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Cascade overlap and amorphization in 3C-SiC: Defect accumulation, topological features,
and disordering
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Molecular dynamics~MD! simulations with a modified Tersoff potential have been used to investigate
cascade overlap, damage accumulation, and amorphization processes in 3C-SiC over dose levels comparable to
experimental conditions. A large number of 10 keV displacement cascades were randomly generated in a model
crystal to produce damage and cause amorphization. At low dose, the damage state is dominated by point
defects and small clusters, where their concentration increases sigmoidally with increasing dose. The coales-
cence and growth of clusters at intermediate and higher doses is an important mechanism leading to amor-
phization in SiC. The homogeneous nucleation of small clusters at low dose underpins the homogeneouslike
amorphization observed in SiC. A large increase in the number of antisite defects at higher dose indicates that
both interstitials and antisite defects play an important role in producing high-energy states that lead to
amorphization in SiC. The topologies~such as total pair correlation function, bond-angle, and bond-length
distributions! of damage accumulation in the crystal suggest that a crystalline-to-amorphous~c-a! transition
occurs at about 0.28 dpa. This value is in qualitative agreement with the experimental value of 0.27 dpa under
similar irradiation conditions. After the model crystal transforms to the fully amorphous state, the long-range
order is completely lost, while the short-range order parameter saturates at a value of about 0.49.

DOI: 10.1103/PhysRevB.66.024106 PACS number~s!: 61.80.2x, 61.72.Ji, 61.82.Fk, 71.15.Pd
i-
ca
v

n
fo
ce
d
to
rs
s
on
r-

ro
os
I
o

o
.
a

un
e

ion
in
d
e

sm
t

m
an
la

n-
as

tion

a
er-
SiC
s a
o-
ss,
ted
os-
des.

n
pro-

re-
old
s up
ff
ht
is-
mber
ults
of
r the

only
rs.
ters
ced

tion
ity
.

I. INTRODUCTION

Silicon carbide~SiC! has a number of outstanding phys
cal and chemical properties that drive its potential appli
tion in semiconductor devices, high neutron radiation en
ronments, and in the petrochemical industries.1 The high-
electron mobility, wide band gap, high-breakdown field, a
high saturated electron-drift velocity make SiC suitable
high-power and high-frequency electronic devi
applications.2 The small cross section, low activation an
good thermal conductivity under neutron irradiation lead
its potential use in structural components for fusion reacto3

as an inert matrix for the burnup of plutonium from exce
weapons,4 and as cladding material for gas-cooled fissi
reactors.5 In device processing, ion implantation is an impo
tant technology for donor or acceptor doping, but this p
cess results in the creation of atomic-level defects wh
accumulation can cause disordering and amorphization.
vestigation of the production and subsequent evolution
nonequilibrium concentration of defects in SiC is thus
considerable technological, as well as scientific, interest
spite of the technological importance of SiC, damage form
tion, defect accumulation, and disordering are not well
derstood, particularly with regards to the atomic-lev
mechanisms controlling the crystalline-to-amorphizat
~c-a! transition. The loss of crystallinity or amorphization
SiC has been the subject of numerous experimental stu
over the last decades. The comprehensive reviews of the
tensive experimental6–8 and theoretical9 efforts appear in the
literature. Despite these efforts, the study of the mechani
leading to thec-a transition in SiC remains an importan
challenge that demands atomic-level insight of the dyna
processes controlling the evolution of irradiation damage
defect accumulation that can be provided by MD simu
tions.
0163-1829/2002/66~2!/024106~10!/$20.00 66 0241
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Using a range of analytical techniques, the irradiatio
induced crystalline-to-amorphous transformation in SiC h
been studied as a function of temperature under irradia
with electrons,10,11 neutrons,12 and various ions.13,14 The c-a
transition occurs below a critical temperature only after
critical defect concentration is exceeded. The critical en
gies and threshold doses for complete amorphization in
for a given irradiation condition have been determined a
function of temperature. It is generally accepted that hom
geneouslike amorphization in SiC is the dominant proce
even under heavy-ion irradiation, which may be associa
with the accumulation of irradiation-induced defects, nan
cale amorphous nuclei, and the overlap of damage casca

Molecular dynamics~MD! simulations have long bee
used to study the nature of the primary damage state
duced by fast atomic particles in metals15,16 and
ceramics.17,18 Several computational studies have been
cently performed to investigate the displacement thresh
energies and single displacement cascades with energie
to 50 keV in 3C-SiC using variations of the Terso
potentials.17,19–21These studies have provided much insig
into the mechanisms that control defect production in d
placement cascades and statistics on the nature and nu
of defects generated as a function of energy. The res
show that self-atom recoils in SiC lead to the formation
dispersed cascades, where the defects are spread ove
simulation cell, as illustrated in Fig. 1~a!.21 Most surviving
defects are single interstitials and vacancies, such that
19% of the interstitial population is contained in cluste
The size of the defect clusters is small, and defect clus
containing more than four defects are seldom produ
within a single cascade, as shown in Fig. 1~b!.21 These re-
sults suggest that in-cascade or direct-impact amorphiza
in SiC does not occur with any high degree of probabil
during the cascade lifetime, even with high-energy recoils21
©2002 The American Physical Society06-1
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Although there are experimental techniques, such as h
resolution transmission electron microscopy, currently
plied to study the dynamics of amorphization processes
remains unclear why homogeneouslike amorphization is
dominant process in SiC, even under heavy-ion irradiat
In contrast, heterogeneous amorphization appears to occ
a majority of ceramics.22 Therefore, it is necessary to simu
late cascade overlap to determine how defects and de
clusters accumulate and how amorphous domains nuc
and grow into large amorphous regions during such p
cesses.

Previously, Malerbaet al.23 employed molecular dynam
ics to simulate defect accumulation with 100 eV recoils
SiC. Their results suggested that the driving force for
crystalline-to-amorphous~c-a! transition under these cond
tions is the accumulation of Frenkel pairs. Antisite defec
which are not readily produced by 100 eV recoils, but a
produced in large numbers at higher energies,24 apparently
do not play a significant role under these low-energy con
tions. Major changes in SiC under these simulation con
tions take place because of the increase in Frenkel pairs.
eventual production of antisite defects from collision pr
cesses scarcely influences the energetics of the system.
the recoil energy of 100 eV is well below that necessary
define a real cascade process, the conditions of the Mal
et al.23 simulations correspond to electron irradiation. Th
simulation results are in reasonable agreement with exp
mental electron-irradiation results.10,11 More energetic dis-
placement cascades produce not only Frenkel pairs and
site defects, but also clusters.20,21,24 Recent experimenta
results6 have shown that many small clusters are produ
throughout the irradiation region in SiC irradiated with Fe21

ions at low dose~0.08 dpa at damage peak!. A partially
amorphous state is observed in regions irradiated to a d
greater than 0.2 dpa. Furthermore, a completely amorph
state was attained at a higher dose of 0.4 dpa at the sur
However, the nature and microscopic role of these cluster
the nucleation and growth of amorphous domains is still
fully understood. Atomic-level simulations to interpret e
perimental results are required to explore the mechani

FIG. 1. ~a! Atomic plot of defects produced by a 10 keV S
cascade, where defect type is distinguished by size and gray s
ing and~b! the distribution of interstitials clusters per cascade for
recoils in SiC at 300 K.
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controlling c-a transition, and to develop models o
radiation-induced structure-property changes.

In this paper, a molecular dynamics~MD! method has
been employed to simulate defect accumulation, casc
overlap and disordering in 3C-SiC, and the dynamic p
cesses are followed from a low dose level to complete am
phization. This paper describes the model and method
ployed in the present simulations, and the results for de
accumulation; the following paper~Ref. 25! deals with the
energetics of the system, radiation-induced volume chan
due to defect accumulation and amorphization, relative d
order of Si and C atoms, and TEM images of damage ac
mulation. In the following, the evolution of cascade overla
the accumulation of interstitials, vacancies and antisite
fects are presented in Sec. III. Thec-a transition during cas-
cade overlap and the topological features of amorphous s
such as coordination number, pair correlation function, bo
length and bond angle, are described in Sec. IV, followed
the calculations of ordered parameters as a function of d
in Sec. V. Discussion and comparison with experimental
sults and those obtained by others will be given in Sec.

II. SIMULATION DETAILS

The MD simulations of cascade overlap were perform
using a parallel version ofMDCASK code, which has been
modified to study SiC,17 with constant pressure and period
cal boundary conditions. The number of atoms contained
the simulation cell was kept constant, while the temperat
is controlled by coupling the atoms in the two bounda
planes along thez direction to a reservoir of heat at 200 K
The shape of the MD block is rectangular and contains
310350 unit cells with 40 000 atoms.

The energy of 10 keV was chosen for the cascade ene
in the present simulation study because higher-energy
cade simulation~up to 50 keV! yields multiple branches with
energies on the order of 10 keV.20 Selection of this energy
allows the use of a smaller MD block, which makes t
simulation tractable computationally. The energy of 10 k
for the Si recoil is also near the peak in the nuclear stopp
power for Si in SiC, which according to the stopping a
range of ions in matter~SRIM! code26 occurs at 12 keV; thus
the simulations will investigate the regime of highest-ene
deposition density. Since many experimental studies foll
the accumulation of damage at the peak in the damage
duction profile ~i.e., damage peak!, the present simulation
study is directly relevant to previous experiments, such
those employing Si or Ar ions where the energies of
incident ions and recoils in the damage peak are on the o
of 10 keV.9,13

The simulation of cascade overlap processes in SiC
started by giving an atom near the top of the cell a kine
energy of 10 keV into the cell, which generated an initial
keV displacement cascade. The displacement cascade
allowed to evolve for about 10 ps, after which the MD ce
was equilibrated for another 10 ps to control temperatu
Creating a second cascade simulated cascade overlap
the production of subsequent cascades with a similar pro
dure, except with random atoms and directions, provide
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CASCADE OVERLAP AND AMORPHIZATION IN 3C- . . . PHYSICAL REVIEW B 66, 024106 ~2002!
simulation of multiple cascade overlap. Each subsequent
cade was allowed to evolve for at least 10 ps, such that
collisional and thermal spike stages of the cascade coul
assessed, and the MD cell was again thermally equilibra
for 10 ps. A Wigner-Seitz cell method has been used to id
tify interstitials, vacancies and antisite defects. A lattice s
with an empty Wigner-Seitz cell was recognized as a
cancy, a cell with multiple atoms is an interstitial and a s
occupied by a wrong atom type is designated as an ant
defect. Currently, additional analysis efforts are underway
compare the ratio of interstitials to antisite defects in SiC
different criteria, such as nearest-neighbor spheres and
demann spheres, and an analysis of damage accumul
based on topological considerations is being performed.

After each overlap event, the damage state and the en
of system were stored for subsequent analysis, and the
responding dose level was calculated. Relative disorder
the topological distribution and ordered parameters w
sampled every five cascades, averaging over 5000 time s
After each cascade, an accounting of defects was perform
and the corresponding dose was determined based on
average number of displaced atoms produced by a 10 ke
cascade in 3C-SiC, which previous detailed M
experiments17,21 in 3C-SiC have shown to be about 100 d
placements, multiplied by the number of cascades, and
vided by the total number of atoms in the MD block. A
though this method may involve some degree of uncertai
it is consistent with the methods applied to experimen
data, where the average number of local displacements
ion, based on theSRIM code, is multiplied by ion flux and
divided by the atomic density of virgin crystal. To distin
guish the dose in these simulations from those in experim
tal studies, the unit of dose used is MD-dpa to avoid a
confusion regarding the method of calculation. A total of 1
cascades were simulated, corresponding to a final dos
0.35 MD-dpa. Frenkel pairs and antisite defects were g
bally accumulated over a time span of about 3 ns, wh
gives a dose rate on the order of 108 MD-dpa/s. This dose
rate is significantly greater than any experimental value us
However, dose rate effects should only be important wh
there is significant mobility of the defects, which is genera
not the situation during low-temperature irradiation of Si
Therefore, the dose rate employed in the present simulat
should reasonably mimic experimental defect accumula
and disordering processes at low temperatures.

The interactions between atoms were described using
soff potentials along with a modification of short-range
teractions based onab initio calculations,17 where the cutoff
distances of the potentials were scaled by the cell volu
The threshold displacement energies determined using t
potentials are in good agreement with those obtained by fi
principles calculations and experimental methods,27 and the
melting temperature simulated is in reasonable agreem
with experimental value.20 These potentials have also be
employed to calculate defect properties28 and displacemen
cascades for recoil energies from 0.25 to 50 keV in 3C-SiC24

These results suggest that the potentials are well suited
the present simulations of damage accumulation. In orde
characterize the topologies of partial and complete am
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phization irradiated in SiC, a reference amorphous sam
has been prepared using the same Tersoff potentials. A c
tal containing 1728 atoms was initially heated to 3900
using a method called semiconstant volume simulation,
described by Gao and Weber,20 and the melting process wa
observed at 45 ps. The crystal was further equilibrated
another 120 ps to allow proper atomic mixing, and th
quenched to 0 K. Although this may not reproduce all t
properties of amorphous SiC, it provides a simple meth
that is sufficient for evaluating the possible aspects of to
logical features.

III. CASCADE OVERLAP AND DEFECT ACCUMULATION

The present MD simulations have studied defect and d
age accumulation from a single cascade, which repres
the lowest damage state, to the completely amorphous s
produced by multiple cascade overlap. Therefore, a full co
parison with experiments can be made. Furthermore,
mechanisms and the exact nature associated with the a
phization processes in SiC are investigated. Figure 2 sh
the damage states produced in the central part of the
block as a function of equivalent dose, where only displac
atoms and antisite defects are plotted for simplicity. La
spheres represent the displaced atoms, while the antisite
fects are indicated by small spheres. At low dose, the do
nant defects are single interstitials and monovacancies, b
can be clearly seen that some small clusters are nucleate
Fig. 2~a!, as indicated within the circle. The size of the clu
ters is very small, similar to those found in a sing
cascade.20 However, the concentration of small clusters i
creases with increasing dose and these clusters are dis
uted randomly inside the MD block. These clusters are thr
dimensional clusters of point defects, which should indu
considerable strain in the lattice. A preliminary result of ca
cade annealing indicates that small clusters in SiC have
mobility, which should promote the formation of disordere
states. During continued cascade overlap, the small clus
coalesce and grow, due to local strain, to form larger clus
or amorphous domains, which are surrounded by many sm
clusters, as illustrated in Figs. 2~b! and 2~c!. Thus, the amor-
phization process appears to be consistent with the de
stimulated cascade-induced growth of small clusters,
cussed further in Sec. VI. A detailed analysis indicates t
these larger amorphous domains consist of interstitials
antisite defects, as well as vacancies, suggesting that
interstitials and antisite defects play an important role in
high-energy states that lead to amorphization in SiC. It
observed that some small clusters containing only two
three defects are dissociated by direct collision from en
getic recoils. The defects dissociated from the clusters a
hilate, become isolated defects, or combine with other
fects or clusters. The competition between nucleation
elimination of small clusters represents a dynamic proc
for cluster formation during cascade overlap. The increas
the number of clusters with increasing dose suggests tha
nucleation of small clusters is a dominant process in S
The coalescence and growth of clusters gives rise to the
mation of larger amorphous regions, as seen in Figs. 2~d! and
6-3
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FIG. 2. ~Color! Computer plots showing the process of cascade overlap and defect accumulation as a function of dose, the nuc
small clusters and the coalescence of clusters, where only interstitials and antisite defects are presented. The legend identifie
possible defect type: C interstitial (CI), Si interstitial (SiI), C sublattice antisite (SiC), and Si sublattice antisite (CSi).
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2~e!. A completely amorphous state is reached at a dos
about 0.28 MD-dpa, as shown in Fig. 2~f!, where interstitials,
vacancies and antisite defects are distributed homogeneo
Such homogeneouslike amorphization is associated with
eral possible processes during cascade overlap:~a! the pro-
duction and accumulation of point defects and small clus
that act as amorphous nuclei at low dose;~b! the nucleation
of additional small clusters due to local high defect conc
tration; and~c! the local growth and coalescence of cluste
to form amorphous domains. The damage accumulation
to Si ions in 6H-SiC has been studied experimentally by
implantation andin situ RBS measurements.29,30 These re-
sults have shown that point defect production appears
dominate at a low dose level~,0.04 dpa in the damage pea
region!, which is supported by subsequent isochronal ann
ing over a temperature range from 190 to 1200 K; while
higher dose level, a buried amorphous layer is formed a
dose of 0.3 dpa.30 The present simulations are qualitativ
agreement with the experimental observations, which s
ports the proposed mechanisms of defect-stimulated nu
ation and growth of small clusters during continued casc
overlap.

To demonstrate the damage accumulation due to cas
overlap, the numbers of interstitials and antisite defects
02410
of

sly.
v-

rs

-
s
ue
n

to

l-
t
a

p-
le-
e

de
re

shown in Fig. 3 as a function of dose, where the Si and
components are presented separately. In general, interst
and antisite defects increase sigmoidally with increas
dose. The increase is slow at low dose level, which m
reflect the accumulation of only point defects and the nuc
ation of small clusters, as discussed above. Cascade ov
results in increased defect production due to prior-exist

FIG. 3. Data for the number of interstitials and antisites defe
as a function of dose in irradiated SiC, where the Si and C com
nents are presented separately.
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CASCADE OVERLAP AND AMORPHIZATION IN 3C- . . . PHYSICAL REVIEW B 66, 024106 ~2002!
defects and the nucleation of clusters between existing c
ters causing growth and coalescence. The enhanced d
production due to cascade overlap leads to a faster incr
in interstitial production above a dose of 0.05 MD-dpa, a
the increase is very small after 0.28 MD-dpa, which sugge
thec-a transition has been achieved. It should be pointed
that the results in Fig. 3 are obtained using Wigner-Seitz-
analysis that is based on original lattice sites, as describe
the simulation details above. While this method may be
appropriate for addressing chemical and topological disor
as suggested by Yuan and Hobbs,31 particularly for the highly
disordered, near-amorphous state. The Wigner-Seitz me
is consistent with the method of determining defect conc
trations and disorder using experimental ion-channe
methods, where all the displaced or disordered atoms
referenced to a perfect crystal structure that is also
present at high doses. Since one objective of this study
make comparisons to experimental results, the Wigner-S
method provides an imperfect but consistent method with
experimental technique most often employed.7,8,13,29,30,32

Other methods of analysis based on topological disorder
not be directly compared to experimental results, becaus
present topological disorder does not provide the basis
any experimental method that can be easily employed w
ion-beam irradiated samples.

Irradiation experiments have been performed at 190
with 550 keV Si ions over range of fluences in 6H-SiC~Refs.
29,30! and at;170 K with 360 keV Ar ions in both 6H-SiC
~Ref. 30! and 3C-SiC.13 It was found that the damage beha
iors for 6H-SiC and 3C-SiC are almost identical. Conve
tional 2.0 MeV He1 Rutherford backscattering spectromet
~RBS! in channeling geometry has been used to characte
the disorder on the Si sublattices. Based on these data
results have shown that the full amorphization dose is on
order of 0.3 dpa for 6H-SiC irradiated at 190 K with 550 ke
Si and 0.27 dpa~corrected for revised threshold displaceme
energies27! for 6H-SiC and 3C-SiC irradiated at;170 K
with 360 keV Ar. The value of 0.28 MD-dpa determine
from the MD simulations is in qualitative agreement wi
these experimental data. Furthermore, it is clear that
number of C interstitialsI C is greater than that of Si interst
tials I Si for all doses simulated, which is consistent with t
smaller threshold energy for C atoms in the SiC system24 and
with recent experimental results in 6H-SiC.32 These intersti-
tials represent the true number of defects, since the two
placed atoms that form a dumb-bell have been counted
one self-interstitial atom~SIA! and the empty lattice site a
the center of a SIA dumbbell has been neglected in the co
The ratio of the number of C interstitials to Si interstitia
Rint as a function of dose is plotted in Fig. 4, together w
that of C antisites to Si antisitesRant. At low dose, the inter-
stitial ratio is, on average, about 3.8, which is in good agr
ment with those found in single cascades. Typical values
this ratio are 3.5 for 10 keV cascades17 and 3.2 for 50 keV
cascades.20 The decrease ofRint with increasing dose is con
sistent with the formation or growth of large clusters
amorphous domains within which both Si and C atoms
collectively displaced into interstitial positions, as seen
Fig. 2. The saturation value of about 1.7 at a dose of 0
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MD-dpa remains virtually unchanged up to higher dose l
els, which suggests that thec-a transition is achieved. Un-
like Rint , Rant increases linearly with increasing dose, but t
increase is very small. This plot, together with Fig. 3, clea
indicates that the number of C antisite defects SiC is greater
than that of Si antisite defects CSi, as expected. A large num
bers of antisite defects are produced during the casc
overlap process, particularly at high dose where the to
number of antisite defects is comparable with that of int
stitials. For example, 9587 antisite defects are produced
compared with 9464 interstitials at 0.35 MD-dpa. This h
clearly demonstrated that the driving force for thec-a tran-
sition is due to the accumulation of both interstitials a
antisite defects, supporting a previous assumption that
generation of antisite defects may play an important role
the amorphization process in SiC.33

Atomic mixing indicates an important feature in ion
implantation-induced modification of materials and is a m
sure of the rearrangement of the atomic configuration. I
known that SiC has a very poor mixing efficiency, and mu
less rearrangement of atoms occurs during a single cas
process.17 The value of the mixing parameter increases w
damage energy from a value of about 0.5 at 250 eV t
saturation value of 2.3 at 5 keV, remaining virtually u
changed up to 50 keV.24 Therefore, it is of interest to see how
the atomic mixing varies with dose during cascade overl
The mixing efficiencyQ can be obtained from the mea
square displacements of atoms and is given by

Q5
( i 51

N @r i~ t !2r i~0!#2

6n0Ep
, ~1!

whereEp is PKA energy,n0 the atomic density, andr i(t) the
atomic displacement at timet. The atomic mixing during
cascade overlap is calculated and shown in Fig. 5 as a fu
tion of dose. The increase in atomic mixing with increasi
dose is almost linear, and the larger mixing efficiency of
compared to Si atoms suggests that C atoms play a m
role, and much more rearrangement of C atoms occurs
ing the cascade overlap process. Although the numbe
defects is almost saturated after thec-a transition, the mixing
parameter still increases with increasing dose. This indica

FIG. 4. The ratio of the number C interstitials to Si interstitia
Rint as a function of dose, together with the ratio of the number o
sublattice antisites to Si sublattice antisitesRant.
6-5
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F. GAO AND W. J. WEBER PHYSICAL REVIEW B66, 024106 ~2002!
that a large atomic rearrangement takes place without fur
increase in defect production. It is noted that there are so
discontinuities in the Si atomic mixing efficiency, but not
the C mixing. Because of the larger displacement and mix
rate for C relative to Si, the observed discontinuities may
associated with Si mixing driven by a need to maintain
establish certain topological features, some of which may
artifacts of the interatomic potential. A detailed understa
ing of these discontinuities may come out of the ongo
topological analysis of the damage states.

IV. TOPOLOGICAL FEATURES OF AMORPHOUS SiC

The pair-correlation function of the MD cascad
amorphized~CA! SiC at the dose of 0.28 MD-dpa is show
in Fig. 6, together with those obtained from the MD me
quenched~MQ! amorphous sample, where the contributio
from Si-C, C-C, and Si-Si pairs are presented separately
general, the pair-correlation function for CA-SiC is ve
similar to that of MQ-SiC sample, particularly in the pos
tions and size of peaks, and their distributions show the ty
cal systems without periodicity and liquidlike structure. T
small peak of C-C pair appears at about 0.15 nm, which
comparable to the nearest-neighbor distance for grap

FIG. 5. The atomic mixing parameter calculated for 3C-SiC a
function of dose, where the contribution from Si and C atoms
plotted separately.

FIG. 6. Calculated pair correlation functiong for cascade-
amorphized SiC, together with the reference melt-quenched
sample for comparison. Separate contributions from Si-C, C-C,
Si-Si pairs are shown, respectively.
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~0.143 nm! and diamond~0.155 nm! and believed to arise
from C p binding. This peak represents C-C-C configur
tions. The second peak of C-C pairs is at about 0.308
and corresponds to the different bonding of C-C pair with
atoms, particularly forming C-C-Si configurations in SiC.
can be also seen that there exists a small shoulder on the
pair at 0.25 nm between the first and second peak on the
pair, which is very close to the next-nearest-neighbor d
tance of diamond~0.249 nm! and is related to the formation
of diamondlike structures of carbon atoms in the CA-S
These different bonds formed by C-C pairs represent pla
(sp2) and tetrahedral (sp3) carbon-binding microstructure
that have been observed experimentally34 and indicated by
ab initio calculations in an amorphous SiC.35 The maximum
of the Si-C bonding appears at 0.189 nm and correspond
the nearest-neighbor distance of 3C-SiC, which may desc
C-Si-C or Si-C-Si configurations. The three curves have
pronounced peak near 0.3 nm, corresponding to differ
bonding arrangement of the two species, particularly to
Si-C and Si-C-Si configurations. These, along withsp2 and
sp3 carbon-binding structures, give a rather complicated p
ture of the CA-SiC and MQ-SiC samples.

The bond-length distribution for amorphous SiC a
sample is compared in Fig. 7, where two curves show v
similar behavior. The peak positions are consistent w
those of the pair-correlation distribution revealed in Fig.
Although a large peak appears at the first-neighbor dista
of SiC, the distribution is much wider than that in an order
SiC, and the bond length varies from 0.17 to 0.22 nm, in
cating large distortion of the microstructure. Figure 8 sho
the bond-angle distribution function for the CA-SiC obtain
by damage accumulation, together with the MQ-SiC
comparison. The number of atoms for the tetrahedral b
angle is slightly different for the two curves, but the dist
bution structure is very similar, suggesting that both CA-S
and MQ-SiC samples share the same degree of disorder
twist. It is clear that the bond angle is widely distributed
the range from 60° to 140°, which may be associated w
various configurations and bonds formed in amorphous S
as described above. These results indicate that the ato
arrangements centered at C or Si atoms form distorted te
hedral binding, and the long-range order translation of SiC

a
s

iC
d

FIG. 7. Comparison between bond-length distribution functio
for amorphous SiC at the end of cascade overlap and the refer
melt-quenched sample.
6-6
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CASCADE OVERLAP AND AMORPHIZATION IN 3C- . . . PHYSICAL REVIEW B 66, 024106 ~2002!
completely lost when the dose reaches 0.28 MD-dpa. Th
topological analyses are also consistent with experime
observations, and demonstrate that ac-a transition occurs
during cascade overlap for the dose up to 0.28 MD-d
Bolse et al.36 used extended x-ray-absorption fine structu
to detect the amorphous structure of SiC and observe
large angle distortion and a number of homonuclear bond
amorphous SiC under ion irradiation up to the fully amo
phous state and higher.

The total and partial coordination numbers for the C
SiC, which quantifies the atomic distribution and arrang
ment of each atom, are calculated by integrating the coo
nation number within the first peak before the first minimu
in the total pair-correlation function. The average coordin
tion numbers are listed in Table I, along with those for p
fect crystal and the MQ-SiC sample for comparison. A
though CA-SiC and MQ-SiC samples are attained by t
completely different methods~i.e., irradiation-induced amor
phization and melting-quenching process! the total and par-
tial coordination numbersnt are very similar with values o
3.88 and 3.57 for the CA-SiC and MQ-SiC samples, resp
tively. The calculated partial coordination number of CnCC
is 0.98 and 1.09, which, together with the results fornCSi
~2.96 and 2.78!, give a total C coordination number of 3.8
and 3.87 for the CA-SiC and MQ-SiC samples, respectiv
The small partial coordination number of C is due to t
formation of Cp-binding in SiC, as inp-bonded graphite. It

FIG. 8. Comparison between bond-angle distribution functio
for amorphous SiC at the end of cascade overlap and the refer
amorphous sample.

TABLE I. Total and partial coordination numbers for perfe
crystal, MD melt-quenched,~MD-MQ! amorphous sample, and ca
cade amorphized~AC! SiC generated by defect accumulation.

Coord. No. Crystal MD-MQ sample CA-SiC

n 4.00 3.57 3.88
nC 4.00 3.87 3.84
nCC 0.00 1.09 0.98
nCSi 4.00 2.78 2.96
nSi 4.00 3.26 3.92
nSiSi 0.00 0.48 0.96
nSiC 4.00 2.78 2.96
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is found that about 25–30 % of bonds formed by C atoms
homonuclear for irradiation-induced amorphous SiC. Fin
chi et al.35 employedab initio molecular dynamics to exam
ine the amorphous structure of SiC, and found that the t
coordination number of C is smaller than 4.0 in amorpho
SiC. The present results are in good agreement with t
calculations.

V. ORDER PARAMETERS

The damage states and microstructure changes during
cade overlap can be characterized using long-range o
~LRO! and short-range order~SRO! parameters. These pa
rameters provide direct evidence of ordering and disorde
of alloys under irradiation,37 and can be also measured fro
experiments, such that a full comparison can be made
tween simulations and experiments. The LRO parameter
fers to the degree to which the different sites are occupied
the different types of atoms, and is determined by the
rangement of atoms over the entire crystal. The Bra
William LRO parameterS is given by the equation38

S512
2NAB

NA
, ~2!

whereNAB is the number ofB atoms associated withA sites
and NA is the total number ofA atoms in the crystal. The
condition S51 describes the completely ordered state
SiC, whereasS50 expresses the completely disordered st
associated with random occupancy of sites. The LRO par
eter is shown in Fig. 9 as a function of dose during casc
overlap in SiC. Within the computational error, the LRO p
rameter decreases steadily with increasing dose, as expe
The reduction is slow at low dose level, which may be as
ciated with the production of point defects and the nucleat
of small clusters during the initial stage of damage prod
tion and prior to significant cascade overlap, while a ra
decrease appears at doses between 0.05 and 0.25 MD
which may be related to the enhanced defect production
to cascade overlap, as described in Sec. III. The LRO par

s
ce

FIG. 9. The variation of Bragg-Willams long-range order p
rameterS and short-range order parameterh as a function of dose
during cascade overlap and defect accumulation for SiC. Note
at the c-a transition long-range order is almost completely lo
whereas short-range order saturates at about 0.49.
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eter is almost zero when ac-a transition occurs, indicating
that the long-range order is completely lost in the CA-SiC

Although the radiation-induced rearrangement of C and
atoms in SiC can give rise to a reduction of the LRO, t
parameterS refers only to the degree of order with regard
the lattice site, but not with respect to atoms themselves.
short-range parameterh characterizes the local arrangeme
of atoms, and thus, describes the degree of chemical sta
is possible that the degree of long-range order is equa
zero, and simultaneously almost complete short-range o
exists in the nonequilibrium states of an alloy. The SR
parameter is defined in its usual manner proposed by Ge
and Cohen,39 and given by

h5
NSi-C

2
21, ~3!

whereNSi-C is the number of nearest-neighbor Si atoms t
C atom.NSiC54 represents complete SRO (h51) with the
tetrahedral binding of SiC, whileNSiC52 describes the ran
dom distribution of atoms (h50). By accounting for the
neighbor atoms lying within a distance of 0.57a0 ~a0 is the
lattice parameter of 3C-SiC! of each Si or C and averagin
over all atoms in the MD cell, this parameter has been c
culated, and is also plotted in Fig. 9 as a function of do
The distance of 0.57a0 is halfway between the first- an
second-neighbor space in a perfect SiC. It can be seen
the SRO parameter decreases with increasing dose, but
rates at about 0.49 after ac-a transition occurs. Although the
long-range order is completely lost in the CA-SiC, the sho
range order partially remains, which suggests the existe
of some residual tetrahedral network. In an MD study
amorphization due to defect accumulation in SiC irradia
with low energy of 100 eV, the SRO parameter for co
pletely amorphous SiC was found to be about 0.45.23 In an-
other study,38 it was found the Au recoils in SiC can produc
a large amorphous domain that has a SRO value of 0.42.
good agreement between the present result and prev
simulations confirms that the CA-SiC retains a certain deg
of local order and a partial correlated tetrahedral network

VI. DISCUSSION

The purpose of the present simulations was to investig
damage accumulation due to cascade overlap and the me
nisms of amorphization in SiC. It has been shown quant
tively in Figs. 2 and 3, how Frenkel pairs, antisite defe
and defect clusters are accumulated as a function of dos
general, the homogeneous formation of small clusters at
dose and their coalescence at higher dose play a signifi
role in thec-a transition of SiC, resulting in homogeneou
amorphization. These clusters have very low mobility a
generate considerable strain in crystal, which give rise to
formation of amorphous domains during cascade over
The formation of larger clusters or amorphous domains
defect-stimulated or cascade-induced process. The ove
ping of cascades causes or stimulates the growth of clus
from high local defect concentrations and small cluster f
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mation, such that nearby clusters grow and coalesce to f
larger clusters or amorphous domains.

Irradiation of SiC with 3.6 MeV Fe21 ions at 300 K to a
fluence of 1.431018 Fe21/m2 ~0.08 dpa at damage peak!
generates small visible defect clusters throughout the irra
tion region,6 but no measurable amorphization. Partial a
complete amorphizations were observed at higher dose,
and 0.4 dpa, respectively. Silicon carbide irradiated with
MeV He1 ions to a fluence of 4.731021 ions/m2 ~;1.3 dpa
at damage peak! showed that complete amorphization o
curred in regions with damage levels exceeding 0.8 dpa,6 but
cross-sectional TEM images indicate that the regions a
cent to the amorphous band, with a lower dose level, c
tained a high density of small defect clusters. These clus
could not be identified as dislocation loops~i.e., two-
dimensional clusters!, suggesting that these features may
three-dimensional clusters of point defects. By studying
dechanneling cross section as a function of the energy of
analyzing He1 ions for a SiC layer implanted with 131014

Xe1/cm2 and annealed to 1253 K, Fohlet al.40 have con-
cluded that the irradiated layer contains point defects
small clusters. The similar result was found for light ions41

All these experimental observations are consistent with
MD simulation results reported here.

The analysis of defect accumulation, long-range a
short-range ordered parameters, as shown in Figs. 3, 4,
9, suggests that the dose for complete amorphization in
is about 0.28 MD-dpa, in agreement with the experimen
value under relatively similar irradiation conditions.
should be noted that the experimental amorphization dos
normally obtained by calculating displacement dose us
the SRIM code.26 Thus, the comparison between the pres
result and experimental value may involve some degree
uncertainty. Numerous studies have been conducted to ob
the threshold dose for complete amorphization SiC un
irradiation with ions6–8,13 and electrons.10,11 It is generally
accepted that the dose for complete amorphization of SiC
between 0.2 and 0.3 dpa for ions and about 1.0 dpa for e
trons at low temperatures. Computer simulations of def
accumulation in SiC irradiated with recoil energy of 100 e
by Malerba and Perlado23 have suggested that the dose f
complete amorphization is about 0.94 dpa, which compa
well with the value of;1.0 dpa calculated by Weberet al.8

for experimental electron-irradiation results.10,11 It is well
known that low-energy recoils primarily generate point d
fects and therefore, should be representative of the ave
PKA energy spectrum under 2 MeV electron irradiatio
However, the very small production of antisite defects
Malerba and Perlado22 leads them to conclude that the driv
ing force for thec-a transition is only due to the accumula
tion of Frenkel pairs, which may accurately describe t
damage accumulation under electron irradiation. Howe
the low-energy simulations are in contrast to the pres
simulations and experimental heavy-ion irradiation.8,13 On
the basis of a high-resolution electron microscopy study
electron-irradiation-induced amorphization in SiC, In
et al.10 have indicated that electron irradiation can produ
antisite defects in SiC, and the accumulation of antisite
fects will take place under continued irradiation. It is o
6-8
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served that there are some local regions where a critical
centration will first be reached, above which the crystall
state becomes energetically unstable with respect to
amorphous state, and these regions will preferentially
dergo ac-a transition. Weberet al.8,13 noted that there is an
apparent discrepancy between the threshold dose and cr
temperature for amorphization of SiC irradiated with vario
ions and electrons, implying that the displacement casca
associated with heavy-ion irradiation may allow amorphi
tion to occur at lower doses and up to higher tempera
than would normally be possible with point defect accum
lation effects alone. Using Raman spectroscopy, Bols42

found that broad bands are visible at the critical thresh
fluence for amorphization of SiC irradiated with Na1, and
these bands are shifted slightly towards the position of
crystalline peaks as compared to the high fluence spe
which indicates the possible generation of antisite defe
These antisite defects would increase the structural freed
as suggested by Hobbset al.33

The topological features of the CA-SiC, such as pa
correlation function, bond-length and bond-angle distrib
tion, are very similar to those for the MQ-SiC sample, co
sidering the completely different procedures followed
either case. These results clearly indicate that various bo
could exist in amorphous SiC, particularly the formation
C-C and Si-Si bonds, but a certain number of Si-C bonds
remains, which implies that disordering of SiC does not le
to a fully connected disordered tetrahedral network. Af
high fluence irradiation with 4.331014 Na1/cm2 at a tem-
perature of 77 K, Bolse42 found that there were three broa
bands in the Raman spectra, of which two of them could
attributed to C-C and Si-Si bonds. The formation of the
bonds was also shown in the x-ray absorption fine-struc
spectroscopy~EXAFS! data in addition to the remainin
Si-C bonds. The topological features of the present sim
tions are in good agreement with these experimental ob
vations, and consistent with the molecular dynamics simu
tions of amorphous SiC quenched from liquid by Finocc
et al.35 who found a complicated disordered structure w
sp2-bonded C chains, surrounded bysp3-type tetrahedral
Si-Si and Si-C networks.

The damage accumulation in SiC involves not only lon
range disorder, but also short-range chemical disorder.
Bragg-William LRO parameter and SRO parameter propo
by Gehlen and Cohen39 have been calculated to describe d
ordering of SiC during cascade overlap, and it is found t
both parameters decrease with increasing dose, as show
Figs. 9. After ac-a transition occurs, the LRO parameter
completely lost, but the final value of 0.49 for the SRO p
rameter suggests that partial short-range order rema
which may imply an arrangement of Si-C tetrahedral n
work in amorphous SiC similar to the crystalline state. Us
x-ray absorption fine-structure spectroscopy, Bolseet al.36

measured the degree of long-range and chemical disorde
SiC irradiated with various fluence of 50 keV Na1 ions at 77
K. The pseudoradial distribution function of the atom
around the Si atom has shown that the irradiation at low d
results in a decrease in the intensity of the Si peaks.
larger radial distance is stronger the effect, which cor
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sponds to the continuous destruction of the long-range o
of SiC. After high fluence irradiation with 5.3
31014 Na1/cm2, the long-range order was observed to
completely lost by means of channeling, but the peak
NNN-Si shell in the x-ray spectroscopy is still visible, ind
cating that a correlated tetrahedral network exists. A sim
observation has been reported by Wendleret al.43 in SiC ir-
radiated with B1 ions at above room temperature. Only aft
application of much higher fluences than that for compl
amorphization in SiC is a large fraction of the Si-C tetrah
dra network destroyed, and hence, the chemical short-ra
order is removed. Both simulations and experimental ob
vations show that, in spite of observed loss of the ove
long-range order in amorphous SiC, the local tetrahed
structure is found to be less disordered compared to the o
materials.22

VII. SUMMARY

A large number of cascades~140! have been simulated to
study cascade overlap, damage accumulation and amorp
tion using molecular dynamics method in SiC. Single int
stitials, monovacancies, antisite defects and small clus
are generated at low dose level, and the homogeneous n
ation of these small clusters corresponds to the experime
observations of homogeneouslike amorphization of SiC
der Si1 and Ar1 irradiation. The defect stimulated growt
and coalescence of clusters to form amorphous dom
plays an important role in irradiation-induced amorphizati
of SiC, and the increase in Frenkel defects and antisite
fects with increasing dose suggests that the driving force
c-a transition is due to the accumulation of both Frenk
pairs and antiste defects. The increase in atomic mixing w
increasing dose is linear even after ac-a transition, which
corresponds to a large atomic rearrangement taking p
without further creating defects. The larger mixing efficien
of C atoms indicates more contribution of C atoms to atom
rearrangement during cascade overlap. The pair correla
function, bong-length and bond-angle distributions of irra
ated SiC are in excellent agreement to the MD me
quenched amorphous state. The dose for complete a
phization has been determined to be 0.28 MD-dpa, whic
in qualitative agreement with experimental measurements
relatively similar irradiation conditions. Both long-range an
short-range order parameters decrease with increasing d
but the short-range order parameter remains a satura
value of 0.49 after ac-a transition. These results, in conjunc
tion with experimental studies, suggest that there is a cer
degree of atomic arrangements of Si-C tetrahedral netw
similar to the crystalline state in amorphous SiC, even
long-range order is completely lost.
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