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A nonlinear dependence of damage disorder on dose is observed for both Si and C sublattices in 4H-SiC

under 2 MeV Au irradiation at 165 K. The relative disorder observed along thek4̄403̄l direction is much higher
than that along thek0001l direction. Molecular dynamics(MD) simulations demonstrate that most interstitial
configurations are formed on the Si-C dimer rows that are parallel to thek0001l direction. As a result, these
interstitials are shielded by the Si and C atoms on the lattice sites, which significantly reduces the contribution
of these interstitials to the backscattering/reaction yield along thek0001l direction. During isochronal anneal-
ing below room temperature, the relative disorder decreases along thek0001l direction, as expected; however,
the disorder is stable on the Si sublattice and increases slightly on the C sublattice when measured along the

k4̄403̄l direction due to relaxation of some metastable defects to lower energy configurations. As the annealing
temperature increases, similar recovery behavior on both Si and C sublattices along thek0001l direction
indicates coupling of Si and C recovery processes; however, slightly higher recovery temperatures on the C

sublattice along thek4̄403̄l direction suggests some decoupling of the Si and C recovery processes. Based on
the structures and energetics of defects from MD simulations, new insights into defect configurations and
relaxation processes are described.
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I. INTRODUCTION

The wide band gap semiconductor silicon carbidesSiCd
has remarkable physical, chemical and electronic
properties1–3 that make it very attractive for high-speed com-
munications and high-temperature, high-frequency and high-
power applications. Ion implantation is the only planar,
selective-area doping technique available for SiC, since the
diffusion coefficients of impurities in SiC are negligibly
small at or below 1800 K.4,5 Ion implantation, however, in-
evitably produces a significant concentration of defects and
lattice disorder, which lead to a growth of secondary defects
or other polytype structures during post-implantation anneal-
ing or high temperature operation. The failure of prototype
devices, such as high leakage currents, poor and uneven in-
jection during forward bias and premature breakdown under
reverse bias,6,7 are often associated with point defects or
larger agglomerates of point defects formed by the implan-
tation process or during post-implantation annealing. One of
the critical issues for SiC device fabrication is, therefore, to
reduce the effects of implantation-induced damage. Intensive
studies8–16 have been carried out, both experimentally and
theoretically, to understand defect production, accumulation
and damage annealing mechanisms, which are essential to
the implementation of implantation doping techniques in
SiC-based electronic device fabrication.

Among a number of polytypes, 4H-SiC is particularly
promising because of its wide bandgap and its high electron
mobility.17 The objective of the present work is to study ion-
induced damage accumulation, defect relaxation and annihi-
lation following annealing in 4H-SiC using ion channeling
techniques along two crystallographic directions. Together
with molecular dynamics(MD) simulations, new insights
into defect configurations and relaxation are described.

II. EXPERIMENTAL PROCEDURE

The high purity, epitaxial single crystal film of4H-SiC
used in this study was over 8mm thick, grown on a
4H-SiC n-type substrate that was obtained from Sterling
Semiconductor, Inc(Reston, Virginia). The wafer surface
normal was 8° off the k0001l orientation, and the
epitaxial layer was doped with nitrogen in the range of
1.531015 cm−3.

Ion irradiation and the subsequent investigation of dam-
age accumulation and recovery using channeling techniques
were carried out using the 3.0 MV electrostatic tandem ac-
celerator facility within the Environmental Molecular Sci-
ences Laboratory(EMSL) at the Pacific Northwest National
Laboratory(PNNL). The high-quality 4H-SiC samples were
irradiated by 2.0 MeV Au2+ ions 60° off the surface normal
at 165 K to fluences from 331012 to 1.531013 cm−2. At
each ion fluence, the local dose at the damage peak in dis-
placements per atom(dpa) was determined using the SRIM
(stopping and range of ions in matter) 2000 full-cascade
simulation code18 under the assumptions of a sample density
of 3.21 g/cm3 and threshold displacement energies of 20 and
35 eV for the C and Si sublattices, respectively.11 The con-
version factor at the damage peak from ion fluence
s1014 Au+cm−2d to dose(dpa) is 0.627 under the current ir-
radiation conditions.

The crystallographic structure of 4H-SiC consists of tet-
rahedral layers of SiC4 or CSi4, which are perpendicular to
the c-axis with a stacking sequence ofABACABAC. . . . Fig-
ure 1 illustrates a hexagonal structure containing one stack-
ing sequence of the Si sublattice in 4H-SiC, where the C
sublattice is not shown to more clearly indicate the directions
for the channeling measurements. The plane perpendicular to
thec-axis is the basal plane, and the lattice constantsa andc
are 0.30730 and 1.0053 nm, respectively.17 In the current
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study, the relative disorder along thek0001l (c-axis) and the

k4̄403̄l directions are measured using channeling techniques.

As indicated in Fig. 1, thek4̄403̄l direction, which is the

zone axis defined by thes1̄1̄20d and s3̄308d planes, is ob-
tained by tilting the sample 35.3° from thek0001l direction

toward thek1̄100l direction. In the current study, the angle
between the probe beam and surface normal is 8° and 27.3°

for the k0001l and k4̄403̄l directions, respectively.
The disorder on both Si and C sublattices in SiC was

determined simultaneously from both Rutherford back-
scattering spectroscopy(RBS) and12Csd,pd13C nuclear reac-
tion analysis(NRA) at a scattering angle of 150° using a
0.94 MeV D+ beam, as reported previously.8,9 The ion-
induced disorder on both Si and C sublattices in the as-
implanted samples was measured at 150 K along bothk0001l
and k4̄403̄l directions. Isochronal annealing for 20 minutes
was performedin situ under high vacuum(10−7 mbar) in the
target chamber at temperatures up to 870 K, where most
point defects are mobile. Following each annealing step, the
residual disorder on both Si and C sublattices in the annealed

samples was also measured along thek0001l and k4̄403̄l di-
rections by RBS and NRA. For samples that were annealed
at 200, 250 and 300 K, the channeling measurements were
carried out at 150 K; while for samples annealed at a higher
temperature, the analysis was performed at room tempera-
ture. This procedure ensured that the thermal recovery pro-
cesses were quenched prior to analysis.

III. RESULTS AND DISCUSSION

A. Disorder accumulation model

Implantation-induced disorder in 4H-SiC, which is mea-
sured by the ion channeling techniques, consists of contribu-
tions from amorphous material, interstitials and small inter-
stitial clusters. The amorphous fraction can be described well
using a direct-impact, defect-stimulated(DI/DS) model,19

where amorphization occurs directly within a cascade and
from defect-stimulated processes at crystalline/amorphous
(c/a) interfaces. According to the DI/DS model,19 the amor-
phous fraction,fa, is given by

fa = 1 − ssa + ssd/hss + sa expfssa + ssdDgj, s1d

wheresa is the amorphization cross section,ss is the effec-
tive cross section for defect-stimulated amorphization, and D
is the local dose(dpa).

Ion irradiation also leads to the formation and accumula-
tion of point defects and small defect clusters in the residual
crystalline material;15 however, only interstitials and intersti-
tial clusters contribute measurably to the relative disorder.
The corresponding contribution of such defects to the rela-
tive disorder,Sd, is expressed by9

Sd = Sd
*f1 − exps− BDdgs1 − fad, s2d

whereSd
* is the saturation value for the defect-induced disor-

der, and the parameter Bsdpa−1d is proportional to an effec-
tive recombination volume for the specific defects giving rise
to Sd.

The total disorder,S, produced under ion-beam irradiation
and measured by ion-channeling methods is given by

S= fa + Sd. s3d

This disorder accumulation model[Eq. (3)] can be fit to the
data obtained at the damage peak by channeling RBS and
NRA.

B. Disorder accumulation

The depth profiles of the relative disorder on the Si and C
sublattices due to irradiation were determined from the RBS
and NRA spectra using an iterative procedure,20–22as in pre-
vious studies.8,9 The relative disorder on the Si and C sub-
lattices at the damage peak for the as-implanted samples is
shown in Fig. 2 as a function of the local dose(dpa). A
sigmoidal dependence of damage accumulation on dose is
observed along both directions and on both sublattices. The
lines are model fits of Eq.(3) to the data. The parameters are

FIG. 1. The first stacking sequence of Si sublattice in 4H-SiC

with the axesk0001l and k4̄403̄l indicated. The filled symbol is
used when the Si atom is on the corresponding axis.

FIG. 2. The relative disorder along thek0001l andk4̄403̄l direc-
tions on both Si(a) and C(b) sublattices as a function of local dose
at the damage peak. The lines are the fits of the disorder accumu-
lation model[Eq. (3)] to the data.
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summarized in Table I. The significantly larger values ofss
relative to sa (Table I) for both directions indicate that
defect-stimulated amorphization is the primary mechanism
that leads to the growth of amorphous nuclei and coalescence
of amorphous domains. The dominance of defect-stimulated
amorphization processes has also been confirmed in MD
simulations of cascade overlap in3C-SiC.14 The cross sec-
tions, sa and ss, are similar for both Si and C sublattices
(Table I) and independent of channel orientations, which is
expected since the amorphous state is 3-dimensional and es-
sentially stoichiometric(no enrichment in either element).

It is important to note that the disorder along thek4̄403̄l
direction, as shown in Fig. 2, is much higher than that along
the k0001l direction. The results in Fig. 3, as well as the
fitting parameters from Table I, indicate that the higher dis-

order along thek4̄403̄l direction is due to different contribu-
tions from Sd, which is primarily from irradiation-induced
interstitials in the residual crystalline regions. Furthermore,
the relative disorder,Sd in Fig. 3, is larger on the C sublattice
than the disorder on the Si sublattice along both directions,
which is consistent with the higher displacement production
rate for C relative to Si predicted by MD simulations.11–13

This is further illustrated by the significantly larger values of
Sd

* for the C sublattice, as compared with the corresponding

values for the Si sublattice(Table I). The value ofB is re-
lated to the effective recombination volume for specific de-
fects. The sameB values along the same orientation for the
Si and C sublattices is expected, since close-pair recombina-
tion kinetics are similar for Si and C.12 The difference inB
and Sd along the different channeling directions can be ex-
plained based on an understanding of the irradiation-induced
defect configurations in 4H-SiC from MD calculations.23,24

C. Defect configurations

The results of molecular dynamics simulations on defect
evolution in 3C-SiC11–14 under ion irradiation indicate that
energetic ions primarily produce interstitials, monovacan-
cies, antisite defects, and small defect clusters within colli-
sion cascades. As the channeling techniques are relatively
insensitive to vacancies and antisite defects, the discussion
on defect configurations based on MD results will focus on
interstitial-type defects.

The tetrahedral structure of SiC4 or CSi4, with bond
angles of 109.5°, is the basic cell in all SiC polytypes. The
higher number of nonequivalent lattice sites in 4H-SiC23,24

leads to a greater variety of potential elementary defects than
in 3C-SiC. In covalent SiC, dumbbell interstitials(two atoms
sharing one lattice site) are important defects due to their low
formation energies. As shown in Figs. 4(a) and 4(b) and de-
scribed in more detail elsewhere,23,24 the dumbbell intersti-
tials can be classified into D1 and D2 groups, where the D1
dumbbell lies in one of the six planes formed by two Si-C
bonds, and D2 dumbbells are situated in two perpendicular
planes formed by two Si-C bonds. There exist twenty D1 and
twelve D2 dumbbell configurations in 4H-SiC. For example,
two C interstitials classified as D1C+C and D2C+C are shown
in Figs. 4(a) and 4(b), respectively, where the central carbon
atom in the tetrahedral position is replaced by a C-C dumb-
bell.

In addition to dumbbell interstitials, there are fourteen
possible single interstitial configurations. In 4H-SiC, the lat-
tice structure can be characterized using Si-C dimer rows
(parallel to the c-axis) that are perpendicular to the basal
plane, namely long(dashed arrow) and short rows(dotted
arrow), as indicated in Fig. 5. There are seven possible po-
sitions for interstitials on each sublattice. For example, the
seven C interstitial configurations are illustrated in Figs.
6(a)–6(e). There are two C tetrahedral configurations on the
long row, as shown in Fig. 6(a), surrounded by four C atoms
sCTCd or by four Si atomssCTSid. On the three hexagonal

TABLE I. The model parameters from the fit of Eq.(3) to the
data in Fig. 2.

Sik0001l Ck0001l Sik4̄403̄l Ck4̄403̄l

sasdpa−1d 2.0 2.0 2.0 2.0

sssdpa−1d 41.8 41.5 43.6 44.0

Sd
* 0.005 0.0167 0.118 0.403

Bsdpa−1d 100 100 25 25

FIG. 3. The fitted relative disorder from irradiation-induced in-
terstitials and small interstitial clusters in the residual crystalline
regions,Sd, on both Si(a) and C (b) sublattices along thek0001l
and k4̄403̄l directions as a function of local dose at the damage
peak.

FIG. 4. Fundamental structure of dumbbell interstitials:(a)
D1C+C and (b) D2C+C.
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positions, there are two possible C interstitial defects(CHC
and CHSi) on the long row inside the two hexagonal Si3C3
rings (dotted circles) that are parallel to the basal plane, as
shown in Fig. 6(b), and onesCHd inside a hexagonal Si3C3

ring (dashed circle) that is not parallel to the basal plane, as
shown in Fig. 6(c). Furthermore, there exist two highly sym-
metric interstitial structures: CHR between the two hexagonal

Si3C3 rings (dotted circles) on the long row, as shown in Fig.
6(d), and CTR between trigonal Si3 ring (dashed circle) and
trigonal C3 ring (dotted circle) on the short row, as shown in
Fig. 6(e). In 4H-SiC, there also exist seven corresponding
configurations for single Si interstitials. Based on calculated
formation energies,23,24 all seven C interstitial configurations
are stable, but only tetrahedral Si interstitials(SiTSi and SiTC)
and the Si interstitial between two hexagonal Si3C3 rings
sSiHRd are stable. While the other Si configurations(SiH,
SiHSi, SiHC and SiTR) are unstable, such interstitials may be
produced by irradiation. Therefore, it can be concluded that
most single interstitial defects, except CH and SiH produced
under irradiation, are located on the Si-C dimer rows that are
parallel to the c-axis.

When aligning the probe beam along thek0001l direction,
backscattering contributions from the D1 and D2 dumbbell
interstitials and the CH and SiH type single interstitials can be
observed. The other single interstitial configurations, such as
shown in Figs. 6(a), 6(b), 6(d), and 6(e), are shielded from
the analysis beam by the Si-C rows along thek0001l direc-
tion, and therefore will not contribute to the backscattering/

reaction yield. On the other hand, along thek4̄403̄l direction,
all seven possible configurations for the single interstitials on
each sublattice and all the dumbbell interstitials are acces-
sible, in varying degrees, to the probe beam. Since all inter-
stitial configurations contribute in some degree to the back-

scattering along thek4̄403̄l direction, a significantly higher
relative disorder is observed on both the Si and C sublattices
along this direction; while along thek0001l direction, only a
fraction of the interstitial configurations contribute to the dis-
order. Multiaxial channeling studies25 in 6H-SiC under Au
irradiation also indicated the presence of stable interstitial
configurations at 300 K that are shadowed along thek0001l
direction, which is attributed to similar defect configurations.
The differentB values along both directions indicate that the
effective recombination volume is different for the dumbbell
interstitials and the single interstitial configurations. MD
simulations12 indicate that the activation energies for defect
recombination in3C-SiC range from 0.22 to 1.6 eV for C
Frenkel pairs and from 0.28 to 0.9 eV for Si Frenkel pairs.
The activation energies for recombination of close-pairs with
separation distances less than 0.7a are between 0.24 to
0.38 eV, and smaller activation energies are normally ob-
served for the dumbbell interstitials.12 These close-pair re-
combination energies for3C-SiC are relevant to the obser-
vations for 4H-SiC at 165 K in the current study, and the
largerB values along thek0001l direction are consistent with
the generally smaller activation energies for dumbbell inter-
stitials.

D. Damage recovery

After completion of the channeling measurements for the
as-implanted samples, isochronal annealing was carried out
sequentially at temperatures from 200 to 870 K. The relative
residual disorder for the higher dose samples at the damage
peak for both Si and C sublattices was determined along both
directions after each annealing, and the results are shown in
Fig. 7.

FIG. 5. Details of a dimer sequence of the long row(dashed
arrow) and short row(dotted arrow) in 4H-SiC.

FIG. 6. Seven possible positions for C single interstitials:(a)
two tetrahedral positions on the long row,(b) and(c) three hexago-
nal positions, and two highly symmetric interstitial structures,(d)
between the two hexagonal Si3C3 rings on the long row, and(e)
between a trigonal Si3 and a trigonal C3 rings on the short row.
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For annealing below room temperature, distinct annealing
behavior is observed along each of the directions. The rela-
tive disorder along thek0001l direction decreases as tem-

perature increases, but the relative disorder along thek4̄403̄l
direction is largely unchanged on the Si sublattice and in-
creases slightly on the C sublattice. Recent MD simulations12

of defect generation by displacement cascades in SiC have
shown that a large portions,60%d of the interstitials come
to rest at distances of less than 0.707a (wherea is the lattice
parameter) from the nearest vacancies. The recombination of
interstitials with vacancies will lead to a decrease in disorder,
as observed alongk0001l. The exact defect kinetics and

mechanisms for the relative increase along thek4̄403̄l direc-
tion, particularly for the C sublattice, are unclear; however,
this behavior must be associated with the relaxation of de-
fects to lower-energy configurations that give rise to an in-
creased contribution to the backscattering. Determining the
nature of the defects and processes associated with the relax-
ation and recovery in this temperature region will require
careful experimental studies in parallel with computer simu-
lations, both of which are planned as part of future work.

As the annealing temperature further increases, the re-

sidual disorder decreases along both thek0001l and k4̄403̄l
directions, as shown in Fig. 7. At higher annealing tempera-
tures(above room temperature), interstitials will migrate, re-
sulting in annihilation or clustering. This leads to a decrease
in the concentration of local defects and some defect-
stimulated epitaxial recrystallization of amorphous domains,
both of which will result in decreased local disorder. Above
room temperature, there are recovery stages at,300 and 500
K that are more pronounced for the high-dose samples. The

recovery stage at,500 K occurs for both Si and C sublat-
tices and is consistent with the general recovery behavior
observed in SiC irradiated with He,26 Al,9 and Xe.27 This
recovery stage is not observed by positron lifetime
spectroscopy,28 which suggests that vacancy defects are un-
affected by the recovery process at these temperatures.

Although recovery depends on the initial defect configu-
rations, disorder level and sublattice, similar recovery behav-
ior above room temperature on both Si and C sublattices is
observed along thek0001l direction. The recovery behavior
of the highest dose sample along both directions is shown
over a wider temperature range in Fig. 8. The results in Figs.
7 and 8 suggest similar defect migration energies or that the
defect migration and annihilation processes on the two sub-
lattices along thek0001l direction are coupled. Recent
ab initio calculations16 of stable defect configurations in
3C-SiC indicate that C-C and C-Si split interstitials are the
most stable configurations for the C interstitials. Further-
more, recent MD simulations29 indicate that the long-range
migration of interstitials occurs by hopping from sublattice
to sublattice. Thus, the coupled recovery processes observed
on the Si and C sublattices is partially associated with C
interstitial migration. MD simulations11–13 have also indi-
cated that significant anti-site defects are produced on both
sublattices in SiC by energetic collision cascades, and the
recovery of the anti-site defects may also lead to coupled
recovery processes on the Si and C sublattices.

While similar recovery behavior is observed for Si and C
along thek0001l direction, the recovery behavior on the Si

and C sublattices is markedly different along thek4̄403̄l di-
rection. As shown in Fig. 8, a recovery stage at,700 K is

observed, which is much more pronounced along thek4̄403̄l
direction. Although more damage is annealed in the recovery

FIG. 7. Isochronal recovery of relative disorder along thek0001l
and k4̄403̄l directions for both Si and C sublattices at the damage
peak in Au2+ irradiated 4H-SiC.(a) Si sublattice along thek0001l
direction;(b) Si sublattice along thek4̄403̄l direction;(c) C sublat-
tice along the thek0001l direction; and(d) C sublattice along the

k4̄403̄l direction.

FIG. 8. Isochronal recovery of relative disorder along the(a)

k0001l and(b) k4̄403̄l directions for both Si and C sublattices at the
damage peak in Au2+ irradiated 4H-SiC with an ion fluence of
1.531013 ions cm−2 (0.096 dpa at the damage peak).
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stage at ,500 K than at the higher temperature stage
s,700 Kd, the relative amount of recovery within the two
stages is clearly discernable between the Si and C sublattices

along thek4̄403̄l direction. For the Si sublattice, nearly 50%

of the irradiation-induced disorder recovers along thek4̄403̄l
direction between,400 and 600 K, while another 10% of
the original Si disorder recovers at temperatures between
,650 and 800 K. For the C sublattice, about 40% of the

irradiation-induced disorder recovers thek4̄403̄l direction
between 400 and 600 K, and,20% of the original C disor-
der recovers between 650 and 800 K. The recovery on the C
sublattice appears to be slightly shifted to higher tempera-
tures. The different recovery behavior of the Si and C sub-

lattices along thek4̄403̄l direction may suggest some decou-
pling of the Si and C recovery processes. Since most single
interstitials along the Si-C dimer rows are detectible along

the k4̄403̄l direction rather than thek0001l direction, the de-
coupling of the Si and C recovery processes may mostly be
associated with the recovery of single interstitial configura-
tions.

Complete recovery of the residual disorder is not ob-
served on either sublattice or along either direction after an-
nealing up to 870 K due to residual amorphous domains and
stable defect clusters. Thermal annealing at 1300 K or higher
is necessary for complete restoration of the crystalline
order.30

IV. CONCLUSIONS

Damage accumulation on both Si and C sublattices shows
sigmoidal dependence on dose under Au irradiation at
165 K. The nonlinear behavior is described well by a disor-
der accumulation model, which indicates that defect-
stimulated amorphization is the primary amorphization

mechanism. The observed relative disorder along thek4̄403̄l

direction is much higher than that along thek0001l direction.
Based on MD simulations of stable defect configuration, all
dumbbell interstitials and single interstitial configurations are

detectable along thek4̄403̄l direction. Since most single in-
terstitial configurations are formed on the Si-C dimer rows
that are parallel to thek0001l direction, these interstitials are
shielded by the Si and C atoms on the lattice sites, which
significantly reduces the backscattering/reaction yield along
the k0001l direction. During isochronal annealing below
room temperature, the relative disorder decreases along the

k0001l direction but increases slightly along thek4̄403̄l di-
rection due to different relaxation and recovery processes for
interstitial defects and anti-site defects. As the annealing
temperature increases up to 870 K, similar recovery behavior
on both Si and C sublattices along thek0001l direction sug-
gests coupling of recovery processes of Si and C defects;
however a slight shift to higher temperature of recovery on

the C sublattice along thek4̄403̄l direction may indicate
some decoupling of the Si and C recovery processes. A re-
covery stage at,500 K for the Si and C sublattices is attrib-
uted to increased mobility of interstitial defects.
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