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Molecular dynamicSMD) 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 topologidsuch as total pair correlation function, bond-angle, and bond-length
distributions of damage accumulation in the crystal suggest that a crystalline-to-amorpdrausransition
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.
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[. INTRODUCTION Using a range of analytical techniques, the irradiation-
induced crystalline-to-amorphous transformation in SiC has
Silicon carbide(SiC) has a number of outstanding physi- been studied as a function of temperature under irradiation
cal and chemical properties that drive its potential applicawith electronst®!! neutrons:? and various iond>'* The c-a
tion in semiconductor devices, high neutron radiation envitransition occurs below a critical temperature only after a
ronments, and in the petrochemical industfi€Ehe high-  critical defect concentration is exceeded. The critical ener-
electron mobility, wide band gap, high-breakdown field, andgies and threshold doses for complete amorphization in SiC
high saturated electron-drift velocity make SiC suitable forfor a given irradiation condition have been determined as a
high-power and high-frequency electronic  devicefunction of temperature. It is generally accepted that homo-
applications The small cross section, low activation and geneouslike amorphization in SiC is the dominant process,
good thermal conductivity under neutron irradiation lead toeven under heavy-ion irradiation, which may be associated
its potential use in structural components for fusion reactors,with the accumulation of irradiation-induced defects, nanos-
as an inert matrix for the burnup of plutonium from excesscale amorphous nuclei, and the overlap of damage cascades.
weapong, and as cladding material for gas-cooled fission Molecular dynamics(MD) simulations have long been
reactors. In device processing, ion implantation is an impor- used to study the nature of the primary damage state pro-
tant technology for donor or acceptor doping, but this pro-duced by fast atomic particles in metals® and
cess results in the creation of atomic-level defects whoseeramics.’'® Several computational studies have been re-
accumulation can cause disordering and amorphization. Inrcently performed to investigate the displacement threshold
vestigation of the production and subsequent evolution oénergies and single displacement cascades with energies up
nonequilibrium concentration of defects in SiC is thus ofto 50 keV in 3C-SiC using variations of the Tersoff
considerable technological, as well as scientific, interest. Ipotentialst’'°-?!These studies have provided much insight
spite of the technological importance of SiC, damage formainto the mechanisms that control defect production in dis-
tion, defect accumulation, and disordering are not well unplacement cascades and statistics on the nature and number
derstood, particularly with regards to the atomic-levelof defects generated as a function of energy. The results
mechanisms controlling the crystalline-to-amorphizationshow that self-atom recoils in SiC lead to the formation of
(c-a) transition. The loss of crystallinity or amorphization in dispersed cascades, where the defects are spread over the
SiC has been the subject of numerous experimental studiesmulation cell, as illustrated in Fig.(4).2 Most surviving
over the last decades. The comprehensive reviews of the edefects are single interstitials and vacancies, such that only
tensive experimentit® and theoreticdlefforts appear in the  19% of the interstitial population is contained in clusters.
literature. Despite these efforts, the study of the mechanismBhe size of the defect clusters is small, and defect clusters
leading to thec-a transition in SiC remains an important containing more than four defects are seldom produced
challenge that demands atomic-level insight of the dynamiavithin a single cascade, as shown in Figb)** These re-
processes controlling the evolution of irradiation damage angults suggest that in-cascade or direct-impact amorphization
defect accumulation that can be provided by MD simula-in SiC does not occur with any high degree of probability
tions. during the cascade lifetime, even with high-energy recdils.
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. controlling c-a transition, and to develop models of
— (Je radiation-induced structure-property changes.
%3 6 In this paper, a m_olecular dynami¢dD) me;hod has
5 % been employed to simulate defect accumulation, cascade
& g@ 2 gg overlap and disordering in 3C-SiC, and the dynamic pro-
o O Q 30 cesses are followed from a low dose level to complete amor-
L ) g gg phization. This paper describes the model and method em-
° €15 ployed in the present simulations, and the results for defect
®3 2 12 accumulation; the following papéRef. 25 deals with the
° o @ 0% 5 B 4 & & energetics of the system, radiation-induced volume changes
[100] . %oﬁ Interstitial Cluster Size due to defect accumulation and amorphization, relative dis-
— & order of Si and C atoms, and TEM images of damage accu-
(a) ®) mulation. In the following, the evolution of cascade overlap,

the accumulation of interstitials, vacancies and antisite de-
FIG. 1. (a) Atomic plot of defects produced by a 10 kev Si fects are presented in Sec. lIl. Thea transition during cas-
cascade, where defect type is distinguished by size and gray shag@de overlap and the topological features of amorphous state,
ing and(b) the distribution of interstitials clusters per cascade for SiSuch as coordination number, pair correlation function, bond
recoils in SiC at 300 K. length and bond angle, are described in Sec. IV, followed by
the calculations of ordered parameters as a function of dose

Although there are experimental techniques, such as highD Sec. V. Discussion and comparison with experimental re-
resolution transmission electron microscopy, currently apSults and those obtained by others will be given in Sec. VI.
plied to study the dynamics of amorphization processes, it
remains unclear why homogeneouslike amorphization is the
dominant process in SiC, even under heavy-ion irradiation.
In contrast, heterogeneous amorphization appears to occur in The MD simulations of cascade overlap were performed
a majority of ceramic$? Therefore, it is necessary to simu- using a parallel version ofibcAsk code, which has been
late cascade overlap to determine how defects and defentodified to study SiC/ with constant pressure and periodi-
clusters accumulate and how amorphous domains nucleatal boundary conditions. The number of atoms contained in
and grow into large amorphous regions during such prothe simulation cell was kept constant, while the temperature
cesses. is controlled by coupling the atoms in the two boundary
Previously, Malerbat al?® employed molecular dynam- planes along the direction to a reservoir of heat at 200 K.
ics to simulate defect accumulation with 100 eV recoils inThe shape of the MD block is rectangular and contains 10
SiC. Their results suggested that the driving force for thex 10X 50 unit cells with 40 000 atoms.
crystalline-to-amorphougc-a) transition under these condi- The energy of 10 keV was chosen for the cascade energy
tions is the accumulation of Frenkel pairs. Antisite defectsjn the present simulation study because higher-energy cas-
which are not readily produced by 100 eV recoils, but arecade simulatiorfup to 50 ke yields multiple branches with
produced in large numbers at higher enerdfeapparently energies on the order of 10 ké¥Selection of this energy
do not play a significant role under these low-energy condiallows the use of a smaller MD block, which makes the
tions. Major changes in SiC under these simulation condisimulation tractable computationally. The energy of 10 keV
tions take place because of the increase in Frenkel pairs. THer the Si recoil is also near the peak in the nuclear stopping
eventual production of antisite defects from collision pro-power for Si in SiC, which according to the stopping and
cesses scarcely influences the energetics of the system. Sinamge of ions in mattefsriM) codeé® occurs at 12 keV; thus,
the recoil energy of 100 eV is well below that necessary tathe simulations will investigate the regime of highest-energy
define a real cascade process, the conditions of the Malerlleposition density. Since many experimental studies follow
et al?® simulations correspond to electron irradiation. Theirthe accumulation of damage at the peak in the damage pro-
simulation results are in reasonable agreement with experduction profile(i.e., damage peakthe present simulation
mental electron-irradiation resuf8M More energetic dis- study is directly relevant to previous experiments, such as
placement cascades produce not only Frenkel pairs and anthose employing Si or Ar ions where the energies of the
site defects, but also clusteé’¥?!?* Recent experimental incident ions and recoils in the damage peak are on the order
result§ have shown that many small clusters are produceaf 10 keV>!®
throughout the irradiation region in SiC irradiated witt?Fe The simulation of cascade overlap processes in SiC was
ions at low dose(0.08 dpa at damage peakA partially  started by giving an atom near the top of the cell a kinetic
amorphous state is observed in regions irradiated to a dosmnergy of 10 keV into the cell, which generated an initial 10
greater than 0.2 dpa. Furthermore, a completely amorphougV displacement cascade. The displacement cascade was
state was attained at a higher dose of 0.4 dpa at the surfacalowed to evolve for about 10 ps, after which the MD cell
However, the nature and microscopic role of these clusters imas equilibrated for another 10 ps to control temperature.
the nucleation and growth of amorphous domains is still noCreating a second cascade simulated cascade overlap, and
fully understood. Atomic-level simulations to interpret ex- the production of subsequent cascades with a similar proce-
perimental results are required to explore the mechanismdure, except with random atoms and directions, provided a

II. SIMULATION DETAILS
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simulation of multiple cascade overlap. Each subsequent caghization irradiated in SiC, a reference amorphous sample
cade was allowed to evolve for at least 10 ps, such that thbas been prepared using the same Tersoff potentials. A crys-
collisional and thermal spike stages of the cascade could W@l containing 1728 atoms was initially heated to 3900 K
assessed, and the MD cell was again thermally equilibratetising a method called semiconstant volume simulation, as
for 10 ps. A Wigner-Seitz cell method has been used to idendescribed by Gao and Welirand the melting process was
tify interstitials, vacancies and antisite defects. A lattice site®bserved at 45 ps. The crystal was further equilibrated for
with an empty Wigner-Seitz cell was recognized as a va@nother 120 ps to allow proper atomic mixing, and then
cancy, a cell with multiple atoms is an interstitial and a siteduenched to 0 K. Although this may not reproduce all the
occupied by a wrong atom type is designated as an antisiferoperties of amorphous SiC, it provides a simple method

defect. Currently, additional analysis efforts are underway tghat is sufficient for evaluating the possible aspects of topo-

compare the ratio of interstitials to antisite defects in SiC forlogical features.

different criteria, such as nearest-neighbor spheres and Lin-

demann spheres, and an analysis of damage accumulatign s Apg OVERLAP AND DEFECT ACCUMULATION
based on topological considerations is being performed.

After each overlap event, the damage state and the energy The present MD simulations have studied defect and dam-
of system were stored for subsequent analysis, and the corge accumulation from a single cascade, which represents
responding dose level was calculated. Relative disorderinghe lowest damage state, to the completely amorphous state
the topological distribution and ordered parameters wer@roduced by multiple cascade overlap. Therefore, a full com-
sampled every five cascades, averaging over 5000 time stegsarison with experiments can be made. Furthermore, the
After each cascade, an accounting of defects was performethechanisms and the exact nature associated with the amor-
and the corresponding dose was determined based on tpéization processes in SiC are investigated. Figure 2 shows
average number of displaced atoms produced by a 10 keV $iie damage states produced in the central part of the MD
cascade in 3C-SiC, which previous detailed MD block as a function of equivalent dose, where only displaced
experimenty?'in 3C-SiC have shown to be about 100 dis- atoms and antisite defects are plotted for simplicity. Large
placements, multiplied by the number of cascades, and dspheres represent the displaced atoms, while the antisite de-
vided by the total number of atoms in the MD block. Al- fects are indicated by small spheres. At low dose, the domi-
though this method may involve some degree of uncertaintynant defects are single interstitials and monovacancies, but it
it is consistent with the methods applied to experimentakan be clearly seen that some small clusters are nucleated in
data, where the average number of local displacements péiig. 2(a), as indicated within the circle. The size of the clus-
ion, based on theriM code, is multiplied by ion flux and ters is very small, similar to those found in a single
divided by the atomic density of virgin crystal. To distin- cascadé® However, the concentration of small clusters in-
guish the dose in these simulations from those in experimerereases with increasing dose and these clusters are distrib-
tal studies, the unit of dose used is MD-dpa to avoid anyuted randomly inside the MD block. These clusters are three-
confusion regarding the method of calculation. A total of 140dimensional clusters of point defects, which should induce
cascades were simulated, corresponding to a final dose @bnsiderable strain in the lattice. A preliminary result of cas-
0.35 MD-dpa. Frenkel pairs and antisite defects were gloeade annealing indicates that small clusters in SiC have low
bally accumulated over a time span of about 3 ns, whichmobility, which should promote the formation of disordered
gives a dose rate on the order offID-dpa/s. This dose states. During continued cascade overlap, the small clusters
rate is significantly greater than any experimental value usectoalesce and grow, due to local strain, to form larger clusters
However, dose rate effects should only be important whemr amorphous domains, which are surrounded by many small
there is significant mobility of the defects, which is generallyclusters, as illustrated in Figs(t® and Zc). Thus, the amor-
not the situation during low-temperature irradiation of SiC.phization process appears to be consistent with the defect-
Therefore, the dose rate employed in the present simulatiorstimulated cascade-induced growth of small clusters, dis-
should reasonably mimic experimental defect accumulatioussed further in Sec. VI. A detailed analysis indicates that
and disordering processes at low temperatures. these larger amorphous domains consist of interstitials and

The interactions between atoms were described using Teantisite defects, as well as vacancies, suggesting that both
soff potentials along with a modification of short-range in-interstitials and antisite defects play an important role in the
teractions based omb initio calculations;’ where the cutoff  high-energy states that lead to amorphization in SiC. It is
distances of the potentials were scaled by the cell volumeobserved that some small clusters containing only two or
The threshold displacement energies determined using thesieree defects are dissociated by direct collision from ener-
potentials are in good agreement with those obtained by firsigetic recoils. The defects dissociated from the clusters anni-
principles calculations and experimental meth&fdand the hilate, become isolated defects, or combine with other de-
melting temperature simulated is in reasonable agreemeffiécts or clusters. The competition between nucleation and
with experimental valué® These potentials have also been elimination of small clusters represents a dynamic process
employed to calculate defect properffeand displacement  for cluster formation during cascade overlap. The increase in
cascades for recoil energies from 0.25 to 50 keV in 3C%iC. the number of clusters with increasing dose suggests that the
These results suggest that the potentials are well suited forucleation of small clusters is a dominant process in SiC.
the present simulations of damage accumulation. In order tdhe coalescence and growth of clusters gives rise to the for-
characterize the topologies of partial and complete amormation of larger amorphous regions, as seen in Figh.ghd
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FIG. 2. (Color) Computer plots showing the process of cascade overlap and defect accumulation as a function of dose, the nucleation of
small clusters and the coalescence of clusters, where only interstitials and antisite defects are presented. The legend identifies the four
possible defect type: C interstitial )¢ Si interstitial (Si), C sublattice antisite (§), and Si sublattice antisite (.

2(e). A completely amorphous state is reached at a dose afhown in Fig. 3 as a function of dose, where the Si and C
about 0.28 MD-dpa, as shown in FigfR where interstitials, components are presented separately. In general, interstitials
vacancies and antisite defects are distributed homogeneoushnd antisite defects increase sigmoidally with increasing
Such homogeneouslike amorphization is associated with sedose. The increase is slow at low dose level, which may
eral possible processes during cascade ovet@pghe pro-  reflect the accumulation of only point defects and the nucle-
duction and accumulation of point defects and small clusterstion of small clusters, as discussed above. Cascade overlap
that act as amorphous nuclei at low dod®;the nucleation results in increased defect production due to prior-existing
of additional small clusters due to local high defect concen-
tration; and(c) the local growth and coalescence of clusters 7000
to form amorphous domains. The damage accumulation due
to Siions in 6H-SIC has been studied experimentally by ion
implantation andn situ RBS measurement$:* These re-
sults have shown that point defect production appears to
dominate at a low dose levek0.04 dpa in the damage peak
region, which is supported by subsequent isochronal anneal-
ing over a temperature range from 190 to 1200 K; while at
higher dose level, a buried amorphous layer is formed at a
dose of 0.3 dpd® The present simulations are qualitative o i . | |
agreement with the experimental observations, which sup- 0.0 01 0.2 0.3 0.4
ports the proposed mechanisms of defect-stimulated nucle- Dose (MD-dpa)
ation and growth of small clusters during continued cascade
overlap. FIG. 3. Data for the number of interstitials and antisites defects
To demonstrate the damage accumulation due to cascade a function of dose in irradiated SiC, where the Si and C compo-
overlap, the numbers of interstitials and antisite defects araents are presented separately.
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defects and the nucleation of clusters between existing clus- 5
ters causing growth and coalescence. The enhanced defect *
production due to cascade overlap leads to a faster increase
in interstitial production above a dose of 0.05 MD-dpa, and
the increase is very small after 0.28 MD-dpa, which suggests
thec-a transition has been achieved. It should be pointed out
that the results in Fig. 3 are obtained using Wigner-Seitz-cell
analysis that is based on original lattice sites, as described in
the simulation details above. While this method may be in-
appropriate for addressing chemical and topological disorder,
as suggested by Yuan and HoBbgarticularly for the highly 0.0 oA 02 03 04
disordered, near-amorphous state. The Wigner-Seitz method

is consistent with the method of determining defect concen- Dose (MD-dpa)

trations and disorder using experimental ion-channeling FIG. 4. The ratio of the number C interstitials to Si interstitials

methods, where all the displaced or d'Sordered_ atoms aﬁ%m as a function of dose, together with the ratio of the number of C
referenced to a perfect crystal structure that is also Nof pattice antisites to Si sublattice antisifes,

present at high doses. Since one objective of this study is to

make comparisons to experimental results, the Wigner—SeitmD_dpa remains virtually unchanged up to higher dose lev-
method provides an imperfect but consistent method with thes \hich suggests that tliea transition is achieved. Un-
experimental technique most often employéd®**°%* |y o p "R increases linearly with increasing dose, but the
Other methods of analysis based on topological disorder cafycrease is very small. This plot, together with Fig. 3, clearly
not be directly compared to experimental results, because §{yicates that the number of C antisite defects iSigreater
present topological disorder does not provide the basis f0fya that of Si antisite defectssCas expected. A large num-
any experimental method that can be easily employed withyers of antisite defects are produced during the cascade-
ion-beam irradiated samples. overlap process, particularly at high dose where the total
_Irradiation experiments have been performed at 190 Ky mper of antisite defects is comparable with that of inter-
with 550 keV Si ions over range of fluences in 6H-3R2fS.  giitials. For example, 9587 antisite defects are produced as
29,30 and at~170_Kl;’N|th 360 keV Arions in both 6H-SiC  compared with 9464 interstitials at 0.35 MD-dpa. This has
(Ref. 30 and 3C-SiC” It was found that the damage behav- ¢jaarly demonstrated that the driving force for the tran-
iors for 6H-SiC and 3C-SiC are almost identical. Conven-gjiion’is due to the accumulation of both interstitials and
tional 2.0 MeV Hé Rutherford backscattering spectrometry antisite defects, supporting a previous assumption that the

(RBS) in channeling geometry has been used to characterizgeneration of antisite defects may play an important role in
the disorder on the Si sublattices. Based on these data, thige amorphization process in Sie.

results have shown that the full amorphization dose is on the  atomic mixing indicates an important feature in ion-
order of 0.3 dpa for 6H-SiC irradiated at 190 K with 550 keV i 5|antation-induced modification of materials and is a mea-

Siand 0.27 dpécorrected for revised threshold displacementg,re of the rearrangement of the atomic configuration. It is

er)ergle%?) for 6H-SIC and 3C-SIC irradiated at170 K ynown that SiC has a very poor mixing efficiency, and much
with 360 keV Ar. The value of 0.28 MD-dpa determined |ogg rearrangement of atoms occurs during a single cascade
from the MD simulations is in qualitative agreement with process’ The value of the mixing parameter increases with
these experimental data. Furthermore, it is clear that thﬁamage energy from a value of about 0.5 at 250 eV to a
number of C interstitial$¢ is greater than that of Si intersti- gatration value of 2.3 at 5 keV, remaining virtually un-
tials | 5; for all doses simulated, which is consistent with the changed up to 50 ke¥# Therefore, it is of interest to see how
smaller threshold energy for C atoms in the SiC sy$femd e atomic mixing varies with dose during cascade overlap.

with recent experimental results in 6H-S¥€These intersti-  The mixing efficiencyQ can be obtained from the mean
tials represent the true number of defects, since the two di%‘quare displacements of atoms and is given by

placed atoms that form a dumb-bell have been counted as

one self-interstitial atontSIA) and the empty lattice site at =N [ri(t)—ri(0)]2

the center of a SIA dumbbell has been neglected in the count. = 6 E : 1)

The ratio of the number of C interstitials to Si interstitials o=p

Rint @s a function of dose is plotted in Fig. 4, together withwhereE, is PKA energyn, the atomic density, and(t) the

that of C antisites to Si antisitd®,;. At low dose, the inter- atomic displacement at time The atomic mixing during
stitial ratio is, on average, about 3.8, which is in good agreeeascade overlap is calculated and shown in Fig. 5 as a func-
ment with those found in single cascades. Typical values ofion of dose. The increase in atomic mixing with increasing
this ratio are 3.5 for 10 keV cascadésnd 3.2 for 50 keV  dose is almost linear, and the larger mixing efficiency of C
cascade&’ The decrease @R, with increasing dose is con- compared to Si atoms suggests that C atoms play a major
sistent with the formation or growth of large clusters orrole, and much more rearrangement of C atoms occurs dur-
amorphous domains within which both Si and C atoms aréng the cascade overlap process. Although the number of
collectively displaced into interstitial positions, as seen indefects is almost saturated after tha transition, the mixing
Fig. 2. The saturation value of about 1.7 at a dose of 0.2&arameter still increases with increasing dose. This indicates

Ratio of defects
g
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—— Cascade Amorphized

Distribution

0.1 02 03 04 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
Dose (MD-dpa)

Bond length (nm)

FIG. 5. The atomic mixing parameter calculated for 3C-SiCasa k|G, 7. Comparison between bond-length distribution functions
function of dose, where the contribution from Si and C atoms istqr amorphous SiC at the end of cascade overlap and the reference
plotted separately. melt-quenched sample.

that a large atomic rearrangement takes place without furthgp.143 nm and diamond0.155 nm and believed to arise
increase in defect production. It is noted that there are somgom C =« binding. This peak represents C-C-C configura-
discontinuities in the Si atomic mixing efficiency, but not in tions. The second peak of C-C pairs is at about 0.308 nm,
the C mixing. Because of the larger displacement and mixingind corresponds to the different bonding of C-C pair with Si
rate for C relative to Si, the observed discontinuities may bextoms, particularly forming C-C-Si configurations in SiC. It
associated with Si mixing driven by a need to maintain orcan be also seen that there exists a small shoulder on the C-C
establish certain topological features, some of which may b@air at 0.25 nm between the first and second peak on the C-C
artifacts of the interatomic potential. A detailed understandpair, which is very close to the next-nearest-neighbor dis-
ing of these discontinuities may come out of the ongoingtance of diamond0.249 nm and is related to the formation

topological analysis of the damage states. of diamondlike structures of carbon atoms in the CA-SiC.
These different bonds formed by C-C pairs represent planar
IV. TOPOLOGICAL FEATURES OF AMORPHOUS SiC (sp?) and tetrahedralgp®) carbon-binding microstructures

. . . that have been observed experiment4lignd indicated by
The pair-correlation function of the MD cascade- ab initio calculations in an amorphous Si€The maximum

amqrpmzedCA) SiC at the dose Of. 0.28 MD-dpa is shown of the Si-C bonding appears at 0.189 nm and corresponds to
in Fig. 6, together with those obtained from the MD melt— the nearest-neighbor distance of 3C-SiC, which may describe
quenchec{MQ) amorphpug sgmple, where the Contr'bUt'onsC—Si—C or Si-C-Si configurations. The three curves have a
from Si-C, C-C, and Si-Si pairs are presented separately. IBronounced peak near 0.3 nm, corresponding to different
g_en_eral, the palr-correl_atlon function f_or CA'.S'C IS very bonding arrangement of the two species, particularly to Si-
similar to that of MQ-SIiC sample, particularly in the posi- Si-C and Si-C-Si configurations. These, along vit? and
tions and size of peaks, and their distributions show the typi-spg carbon-binding structures g}ve a rat'her complicated pic-
cal systems without periodicity and liquidlike structure. Theture of the CA-SIC and MQ-S:iC samples
small peak of C-C pair appears at about 0.15 nm, which is The bond-length distribution for am(.)rphous SiC and
comparable to the nearest-neighbor distance for graphitg:ample is compared in Fig. 7, where two curves show very
: similar behavior. The peak positions are consistent with
[ 3C-SiC - '\C":;‘ég;‘g';\crgﬁfphize g those of the pair-correlation distribution revealed in Fig. 6.
i Although a large peak appears at the first-neighbor distance
of SiC, the distribution is much wider than that in an ordered
SiC, and the bond length varies from 0.17 to 0.22 nm, indi-
cating large distortion of the microstructure. Figure 8 shows
the bond-angle distribution function for the CA-SiC obtained
7 = by damage accumulation, together with the MQ-SIC for
comparison. The number of atoms for the tetrahedral bond
Si-Si angle is slightly different for the two curves, but the distri-
, , = bution structure is very similar, suggesting that both CA-SiC
0.0 0.1 0.2 0.3 0.4 0.5 and MQ-SiC samples share the same degree of disorder and
r (nm) twist. It is clear that the bond angle is widely distributed in
the range from 60° to 140°, which may be associated with
FIG. 6. Calculated pair correlation functiog for cascade- Vvarious configurations and bonds formed in amorphous SiC,
amorphized SiC, together with the reference melt-quenched Si@s described above. These results indicate that the atomic
sample for comparison. Separate contributions from Si-C, C-C, an@rrangements centered at C or Si atoms form distorted tetra-
Si-Si pairs are shown, respectively. hedral binding, and the long-range order translation of SiC is

a(r)
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FIG. 8. Comparison between bond-angle distribution functions G- 9. The variation of Bragg-Willams long-range order pa-

for amorphous SiC at the end of cascade overlap and the referenf@MeterS and short-range order parametgas a function of dose
amorphous sample. during cascade overlap and defect accumulation for SiC. Note that

at the c-a transition long-range order is almost completely lost;

whereas short-range order saturates at about 0.49.

completely lost when the dose reaches 0.28 MD-dpa. These

et s oo permie" 5 ot hataiout 2530 of bos ormed by C tomsae
' homonuclear for irradiation-induced amorphous SiC. Finoc-

glé:;nege::glsgceade overlap for the dose up to 0.28 IVID'dp"’I(“,hi et al*® employedab initio molecular dynamics to exam-

to detect theuZ?r?orexrfizgegtrﬁ-(:i{-ea%iorsetclor;r?dneot?;reur(\:/tggleine the amorphous structure of SiC, and found that the total
i orp Sordination number of C is smaller than 4.0 in amorphous

large angle distortion and a number of homonuclear bonds i

amorphous SiC under ion irradiation up to the fully amor-

Sic. The present results are in good agreement with their
phous state and higher.

calculations.
The total and partial coordination numbers for the CA-
SiC, which quantifies the atomic distribution and arrange- V. ORDER PARAMETERS

ment of each atom, are calculated by integrating the coordi- The damage states and microstructure changes during cas-

ir;]a?r?g tr(])Ltj:raTt:)e;ir\fvclt)hrlrr:aIrtieo::r?fjr?;?gnb?rfr?(raeatcgrzgsé Tég'rn;i%gcade overlap can be characterized using long-range order
tion numbers are listed in Table I, along with those for per—(LRO) and short-range orddSRQ parameters. These pa-

fect crystal and the MQ-SIiC sample for comparison. Al- rameters provide direct evidence of ordering and disordering

though CA-SIC and MQ-SIC samples are attained by twoOf alloys under irradiatiori’ and can be also measured from

completely different methodg.e., irradiation-induced amor- experiments, such that a full comparison can be made be-
mpletely . o tween simulations and experiments. The LRO parameter re-
phization and melting-quenching procesise total and par-

. S - : fers to the degree to which the different sites are occupied by
tial coordination numberg; are very similar with values of

3.88 and 3.57 for the CA-SIC and MQ-SIC samples, reSIOeCt_he different types of atoms, and is determined by the ar-

. ) o< f atoms over the entire crystal. The Bragg-
tively. The calculated partial coordination number ohge rangement o o ;

is 0.98 and 1.09, which, together with the results MfQs; William LRO parametefSis given by the equatioh

(2.96 and 2.78 give a total C coordination number of 3.84 ON
and 3.87 for the CA-SiC and MQ-SiC samples, respectively. S=1-—_ 128
The small partial coordination number of C is due to the Na
formation of Ca-binding in SiC, as inr-bonded graphite. It

@

whereN,g is the number oB atoms associated with sites

and N, is the total number oA atoms in the crystal. The
condition S=1 describes the completely ordered state of
SiC, wherea$=0 expresses the completely disordered state
associated with random occupancy of sites. The LRO param-

TABLE I. Total and partial coordination numbers for perfect
crystal, MD melt-quenchedMD-MQ) amorphous sample, and cas-
cade amorphizedAC) SiC generated by defect accumulation.

Coord. No. Crystal MD-MQ sample CA-Sic  eteris shovv_n in Eig: 9asa functior_1 of dose during cascade
overlap in SiC. Within the computational error, the LRO pa-
n 4.00 3.57 3.88 rameter decreases steadily with increasing dose, as expected.
Ne 4.00 3.87 3.84 The reduction is slow at low dose level, which may be asso-
Nee 0.00 1.09 0.98 ciated with the production of point defects and the nucleation
Nesi 4.00 2.78 2.96 of small clusters during the initial stage of damage produc-
Nsi 4.00 3.26 3.92 tion and prior to significant cascade overlap, while a rapid
Nsis; 0.00 0.48 0.96 decrease appears at doses between 0.05 and 0.25 MD-dpa,
Nsic 4.00 2.78 2.96 which may be related to the enhanced defect production due

to cascade overlap, as described in Sec. lll. The LRO param-
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eter is almost zero when &a transition occurs, indicating mation, such that nearby clusters grow and coalesce to form
that the long-range order is completely lost in the CA-SIC. larger clusters or amorphous domains.

Although the radiation-induced rearrangement of C and Si |rradiation of SiC with 3.6 MeV F&" ions at 300 K to a
atoms in SiC can give rise to a reduction of the LRO, thefluence of 1.4 10® F&*/m? (0.08 dpa at damage peak
parameteSrefers only to the degree of order with regard to generates small visible defect clusters throughout the irradia-
the lattice site, but not with respect to atoms themselves. Thgon region® but no measurable amorphization. Partial and
short-range parametey characterizes the local arrangement complete amorphizations were observed at higher dose, 0.2
of atoms, and thus, describes the degree of chemical state.Jhq 0.4 dpa, respectively. Silicon carbide irradiated with 0.8
is possible that the degree of long-range order is equal ey He' jons to a fluence of 4% 107 ions/n? (~1.3 dpa
zero, and simultaneously almost complete short-range ordef; jamage peakshowed that complete amorphization oc-
exists in the nonequilibrium states of an alloy. The SROg red in regions with damage levels exceeding 0.8%pat,
parameter is defined in its usual manner proposed by Gehlegoss sectional TEM images indicate that the regions adja-
and Coheri) and given by cent to the amorphous band, with a lower dose level, con-

tained a high density of small defect clusters. These clusters
Nsic could not be identified as dislocation loofse., two-
n= T_l’ 3 dimensional clustejs suggesting that these features may be
three-dimensional clusters of point defects. By studying the

. . . dechanneling cross section as a function of the energy of the
whereNg;.c is the number of nearest-neighbor Si atoms to aanalyzing Hé ions for a SiC layer implanted with> 10

C atom.Nsic=4 represents complete SR €1) with the o+ 02" ang annealed to 1253 K, Fobt al*® have con-
tetrahedral binding of SiC, whilblsic=2 describes the ran- | qeq that the irradiated layer contains point defects or
dom distribution of atoms #=0). By accounting for the g cjusters. The similar result was found for light idhs.

neighbor atoms lying within a distance of Ozp7(ao is the || these experimental observations are consistent with the
lattice parameter of 3C-Sjf each Si or C and averaging yp simulation results reported here.

over all atoms in the MD cell, this parameter has been cal- The analysis of defect accumulation, long-range and

culated, and is also plotted in Fig. 9 as a function of doSegort-range ordered parameters, as shown in Figs. 3, 4, and
The distance of 0.3% is halfway between the first- and g gyggests that the dose for complete amorphization in SiC
second-neighbor space in a perfect_ SiC. It can be seen thgt about 0.28 MD-dpa, in agreement with the experimental
the SRO parameter decreases with increasing dose, but safiijye under relatively similar irradiation conditions. It
rates at about 0.49 aftercaa transition occurs. Although the  ghqy1q pe noted that the experimental amorphization dose is
long-range order is completely lost in the CA-SIC, the shorty,5maly obtained by calculating displacement dose using
range order partially remains, which suggests the existencge spim code?® Thus, the comparison between the present
of some residual tetrahedral network. In an MD study of.egit and experimental value may involve some degree of
amorphization due to defect accumulation in SiC irradiateq,ncertainty. Numerous studies have been conducted to obtain
with low energy of 100 eV, the SRO parameter for com-ihe threshold dose for complete amorphization SiC under
pletely amogphous SiC was found to be about GUB an-  jrradiation with ion€®%and electrond®™! It is generally
other study” it was found the Au recoils in SiC can produce accepted that the dose for complete amorphization of SiC is
a large amorphous domain that has a SRO value of 0.42. The,nveen 0.2 and 0.3 dpa for ions and about 1.0 dpa for elec-
good agreement between the present result and previoygns at low temperatures. Computer simulations of defect
simulations confirms that the CA-SiC retains a certain degreg .. mulation in SiC irradiated with recoil energy of 100 eV

of local order and a partial correlated tetrahedral network. by Malerba and Perladd have suggested that the dose for

complete amorphization is about 0.94 dpa, which compares
well with the value of~1.0 dpa calculated by Webet al®
for experimental electron-irradiation resutfst! It is well

The purpose of the present simulations was to investigatknown that low-energy recoils primarily generate point de-
damage accumulation due to cascade overlap and the mecheets and therefore, should be representative of the average
nisms of amorphization in SiC. It has been shown quantitaPKA energy spectrum under 2 MeV electron irradiation.
tively in Figs. 2 and 3, how Frenkel pairs, antisite defectsHowever, the very small production of antisite defects of
and defect clusters are accumulated as a function of dose. Malerba and Perladbleads them to conclude that the driv-
general, the homogeneous formation of small clusters at lowng force for thec-a transition is only due to the accumula-
dose and their coalescence at higher dose play a signification of Frenkel pairs, which may accurately describe the
role in thec-a transition of SiC, resulting in homogeneous damage accumulation under electron irradiation. However,
amorphization. These clusters have very low mobility andthe low-energy simulations are in contrast to the present
generate considerable strain in crystal, which give rise to theimulations and experimental heavy-ion irradiatid.On
formation of amorphous domains during cascade overlaphe basis of a high-resolution electron microscopy study of
The formation of larger clusters or amorphous domains is @&lectron-irradiation-induced amorphization in SiC, Inui
defect-stimulated or cascade-induced process. The overlapt al!° have indicated that electron irradiation can produce
ping of cascades causes or stimulates the growth of clusteemtisite defects in SiC, and the accumulation of antisite de-
from high local defect concentrations and small cluster forfects will take place under continued irradiation. It is ob-

VI. DISCUSSION
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served that there are some local regions where a critical corsponds to the continuous destruction of the long-range order
centration will first be reached, above which the crystallineof SiC. After high fluence irradiation with 5.3
state becomes energetically unstable with respect to tha 10 Na*/cn?, the long-range order was observed to be
amorphous state, and these regions will preferentially uncompletely lost by means of channeling, but the peak of
dergo ac-a transition. Webeet al®*® noted that there is an NNN-Si shell in the x-ray spectroscopy is still visible, indi-
apparent discrepancy between the threshold dose and criticg®ting that a correlated tetrahedral network g(_iStS-A similar
temperature for amorphization of SiC irradiated with variousobservation has been reported by Wendieal.™ in SiC ir-

ions and electrons, implying that the displacement cascadéadiated with B' ions at above room temperature. Only after
associated with heavy-ion irradiation may allow amorphiza-2pplication of much higher fluences than that for complete
tion to occur at lower doses and up to higher temperatur&morphization in SiC is a large fraction of the_ Si-C tetrahe-
than would normally be possible with point defect accumu-dra network destroyed, and hence, the chemical short-range
lation effects alone. Using Raman spectroscopy, Bblse order is removed. Both simulations and experimental obser-
found that broad bands are visible at the critical thresholc¢ations show that, in spite of observed loss of the overall
fluence for amorphization of SiC irradiated with Naand ~long-range order in amorphous SiC, the local tetrahedral
these bands are shifted slightly towards the position of thétructure |zs found to be less disordered compared to the other
crystalline peaks as compared to the high fluence spectrﬁ]ate“a|52-

which indicates the possible generation of antisite defects.

These antisite defects would increase the structural freedom,

as suggested by Hobles al > VIl. SUMMARY

The topological features of the CA-SIiC, such as pair- A |rge number of cascadés40) have been simulated to

correlation function, bond-length and bond-angle distribu-study cascade overlap, damage accumulation and amorphiza-

“9”' are very similar to thqse for the MQ-SIC sample, CON-tion using molecular dynamics method in SiC. Single inter-
sidering the completely different procedures followed ingtiais “monovacancies, antisite defects and small clusters

elthler case. These risults clearly 'r?d'(fatf ﬂ;]at ;/anoug bonf e generated at low dose level, and the homogeneous nucle-
could exist in amorphous SiC, particularly the formation of 5jon of these small clusters corresponds to the experimental

C-C and Si-Si bonds, but a certain number of Si-C bonds stilh,qeryations of homogeneouslike amorphization of SiC un-
remains, which implies that disordering of SiC does not Ieaqjer Si* and Ar" irradiation. The defect stimulated growth

to a fully connected disordered tetrahedral network. Afterand coalescence of clusters to form amorphous domains

. . . . . 4 +
high fluence |rrad|at|(')§% with 4810 Na*/cn? at a tem- plays an important role in irradiation-induced amorphization
perature of 77 K, Bolse found that there were three broad ot i and the increase in Frenkel defects and antisite de-

bands in the Raman spectra, of which two of them could b‘?ects with increasin g
. . : g dose suggests that the driving force for
attributed to C-C and Si-Si bonds. The formation of thes€, , ansition is due to the accumulation of both Frenkel

bonds was also shown in thg x-ray gbsorption fine-syrgcturﬁairs and antiste defects. The increase in atomic mixing with
spectroscopEXAFS) data in addition to the remaining j,easing dose is linear even aftexca transition, which

SI-C bonds. The topological features of the present simulaggresongs to a large atomic rearrangement taking place

{iithout further creating defects. The larger mixing efficiency

\{atlons, and conS|sten.t with the molecular_ dy.namlcs_S|mu|a_16f C atoms indicates more contribution of C atoms to atomic
tions of amorphous SiC quenched from liquid by Finocchi

: . - "rearrangement during cascade overlap. The pair correlation
et al*® who found a complicated disordered structure with g g B y

X function, bong-length and bond-angle distributions of irradi-
sp’-bonded C chains, surrounded Isy’-type tetrahedral ;104 Sic are in excellent agreement to the MD melt-
Si-Si and Si-C networks.

h lation in SiC invol v quenched amorphous state. The dose for complete amor-
The damage accumulation in SiC involves not only 10ng-pization has been determined to be 0.28 MD-dpa, which is
range disorder, but also short-range chemical disorder. Th

> N qualitative agreement with experimental measurements for
Bragg-William LRO parameter and SRO parameter propose . g b

. ; latively similar irradiation conditions. Both long-range and
by Gehlen and Cohéthave been calculated to describe dis-short-range order parameters decrease with increasing dose,
ordering of SiC during cascade overlap,

e ; and it is found thabut the short-range order parameter remains a saturation
bpth parameters decrea_s_e with increasing dose, as Shown\}ﬁlue of 0.49 after &-a transition. These results, in conjunc-
Figs. 9. After ac-a transition occurs, the LRO parameter is iy ith experimental studies, suggest that there is a certain

completely lost, but thhe final _v?lueh of 0.49 for tr:je SRO p?"degree of atomic arrangements of Si-C tetrahedral network
rameter suggests that partial short-range order remaing;pija; 1o the crystalline state in amorphous SiC, even if
which may imply an arrangement of Si-C tetrahedral net'long-range order is completely lost.

work in amorphous SiC similar to the crystalline state. Using

x-ray absorption fine-structure spectroscopy, Baseal®

measured the degree of long-range and chemical disorders in ACKNOWLEDGMENTS
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