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Abstract

The threshold displacement energy (TDE) for both Si and C atoms in SiC at 300 K has been determined by means of

molecular dynamics (MD) simulation along four crystallographic directions: [0 0 1], [1 1 0], [1 1 1] and ��1 �1 �1�. The ex-

istence of recombination barriers, which allow the formation of metastable defects even below the threshold, has been

observed. Displacement cascades produced by both C and Si recoils of energies spanning from 0.5 keV up to, re-

spectively, 5 and 8 keV have also been simulated with MD, both at 300 and 1300 K. Their analysis, together with the

analysis of a damage accumulation at 1300 K, reveals that the two sublattices exhibit opposite responses to irradiation:

whereas only a little damage is produced on the ÔductileÕ Si sublattice, many defects accumulate on the much more

ÔfragileÕ C sublattice. The low defect mobility in SiC prevents the study of defect evolution within the scope of

MD. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.82.-d; 61.82.Fk; 61.80.-x; 61.80.Hg

1. Introduction

Silicon carbide is a low activation material whose use,

in di�erent manufactured forms (porous tubes, SiC/SiC

composites), has been proposed for the ®rst wall and

blanket of several concepts of Magnetic and Inertial

Fusion reactors [1±7]. It is therefore of crucial impor-

tance to study extensively the e�ects of intensive neutron

irradiation in this material.

So far, research programmes on SiC and SiC-based

composites have dealt mostly with qualifying the mate-

rial, mainly through experimental work [8]. Little has

been done, however, with computer simulations, aimed

at better understanding the basic principles of defect

production and evolution at an atomistic level. It is this

task that we started to deal with a few years ago and

lately in a more systematic fashion.

In this paper, ®rst we present the results obtained

determining the threshold displacement energy (TDE)

for Si and C atoms in SiC along di�erent crystallo-

graphic directions and discuss the existence of recom-

bination barriers. Then we report an analysis of the

dynamics of displacement cascades produced by both Si

and C recoils of energies up to, respectively, 8 and 5 keV.

Finally, we mention some results of a preliminary study

of damage accumulation in SiC.

2. Computational method

All simulations herein reported were carried out with

the molecular dynamics (MD) simulation code

MDCASK. This code, mainly developed at the LLNL in

collaboration with other centres, among them the

DENIM, o�ers the possibility of studying both metals

[9], employing the embedded atom method potential

[10,11], and covalent materials, namely Si, using the

Stillinger±Weber potential [12,13], and SiC, using the

Terso� potential [14±17]. The latter has been demon-

strated to be adequate to describe defect energetics in

SiC [18]. It was used in our simulations in a recently

optimised version [19], merged with a binary repulsive

potential obtained from ab initio calculations [20], in-

troduced to describe short-range (<0.5 �A) atomic inter-

actions.
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MDCASK has been implemented in the Cray T3E

massively parallel super-computer at the CIEMAT

(Madrid, Spain): the implementation is based on the

PVM message passing library and we have access to a

maximum of 32 processors. On 16 processors the code

runs at a rate of approximately 8 ls/atom/timestep.

All simulations were conducted at constant number

of particles, volume and temperature (NVT ensemble).

For the determination of the TDEs, a 6a0 � 6a0 � 7a0

box (a0 � 4:36 �A), containing 2016 atoms, was used. For

the simulation of displacement cascades and damage

accumulation we used three boxes: 25a0 � 25a0 � 30a0

(150 000 atoms), 40a0 � 40a0 � 40a0 (512 000 atoms) and

40a0 � 40a0 � 60a0 (768 000 atoms), depending on the

energy and type of recoil. The temperature was kept

constant by employing the velocity rescaling method,

applied to two or four boundary atom layers of the

crystal box. Most results were obtained for 300 K,

though a few cascades and the accumulation of damage

were simulated at 1300 K. More details on the organi-

sation of the simulations will be given in the relevant

sections.

3. Threshold displacement energies and recombination

barriers

It is well known that, above all in covalent solids, the

TDE is markedly dependent upon direction. For this

reason, we considered in our study four di�erent direc-

tions already selected in earlier work [17,19], namely

[0 0 1], [1 1 0], [1 1 1] and ��1 �1 �1�, and identi®ed them by

two di�erent sets of angles: the geometrical ones and a

pair of slightly modi®ed angles (the corresponding

modi®ed directions were labelled as [***m]). For each

direction we ran many cases, increasing the initial energy

of the selected PKA by amounts of 1 eV (from less than

20 eV upward, depending on the direction). To get better

statistics, we also repeated these cases setting the PKA

into motion at di�erent instants. In each simulation the

equilibrium was reached in about 150 fs. At that point, a

Si or C atom occupying the nearest position to the centre

of the box was chosen as PKA and the evolution of the

system was followed for about 5 ps.

In interpreting the results we assumed that the TDE

was exceeded whenever a stable defect con®guration was

produced for all energies above the established thresh-

old, regardless of this con®guration involving the PKA

itself or other atoms. Table 1 summarises our results.

As already reported in other papers [17,19,21], a re-

markable di�erence is noticeable between the thresholds

along the four di�erent directions studied, a fact that

reveals the conspicuous anisotropy of the TDE surface

in SiC. It must be emphasized, though, that no big dif-

ference is generally found between geometrical and

modi®ed direction: this means that reasonably small

departures from the exact crystallographic directions

should not have such a misleading e�ect on experimental

measurements of the TDEs.

The novelty of our results is the appearance of energy

bands, below the established thresholds, within which a

displacement is already produced. We attributed the

occurrence of this phenomenon to the existence of re-

combination barriers, which allow the formation of

metastable defect con®gurations (currently being studied

with more accuracy), liable not to form if the PKA is

given a higher energy. We also suppose that these in-

termediate defect con®gurations should not form at all

at higher temperature: an investigation on this issue is

currently being performed.

It is easy to verify that the TDEs reported in previous

work [17,19] coincide mostly with the lower limits of the

bands we mentioned. As a consequence, it turns out that

the real Si-TDEs in SiC are generally higher than it was

calculated before and are, on average, about twice as

high as the C-TDEs along the same direction. Moreover,

the PKA-energy bands over which the recombination

barriers reveal their existence is wider on the Si sublat-

tice than on the C sublattice (where, along certain di-

rections, it is not even completely sure that such barriers

exist). Hence, the formation of intermediate, metastable

defects on the Si sublattice seems to be more likely than

on the C sublattice. Overall, it appears to be much easier

to create a stable displacement on the C sublattice than

on the Si sublattice.

We would like to conclude this section observing that

the existence of two thresholds leaves a question mark

over which value should be used in DPA calculations.

More generally, the question also arises of whether it

makes sense at all to use the concept of DPA in non-

metallic materials like silicon carbide.

4. Displacement cascades analysis

We simulated displacement cascades produced by

both C and Si recoils whose energy spanned from

0.5 keV up to, respectively, 5 and 8 keV. The equilibrium

at the desired temperature was reached after 1±2 ps. The

Si or C atom chosen as PKA was then set into motion

from the upper part of the box along a direction close to

the [0 0 1] (the actual angles were changed randomly

from simulation to simulation). After the PKA started

moving, the evolution of the system was followed for a

time varying between a few ps and �1 ns. Most simu-

lations were performed at 300 K, although some were

conducted also at 1300 K.

It was observed that, even at 1300 K, the primary

damage state (produced right after the recombination

phase of the displacement cascade) is conserved practi-

cally unaltered for more than 1 ns. This seems to indi-

cate that in SiC, owing to the very low mobility of
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defects, it would be possible to observe a change in the

primary defect distribution only on timescales lying be-

yond the scope of MD. For this reason, it was decided to

limit the extension of most simulations to a few ps.

Fig. 1 shows how the number of displacements pro-

duced by both Si recoils (Fig. 1(a)±(c)) and C recoils

(Fig. 1(d)±(f)) depends upon the recoil energy at 300 K

(since the e�ect of energy loss through electron excita-

tion was not taken into account in the simulations, the

recoil energy coincide with the damage energy). In Fig.

1(a) and (d) the number of displacements at the peak of

the cascade is plotted, whereas Fig. 1(b) and (e) repre-

sent the number of displacements at saturation, that is at

the end of the cascade. On average, about 20% of the

atoms displaced at the peak regain their positions at

saturation. It can be observed that the increase in the

number of displacements versus energy appears to be

described by a power exponent <1 (Fig. 1(a)). Such

trend reminds the dependence typical of metals and is

not surprising, since very high energy recoils should

Fig. 1. Damage energy dependence of the displacement number in the case of Si recoils (a, b and c) and C recoils (d, e and f) at 300 K.

(a) and (d) show the displacement number at the cascade peak, whereas (b) and (e) show it at saturation (i.e., at the end of the cascade).

(c) and (f) compare the number of peak displacements calculated by MD simulations with the value calculated with the NRT method

(Ed � 35 eV).
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interact less with the atoms of the material, thereby

having proportionally less chances of damaging its

structure than lower energy recoils. Anyhow, simula-

tions at higher energies are needed to draw de®nitive

conclusions, because the apparent non-linear growth

might also be due to a slope change at low energies of an

otherwise linear law.

Turning to consider the di�erences between the e�ect

of Si and C recoils, on average a C recoil produces 20±

30% less displacements than a Si recoil of the same

energy. Even more evident is the fact that a C recoil

displaces less Si atoms than a Si recoil: at saturation, the

average ratio Si-displaced-atoms/C-displaced-atoms is

>0.5 for Si recoils and <0.4 for C recoils.

Finally, in Fig. 1(c) and (f) the numbers of peak

displacements versus damage energy obtained by MD

simulation at 300 K are compared with the values cal-

culated with the NRT method [22]. In applying this

method, we took a TDE of �35 eV. This value is the

average of the lower limits of the recombination barriers

ranges listed in Table 1. This choice was determined by

the assumption that the interstitial atoms occupying

metastable positions are to be included in the number of

atoms displaced at the cascade peak. The surprising re-

sult of the comparison is that, contrary to what happens

in the case of metals, the simulation yields more dis-

placements than the NRT method and it looks like an

agreement could be reached only at very high recoil

energies. It is also interesting to note, in the case of Si

recoils, the presence of a peak in the ratio Peak/NRT

displacements around 1.5 KeV, probably a consequence

of the non-linear law exhibited by the number of

displacements versus energy around that value.

A similar study was conducted for the number of

defects, namely vacancies and antisites (the number of

interstitials is always very close to that of vacancies,

therefore the conclusions drawn here are alike in the

two cases). The results are shown in Fig. 2 for both Si

recoils (Fig. 2(a) and (b)) and C recoils (Fig. 2(c) and

(d)). In the case of the number of vacancies (Fig. 2(a)

and (c)), the increase versus energy seems to exhibit a

downward curvature even more pronounced than in the

case of the number of displacements. The average

proportion of C and Si vacancies changes depending on

the type of recoil: in the case of Si recoils about 30% of

the total are Si vacancies, this value dropping to only

20% for C recoils. Moreover, 25% less vacancies are

produced, on average, by C recoils and there is a slight

Fig. 2. Dependence upon damage energy of the number of defects in the case of Si recoils (a and b) and C recoils (c and d) at 300 K.

(a) and (c) show the number vacancies versus energy, whereas (b) and (d) show the number of antisites versus energy.

J.M. Perlado et al. / Journal of Nuclear Materials 276 (2000) 235±242 239



tendency of the ratio Si-vacancies/C-vacancies to de-

crease with growing energy.

The same curves for the antisites (Fig. 2(b) and (d))

appear to be much less signi®cant, probably because

their number remains too low for a clear law to be in-

terpolated over the range of energies considered here. It

looks like the number of antisites grows very slowly with

increasing recoil energy and that C recoils produce

about 50% less defects of this type than Si recoils of the

same energy. Furthermore, according to these results it

seems that the production of Si and C antisites is, on

average, equally probable.

We conclude this section with Fig. 3, where an idea is

given of what the primary damage state looks like from

the point of view of vacancy clustering. We considered

that two defects form a cluster when their distance is

equal to or smaller than the distance between third

neighbours. This choice was dictated by the following

considerations: (a) if clusters of vacancies of the same

type have to be included, it is necessary to select a

threshold clustering distance greater than the second

neighbour distance (3.08 �A); (b) the di�erence between

third and second neighbour distance is so small (0.54 �A)

that it appeared unjusti®ed to locate there the threshold;

(c) third neighbours are the last ones contained in a

sphere of radius smaller than a0 � 4:36 �A. It can be seen

that big clusters have a very low occurrence, even at

fairly large energies, and de®nitely most vacancies ap-

pear to be isolated. Anyway, the formation of multi-

vacancies cannot be completely ruled out. We know that

these clusters of vacancies survive for time spans longer

than 1 ns. What we do not know yet is whether they are

actually stable, that is whether, over timescales exceed-

ing the scope of MD, they would dissolve into isolated

vacancies or not.

5. Damage accumulation

The main interest of simulating a situation of damage

accumulation lies in studying whether any tendency to

saturation in the number of defects is visible in a con-

dition of linear production of displacements. With this

aim in mind, we repeated and extended a study reported

in [23]. We give here a short summary of what we ob-

served. More details can be found in [21].

After 3 ps of equilibration at 1300 K, 25 Si recoils of

500 eV (®rst simulation) and 1 keV (second simulation)

were introduced at a rate of 1 recoil every 3 ps. This

corresponds to a huge damage rate, about 2 ´ 107 DPA/s,

although over the whole simulation only about

1:75� 10ÿ3 DPA were accumulated. After 3 ps from the

appearance of each PKA, before introducing the next

one, a picture of the situation inside the crystal was

Fig. 3. Number of vacancy clusters versus size (number of

vacancies contained) and damage energy, at 300 K. Clusters

were de®ned using a 3rd neighbour criterion.

Fig. 4. Defect number and recombination fractions as a func-

tion of DPA in Si and C sublattices in a damage accumulation

at 1300 K.
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taken by performing a quenching. After the 25th PKA,

an annealing of the system was carried out at 1300 K for

100 ps but, as expected, no substantial alteration of the

damage state produced at the end of the accumulation

was observed.

In Fig. 4, which refers to the ®rst simulation, our

most interesting results are summarised. What is most

striking is the overwhelming majority of C vacancies

with respect to any other type of defect (Si vacancies,

antisites), in a proportion of about 4:1. Furthermore,

trying to ®t the data to a curve, it resulted that, while

both Si vacancies and antisites grow according to a

linear law, C vacancies exhibit a non-negligible qua-

dratic increase, responsible for about 1/3 of the growth

at the end of the simulation. The explanation of this

behaviour lies patently in the di�erent capability of re-

combination displayed by the two sublattices. As it is, by

plotting the recombination fractions (number-of-re-

combinations/number-of-displaced-atoms) versus DPA,

it appears clear that not only is the Si sublattice re-

combination capability much higher (>0.5 versus �0.3),

but also that the recombination fraction in the C sub-

lattice dwindles faintly, thereby explaining the quadratic

increase in the number of C vacancies.

6. Conclusions

The TDEs for Si and C atoms in SiC at 300 K have

been determined with the accuracy permitted by MD. Si-

TDEs in SiC turn out to be generally higher than it had

been calculated before and are, on average, about twice

as high as C-TDEs along the same direction. The exis-

tence of recombination barriers allows the formation of

metastable defect con®gurations even below the thresh-

old.

Displacement cascades produced by both C and Si

recoils up to, respectively, 5 and 8 keV have been sim-

ulated at 300 and 1300 K. A situation of damage accu-

mulation has also been simulated. In all cases, many

more defects were produced on the C sublattice than on

the Si sublattice.

The Si sublattice shows a tendency to absorb most of

the damage energy in the form of lattice excitation, in-

stead of defect production, and exhibits an outstanding

capability of recombination. This causes little disorder

to be produced on this particularly ÔductileÕ sublattice.

The high value of the Si-TDEs herein reported and the

existence of recombination barriers do not contrast with

the above-stated feature of the Si sublattice, but in fact

endorse it. As it is, the production of stable defects on

the Si sublattice is made more di�cult and probably

most defects are metastable, so that their recombine

more easily.

On the contrary, the C sublattice appears to be much

more ÔfragileÕ: C vacancies are fairly easily produced and

their number increases more than linearly in damage

accumulation conditions. Moreover, the proportion of

C defects to Si defects increases when the recoil is a C

atom, as well as with increasing recoil energy.

Finally, it has been seen that the primary damage

state produced in the material after the recombination

phase of the displacement cascades, characterised by the

presence of relatively few clusters of defects, is conserved

practically unaltered for timescales lying beyond the

scope of MD. This fact is probably due to the low mo-

bility of defects in SiC. Thus, to study their evolution it

becomes essential to turn to di�usion simulations.
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