies of irradiation-induced
defects in SiC have focused primarily on the accumu-
lation of disorder on the Si sublattice using conven-
tional ion-channeling methods. Electron microscopy
has also been used to some extent to characterize the
nature of the irradiation-induced microstructure [1,15].
The simultaneous analysis of disorder on both the Si
and C sublattices has been reported previously only for
H'- and He'-irradiated SiC [16,17] using the combi-
nation of Rutherford backscattering spectrometry
(RBS) and nuclear reaction analysis (NRA) in chan-
neling geometry. In the present paper, the accumula-
tion and recovery of disorder on both sublattices in
6H-SiC irradiated with Au®" and He" ions are inves-
tigated based on D' RBS and NRA methods in
channeling geometry.

0022-3115/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0022-3115(00)00687-5



W. Jiang et al. | Journal of Nuclear Materials 289 (2001) 96101 97

2. Experimental procedures

Irradiation experiments on the (000 1)-oriented
6H-SiC single crystals with Au®" and He™ ions have been
performed at the Pacific Northwest National Laboratory
(PNNL) and the Research Center Rossendorf in Ger-
many, respectively. The irradiation experiments with
2.0 MeV Au*" were performed over an ion fluence range
from 0.02 to 0.8 ions/nm? at temperatures of 170 and
300 K. A large tilt angle (60° off surface normal) was
chosen in order to produce shallow damage that could be
readily measured by ion-channeling methods. The low
energy (50 keV) He" irradiation was conducted close to
the surface normal and over ion fluences ranging from
7.5 to 200 ions/nm? at 100 and 300 K. The He"-irradi-
ated samples were stored at room temperature for ~3
months prior to analysis. Some recovery of the accumu-
lated disorder in the samples irradiated at 100 K was
expected during the storage period [18].

Both in situ and ex situ analyses of disorder in the
Au**- and He"-irradiated specimens, respectively, have
been carried out using the 3.4 MV tandem accelerator
facility within the Environmental Molecular Sciences
Laboratory at the PNNL. Simultaneous determination
of disorder on both the Si and C sublattices has been
achieved based on the channeling geometry for
288i(d,d)*®*Si RBS and >C(d,p)"*C NRA at a scattering
or reaction angle of 150°. A low D" ion energy (0.94
MeV) was selected [17] to improve the depth resolution
for profiling the narrow disorder distributions in the
irradiated specimens. For the Au®" irradiation study at
170 K, the SiC samples were maintained at this low
temperature during the interim technical procedure for
switching from the Au®" to the D* beam, and the RBS/
NRA channeling spectra were measured in situ at or
below this temperature to minimize thermal recovery of
disorder in the samples. In situ isochronal annealing for
20 min was used to follow the damage recovery pro-
cesses at temperatures ranging from 300 to 870 K for the
SiC irradiated at 170 K with Au*" and from 370 to 1070
K for the SiC irradiated with He™ at 100 K. In situ RBS/
NRA analysis was performed at room temperature for
all the annealed samples. An experimental error on the
order of 5-10% is expected for the analysis of lattice
disorder in this study. Further details about the experi-
mental conditions and procedures have been described
elsewhere [17,19,20].

For the convenience of comparing irradiation results
from different ion species, the ion fluence has been
converted to an equivalent dose, D, in units of dis-
placements per atom (dpa) at the damage peak that is
given by the expression

D (dpa) = [® (ion/cm?)
x R (displacements/ion/cm)]/N (atom/cm?),

()

where @ is the ion fluence, R the local production of
displaced atoms per ion (i.e., at the damage peak), and N
is the atomic density of SiC. The value of R is the total
number of displaced atoms on both the Si and C sub-
lattices, which has been calculated for each ion species
using the SRIM-97 [21] full damage cascade simulations
under the assumptions of a sample density of 3.21 g/cm?
and threshold displacement energies of 20 and 35 eV for
the C and Si sublattices, respectively [22,23]. At the
damage peak, the conversion factor, R/N, from fluence
in ions/nm? to dpa is 0.004296 and 0.5915 for He™ and
Au”", respectively, under the irradiation conditions.

3. Results and discussion
3.1. Disorder accumulation

A series of in situ 0.94 MeV D' RBS and NRA
channeling spectra for 6H-SiC irradiated with 2.0 MeV
Au”" at 170 K to various ion fluences are shown in
Fig. 1. Also included in the figure are random-equivalent
and (000 1)-aligned spectra from a virgin area, which
define the upper and lower level limits of the back-
scattering yields from the amorphous and essentially
defect-free SiC materials, respectively. From Fig. 1, the
Si damage peaks for the irradiated specimens are readily
measurable from the D" RBS/channeling. Although the
C damage peaks also appear in the RBS/channeling
spectra, accurate analysis of disorder on the C sublattice
is not straightforward because of the spectrum overlap.
The D™ scattering yield from the Au implants is not
observable due to the very low Au concentrations. The
break in the abscissa between channel numbers 200 and
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Fig. 1. A sequence of in situ 0.94 MeV D" RBS and NRA
channeling spectra for (000 1)-oriented 6H-SiC wafers irra-
diated 60° off surface normal at 170 K with 2.0 MeV Au”" ions.
Also included are random-equivalent and channeling spectra
from a virgin area.
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780 contains negligible counts. From Fig. 1, the
12C(d,p)"3C NRA/channeling spectra for the C disorder
profiles are well resolvable in a background-free region.
This condition allows simultaneous analysis of disorder
on both the Si and C sublattices from one measurement.

The accumulated disorder at the damage peak for
both the Si and C sublattices is shown in Fig. 2 as a
function of dose (dpa) for 6H-SiC irradiated at 170 K
with Au®" ions. Also included in the figure are the data
previously reported [17] for 6H-SiC irradiated at 100 K
with 50 keV He' ions and stored at 300 K for ~3
months prior to analysis. Complete amorphization on
both the Si and C sublattices corresponds to a relative
disorder of 1.0. The solid lines in Fig. 2 are data fits
using the direct-impact/defect-stimulated (DI/DS) model
for amorphization that has been described previously
[10] and is given by the expression

fa=1— (04 + a5)/{os + g, exp|(o, + 05)D]}, (2)

where f, is the amorphous fraction, ¢, the amorphiza-
tion cross-section, o, the effective cross-section for DS
amorphization, and D is the dose. This sigmoidal-like
dependence of relative disorder on dose has also been
observed previously for 6H-SiC irradiated with other
ion species at or below room temperature [11-13,19,24]
and the 50 keV He" results are consistent with a previ-
ous study of He"-irradiated SiC [18].

From Fig. 2, the 6H-SiC becomes fully amorphous
at ~0.85 dpa under He" irradiation at 100 K and at
~0.24 dpa under Au*" irradiation at 170 K, which in-
dicates an increasing rate of disordering with increasing
ion mass. This higher disordering rate for Au®" is con-
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Fig. 2. Relative disorder on the Si and C sublattices as a
function of dose (dpa) at the damage peak for 2.0 MeV Au*'-
irradiated 6H-SiC at 170 K. Also included are the results for
the 6H-SiC irradiated at 100 K with 50 keV He" ions and
stored at 300 K for ~3 months prior to analysis. Solid lines are
the data fits using the DI/DS model (Eq. (2)).

sistent with a higher probability for DI amorphization,
within the context of the model, and with recent MD
simulations [25,26] that indicate that amorphization
occurs directly within large clusters produced by Au ions
in SiC. For both the Au*' and He™ irradiations, the data
in Fig. 2 indicate that the C disorder is slightly higher at
the lowest doses. This behavior, which is discussed fur-
ther below, is consistent with a smaller threshold dis-
placement energy on the C sublattice, as reported for
molecular dynamics simulations [22,23,27] and other
experimental measurements [16,28]. At higher doses for
the He" irradiation, the residual disorder on the Si
sublattice appears to be in excess of that on the C sub-
lattice. Since the sample was stored at room temperature
for an extended time and defect recovery is expected
during the storage period, the result may suggest that at
higher doses a slightly higher dynamic/thermal recovery
rate may be occurring on the C sublattice than on the Si
sublattice. This could also reflect some effect from the
trapping of the implanted helium atoms at defects in the
He"-irradiated 6H-SiC.

Irradiation with Au®>" and He* at room temperature
(300 K) results in a similar sigmoidal dependence of
disorder on dose, as shown in Fig. 3. The results in
Fig. 3 indicate that the rate of disordering has decreased
with the increase in irradiation temperature for both the
Au’" and He™ in agreement with the kinetic form of the
DI/DS model [10] that accounts for the dynamic re-
covery processes. From Fig. 3, the dose to achieve the
fully amorphous state increases at 300 K to ~0.35 dpa
and >1.1 dpa for the Au>" and He™, respectively. This
decrease in disordering rate is primarily attributed to a
higher dynamic recovery rate at the higher irradiation
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Fig. 3. Relative disorder on the Si and C sublattices as a
function of dose (dpa) at the damage peak for 2.0 MeV Au**-
irradiated 6H-SiC at 300 K. Also included are the results for
the 6H-SiC irradiated at 300 K with 50 keV He" ions. Solid
lines are the data fits using the DI/DS model (Eq. (2)).
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temperature (300 K). As with the irradiation at low
temperatures, the results in Fig. 3 show a strong de-
pendence on ion mass.

In order to examine the ratio of C-to-Si disorder as a
function of dose, two curves under the low temperature
irradiation conditions (Fig. 2) are plotted in Fig. 4. At
low doses, the ratio tends to increase with the decrease
of dose. The extrapolation to zero dose results in a ratio
of about 2 for He" irradiation at 100 K. This result is
consistent with the MD simulations [26,27,29] that give
a value between 2 and 3 for a single cascade. As dis-
cussed above, the higher degree of C disorder may be
associated with the smaller displacement energy on the C
sublattice. The different ratios at low doses under the
Au’" irradiation conditions may be partly attributed to
the formation of large Si and C clusters and localized
amorphous zones that are produced directly in the cas-
cades [25,26]. The production of clusters or amorphous
domains may be less dependent on the different dis-
placement energies for Si and C sublattices as compared
to the formation single atomic displacements (i.e.,
Frenkel pairs).

The ratio of C-to-Si disorder (Fig. 4) decreases with
increasing dose and becomes less than 1.0 at interme-
diate doses. For the Au*"-irradiation data, this decrease
in the ratio below 1.0 is within the experimental uncer-
tainty. However, for the He'-irradiation data, the re-
sults clearly show that the Si disorder exceeds the C
disorder at intermediate damage levels. The excess of the
Si disorder under He" irradiation suggests that a higher
rate of recovery may be occurring on the C sublattice
relative to the Si sublattice. Additionally, the trapping of
implanted helium atoms may be affecting the relative
recovery rates. For both Au”" and He™ irradiations, the
dose for full amorphization on both sublattices occurs at
the same dose and the ratio becomes equal to 1.0 (the
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Fig. 4. Ratio of disorder on the C-to-Si sublattice, derived from
the experimental data in Fig. 2, as a function of dose (dpa).

dotted-line level). The results in Fig. 4 provide further
evidence of the effects of ion mass on amorphization
behavior.

3.2. Disorder recovery

A sequence of RBS and NRA channeling spectra is
shown in Fig. 5 for SiC irradiated at 300 K to an ion
fluence of 0.2 Au>*/nm? and subsequently annealed at
420, 570, 720 and 870 K for 20 min each. From the re-
sults in Fig. 5, a clear recovery stage on both Si and C
sublattices is observed between 420 and 570 K. This
recovery stage was suggested in the results of a recent
study of C*-irradiated 6H-SiC [30] under similar an-
nealing conditions. The recovery behavior (Stage B) is
also observed for the SiC irradiated at 170 K to 0.15
Au*"/nm? and isochronally annealed under similar
conditions at successively higher temperatures, as shown
in Fig. 6. The data in Fig. 6 also suggest that additional
recovery stages (Stages A and C) occur between 170 and
300 and above 570 K, respectively, which are consistent
with previous observations [30].

The results from the isochronal annealing of SiC
irradiated at 170 K with Au" to various ion fluences are
shown in Fig. 7 and exhibit similar recovery behavior on
the Si and C sublattices. Significant recovery processes
on both sublattices occur below room temperature
(Stage A), between 420 and 570 K (Stage B), and above
570 K (Stage C). The activation energies for the recovery
processes associated with Stages A and C on the Si
sublattice have been recently estimated to be of the order
of 0.25+0.15 and 1.5+ 0.3 eV, respectively, using a

4000 B ¥ T L T L] IIII T T
6H-SIC, 2.0 MeV Au?*, 0.2 Au®*/nm?, 300 K

3600 ]
o 3200 ]
°
< 2800 ]
S 2400 —a—300K CEP)°C ]
B e
& 2000 v— 420 K 1
14 —a— 570K
D 1600 —e— 720K 1
8 1200 ] —o— 870K
S 800k

400 R

0 f N A% 2
100 120 140 160 180 200 800 820
Channel Number

Fig. 5. A sequence of in situ 0.94 MeV D RBS and NRA
channeling spectra for (000 1)-oriented 6H-SiC wafers irra-
diated 60° off surface normal at 300 K to an ion fluence of
0.2 Au*" /nm? and annealed at successively higher temperatures
for 20 min each. Also included are random-equivalent and
channeling spectra from a virgin area.
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Fig. 6. A sequence of in situ 0.94 MeV D" RBS and NRA
channeling spectra for (000 1)-oriented 6H-SiC wafers irra-
diated 60° off surface normal at 170 K to an ion fluence of 0.15
Au** /nm? and annealed at successively higher temperatures for
20 min each. Also included are random-equivalent and chan-
neling spectra from a virgin area.

combination of isothermal and isochronal annealing
results [30]. A more recent evaluation gives an un-
certainty of £0.15 eV for the Stage A recovery rather
than the +£0.1 eV that was reported [30]. Additional
experiments are planned to determine the activation
energies for all the observed recovery stages on the Si
and C sublattices. Since ion-channeling method does not
generally identify the defect types responsible for the
recovery stages, computer simulations will be necessary
to identify the detailed underlying processes.

While there is a rapid recovery of disorder below
room temperature for the lowest dose sample in Fig. 7,
complete recovery is not observed at higher tempera-
tures. Instead, there is a gradual recovery of this residual
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Fig. 7. Isochronal recovery (20 min) of relative disorder on the
Si and C sublattices in Au*"-irradiated 6H-SiC as a function of
annealing temperature.

level of disorder (~0.1) with increasing anneal temper-
ature over a wide range of temperatures. Complete
recovery of this residual disorder is not observed on ei-
ther the Si or C sublattices for anneals up to 870 K. This
result is in contrast with that for Si*-irradiated 6H-SiC
[19], where a complete recovery of disorder is observed
below room temperature for a comparable level of dis-
order. The difference is attributed to the higher proba-
bility of cluster formation and in-cascade amorphization
for Au®" ions compared to Si* ions [25,26], which are
more thermally stable than isolated point defects. The
annihilation of irradiation-induced point defects below
room temperature is expected to result in some anneal-
ing of such amorphous domains and clusters. However,
any remaining clusters and amorphous domains are
expected to be relatively stable up to ~1300 K where
recrystallization is first observed to occur [15], or up to
~1450 K where very rapid recrystallization proceeds
[3,15].

A similar thermal recovery behavior is observed for
the He'-irradiated SiC, as shown in Fig. 8. The isoch-
ronal annealing (20 min) was performed on the SiC ir-
radiated at 100 K after storage at room temperature for
~3 months. Based on previous results for He"-irradi-
ated SiC [18], some defect recovery was expected for the
low to intermediate damage levels during the storage
period. The results in Fig. 8 show that significant defect
recovery occurs at relative disorder levels from 0.2 to 0.8
on both Si and C sublattices between 350 and 1000 K.
At low damage levels (below relative disorder of 0.1), the
recovery rate on both sublattices is relatively slow, which
indicates that all mobile defects have already recovered
and any residual defects may be immobile due to He
trapping [17]. Distinct recovery stages are not as ap-
parent in these samples, which might again be associated
with the He trapping at defects that inhibits defect
migration and recombination for some types of defects
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Fig. 8. Isochronal recovery (20 min) of relative disorder on the
Si and C sublattices in He"-irradiated 6H-SiC as a function of
annealing temperature.



W. Jiang et al. | Journal of Nuclear Materials 289 (2001) 96101 101

associated with the recovery stages observed for the
Au’T-irradiated specimens. Similar in situ recovery
results for He'-irradiated 6H-SiC at 190 K have also
been reported in a separate study [18].

4. Summary

At each irradiation temperature (100, 170, and
300 K), the damage accumulation on both the Si and C
sublattices in 6H-SiC irradiated with Au** and He* ions
shows sigmoidal-like dependence of relative disorder on
dose. The rate of disordering on both Si and C sublat-
tices decreases with decreasing ion mass and increasing
irradiation temperature. A higher disordering rate is
observed on the C sublattice relative to the Si sublattice
at low doses (defect concentrations), which is consistent
with a smaller threshold displacement energy on the C
sublattice. In the case of He" irradiation, the residual
disorder on the Si sublattice is in excess of that on the C
sublattice at intermediate doses (damage levels) prior to
full amorphization. For Au*" irradiation, three distinct
defect recovery stages are observed on both sublattices
under isochronal annealing (20 min) conditions. These
recovery stages occur below 300 K, between 420 and
570 K, and above 570 K. For Au*' irradiation at 170 K,
the residual low level disorder (<0.1) after annealing is
attributed to in-cascade defect clusters and amorphous
domains that are thermally stable to high temperatures.
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