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Basic mechanisms of atomic displacement production in cubic silicon carbide:
A molecular dynamics study

L. Malerba* and J. M. Perlado†

Instituto de Fusio´n Nuclear (DENIM), Universidad Polite´cnica de Madrid, C/Jose´ Gutiérrez Abascal, 2-28006 Madrid, Spain
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Studying the effects of radiation in silicon carbide~SiC! is important for its possible use in both nuclear and
electronic technology. One of the most important parameters to describe radiation damage in a material is the
threshold displacement energy~TDE!. In this paper, the computational technique known as molecular dynam-
ics ~MD! is used to determine the TDE’s along different crystallographic directions for Si and C atoms in SiC,
also allowing for irradiation temperature effects, and to study in detail the mechanisms of atomic displacement
production in this material. For this purpose, the widely tested Tersoff potential, implemented in a MD code
optimized to study the interaction of high-energy ions with crystals, is used to describe the interatomic forces
in SiC. It is found that it is difficult to define a single threshold for this material. Instead, the introduction of
two thresholds,upperandlower, becomes necessary. These two thresholds delimit anuncertainty band, within
which the displacement may or may not be produced, because the Frenkel pairs generated in such a transferred-
kinetic-energy range are metastable. The Arrhenius law expressing the lifetime of one of these metastable
defects has also been deduced from the simulation. Finally, on the basis of the results of the simulation,
possible values for the recombination distance and the average threshold energy~Ed,Si and Ed,C! in SiC are
proposed and discussed.

DOI: 10.1103/PhysRevB.65.045202 PACS number~s!: 63.90.1t, 61.80.Hg, 31.15.Qg, 81.05.Je
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I. INTRODUCTION

Silicon carbide~SiC!, a low-Z ceramic material, exhibits
several outstanding properties, such as low-activation a
prolonged irradiation, resistance to high temperature, and
cellent chemical compatibility. For this reason it has lo
been considered for performing structural and protec
functions in the first wall and blanket of future nuclear fusi
reactors,1 especially in the form of SiC-fiber/SiC-matri
composite.2 Moreover, thanks to the broad variation of i
band gap, which depends on the polytype it crystallizes
SiC is also a material of choice for electronic devices
superior characteristics~high speed, high power, hig
temperature!.3 However, as to the former application, its c
pability of withstanding prolonged neutron irradiation, wit
out experiencing prohibitive deleterious changes in its mic
scopic and macroscopic properties, is of concern.4 And,
regarding the latter, the doping of this material appears to
complicated, because of the high temperature necessar
dopant diffusion, therefore making ion implantation and a
nealing the only valid alternative technique for such
purpose.5 For both applications, a detailed knowledge of t
effects of irradiation in SiC is of fundamental importan
and, thanks to the ever-growing power of modern comput
the computational simulation of the microscopic changes
duced by radiation in materials is nowadays a powerful t
to gain such knowledge.6

Probably the most important physical parameter for
scribing radiation damage in a material is the threshold
placement energy~TDE!, which is simply the minimum
amount of kinetic energy transferred by an impinging p
ticle to a lattice atom that results in the formation of o
stable Frenkel pair. Despite the considerable work carried
0163-1829/2002/65~4!/045202~10!/$20.00 65 0452
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by many different authors, there still exists great uncertai
about the most adequate value of this parameter in SiC,
ticularly regarding Si atoms~see exhaustive review in
Ref. 7!.

In this paper, a thorough computational molecul
dynamics~MD! study of the TDE’s along different crystal
lographic directions for Si and C atoms in SiC—also allo
ing for possible irradiation temperature effects—is report
However, the present work tries to go further than just de
mining the numerical value of the TDE’s in SiC. For eith
type of hit atom~Si or C! and for each direction in which i
was pushed, much wider transferred-kinetic-energy interv
have been considered than was strictly necessary to ide
the TDE’s. This was done in order to examine in detail t
mechanisms of production of atomic displacements in t
material. In particular, in each case the defect formed a
the simulated collision was duly recorded and studied. T
procedure permitted the identification of metastable defe
~Frenkel pairs! which are formed, for either type of struc
atom and for each direction, when the transferred kine
energy lies within a certain band of values. The lifetime
one particular case of metastable Frenkel pairs as a func
of temperature~Arrhenius law! was also deduced by simula
tion.

The existence of metastable defects makes it difficult
define a single TDE value for each crystallographic dire
tion, leading to the necessity of introducing the concepts
lower andupper thresholds.8 Within these two thresholds a
uncertainty bandis contained, in which the atomic displace
ment may or may not be produced because, when the kin
energy transmitted to the atom lies in such an uncerta
interval, only metastable Frenkel pairs can be genera
These can temporarily survive thanks to the existence ofen-
ergy barrierswhich, at low enough temperature, prevent t
©2002 The American Physical Society02-1
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L. MALERBA AND J. M. PERLADO PHYSICAL REVIEW B65 045202
recombination of the interstitial atom with the nearby v
cancy, for this reason calledrecombination barriers@the ex-
istence of such barriers has also been reported in Si~Ref. 9!#.
However, within the uncertainty band, any small perturbat
intervening during the displacement process~e.g., due to
high lattice distortion, or to a low-energy collision with an
other atom, or to thermal agitation at high temperature! is
sufficient to enable the displaced atom to overcome the
combination barrier, thereby causing the prompt disapp
ance of the defect, or preventing its formation. Only kine
energy transfersabovetheupperthreshold always lead to th
production of a stable defect, whereasbelow the lower
threshold no defect whatsoever is ever generated. Def
formed above theupperthreshold will only have a chance o
disappearing by means of diffusion mechanisms~defect mi-
gration!, i.e., at high enough temperature and over ti
scales much longer than the MD technique can reach~@ ns!.

The paper is organized as follows: in Sec. II, details ab
how the simulation was conducted are given; in Sec. III,
results of the detailed analysis carried out at 300 K are
scribed~Sec. III A!, together with those obtained in one pa
ticular case at different temperatures~Sec. III B!; finally, in
Sec. IV, on the basis of the results presented, the b
mechanisms of atomic displacement production in SiC
discussed and possible average values for TDE’s and rec
bination distances in this material are proposed.

II. COMPUTATIONAL PROCEDURE

In a MD computer simulation the classical equations
motion of an ensemble of particles are solved numerica
for a certain number of time steps, with adequate initial a
boundary conditions, so that the velocity and position
each atom or molecule are known at every time step.10 The
heart of the method is the interatomic potential, which has
be able to reproduce correctly the interaction between at
for the material taken into consideration. By means of t
tool, the determination of the TDE for an atom in a mater
is conceptually very simple. After equilibrating the syste
~'150 fs simulated time is an adequate duration for t
phase in the present case!, an atom~Si or C! is selected and
given a certain amount of kinetic energy, by pushing it in
certain direction. If the transferred energy is high enough,
recoiling atom will progressively abandon its position to ga
a new one. If, after a reasonably long amount of time~'6 ps
in the present work!, the atom is still occupying the newl
reached position, then it is said that an atomic displacem
has taken place and hence the energy can be consid
higher than the TDE. On the other hand, if the atom rega
its position within the observation time, then the ener
transferred is lower than the TDE. By sweeping a wi
enough energy range by, for example, 1 eV increments,
therefore possible to establish the position of the threshol
such a range.

All the simulations of recoil production herein reporte
were carried out with the MD simulation codeMDCASK, de-
veloped in collaboration between the Lawrence Liverm
National Laboratory and the DENIM. In this code, optimiz
for studying the interaction of high-energy ions wi
04520
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crystals,11 the interatomic forces for SiC are described usi
the many-body empirical potential proposed by Tersoff,12,13

merged with a binaryab initio repulsive potential, to ad-
equately treat the atomic collisions in the short-distan
range ~.0.5 Å!.14,15 The Tersoff potential has long bee
demonstrated to allow the performance of reliable MD sim
lations of the behavior of SiC in a variety of conditions a
situations.16–18 The MDCASK code is implemented in the
Cray-T3E massively parallel supercomputer of the CIEM
~Madrid, Spain!, which can make available up to 32 proce
sors for a single computational task, though only 8 or
were used for the present work. The parallel implementat
is based on the PVM message-passing library. On 16 pro
sors the code runs at a rate of approximat
8 ms~CPU! /atom/time step.

All simulations were conducted at constant number
particles and constant volume. The temperature was c
trolled ~i.e., maintained approximately constant, though
system was, strictly speaking, out of thermodynamic equi
rium! by employing the velocity rescaling method, applie
only to the two outer atomic layers of the simulation b
~heat bath!. The latter was a 6a036a037a0 ~a054.36 Å,
lattice parameter! box, which contained 2016 atoms, initiall
distributed according to the 3C-SiC, or cubic, structu
Though most simulations were performed at 300
other temperature regimes, from 150 to 2000 K, were a
considered.

For either type of atom~Si and C!, at 300 K, the four
main crystallographic directions were studied:@001#, @110#,
@111#, and @111#. As a matter of fact, it is well known tha
the TDE value is very sensitive to the crystallographic dire
tion of motion of the recoil. The crystallographic direction
chosen in this work have already been considered in o
papers20–23 and are the typical low-index directions used
characterize the behavior of materials exhibiting a zin
blende structure. The features of these directions, in rela
with the cubic SiC crystalline structure, are illustrated in F
1. By considering the multiplicity of each of these direction
it is possible to cover a significant quantity of points of t
polar TDE surface and therefore, in principle, deduce a r
sonable average value for this magnitude. In order to ch

FIG. 1. Schematic representation of the main crystallograp
directions in the cubic cell of 3C-SiC. White balls are Si atoms
gray balls are C atoms. Si1 can be identified with the recoiling at
for the @001#, @111#, and @110# directions; Si2 for the@111# direc-
tion. Sil is surrounded by its four C first neighbors.C can be iden-
tified with the carbon recoil.
2-2
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BASIC MECHANISMS OF ATOMIC DISPLACEMENT . . . PHYSICAL REVIEW B 65 045202
to what extent small deviations from a certain direction m
affect the TDE value, each of the mentioned directions w
defined by using two sets of angles: the geometrical ones
a pair of slightly modified angles, denoted bym, as shown in
Table I. The choice of these angles was not based on
particular criterion, except that of considering a directi
close to, but not coincident with, the four main crystall
graphic directions. In total, eight directions were conside
for either type of atom at 300 K and for each of them t
transferred-kinetic-energy range studied was comprised
tween 10–20 eV and.100 eV, with variations depending o
the particular case. In all cases, the increment used to sw
the energy range was 1 eV and for each energy, for be
statistics, at least two simulations were performed, with
same recoil pushed in the same direction, but starting
slightly different time step. The result of the simulation,
each case, was visualized as ‘‘stick-and-balls’’ diagrams w
the help of the package calledXMOL,19 and on that basis wa
analyzed. The effect of irradiation temperature on the T
values was examined only in the case of a Si atom pus
along the@001# direction.

III. RESULTS

A. Lower and upper thresholds at 300 K

Tables II and III synthesize the results obtained at 300
for Si and C atoms recoiling along the four main crystal
graphic directions, both geometrical and modified. It is i
portant to note at once that, along the@111# direction, and the
relevant modified direction, the Si atom collides with its fir
C neighbor~see Fig. 1!, so that the TDE values indicated i
Table II actually correspond, in that case, to the displacem
of a secondaryC recoil, theprimary Si recoil always regain-
ing its initial position ~in all the energy range investigate
that is, up to'120 eV!. By examining Tables II and III, it
can be seen that displacing a C atom is always easier tha
displacing a Si atom. It can also be seen that the differe
between the geometrical and modified direction, in ea
equivalent case, is normally negligible, perhaps with the
ception of Si@110# and Si@110m#, which is a highly packed
direction. Therefore the polar TDE surface can be judg
reasonably smooth, thereby justifying a calculation of
average TDE by considering only a few representative po

TABLE I. Angles defining geometrical and modified crystall
graphic directions for the determination of the TDE’s.

Direction u ~deg! w ~deg!

@001# 0 0
@001m# 2 44

@110# 90 45
@110m# 88 44

@111# 55 45
@111m# 45 44

@111# 125 2135

@111m# 135 2134
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of such surface. Because of this substantial coincidence
distinction will be made henceforth between the geometr
and the modified direction. Another important observation
that, with the only exception of C@001#, in all cases there
exist uncertainty bands, which are generally broader for
atoms, as compared with C atoms. This fact might pa
explain the greater difficulty in assigning a value for the TD
of Si atoms in SiC based on experimental observations.7

By comparing the results of Tables II and III with anal
gous results obtained computationally by other authors,20–23

it turns out that, with good approximation, thelower thresh-
olds of the present work match the threshold values repo
by those authors. This is probably a symptom of the fact t
the transferred-kinetic-energy ranges considered in prev
work were not broad enough to grasp the complexity of
behavior of this material under irradiation.

The main discrepancy concerns the Si@111# case. Some
authors proposed for this recoil and direction a thresh
value as high as 113 eV.23 This so-much-higher value stem
from the different criterion applied to define the TDE. In th
present paper the TDE was considered to be the minim
energy necessary to createone Frenkel pair, even when the
displaced atom was not the primary knocked-on at
~PKA!; i.e., even if the displaced atom was a C atom, pushed
by the Si atom to which the energy had been initially tran
mitted. This choice lies upon the idea that the TDE should
a threshold for the creation of a defect in the material a
whole. On the other hand, other authors consider that
TDE must be intended as the minimum energy necessar
displace the primary recoil, even if this means, like in the
@111# case, producing at the same time a large numbe
defects on the other sublattice~small displacement cascade!.
This criterion implies that the two sublattices should
treated separately. It is difficult to establish which of the tw
criteria is physically more correct, but it is important to sta
which criterion has been adopted. The reported value of
eV corresponds, according to Devanathan and Weber, to
energy needed to displaceoneSi atom in the@111# direction
and, at the same time, a remarkable number of C atoms

In the remaining part of this subsection, a concise a
qualitative description will be given of the defects forme
when knocking on the atom bothwithin the uncertainty band
~either metastable defect formation or else no net atomic
placement! and above it ~stable defect creation!, for each
direction and for either type of recoil. Si-recoil cases a
schematically described in Fig. 2; C-recoil cases in Fig. 324

Si [001]. Along this direction the Si recoil heads toward
its above-lyingSi fourth neighbor~Fig. 1!. ~i! Within the
uncertainty band~35–62 eV! the recoil forms sometimes
~i.e., for a few kinetic energy values! a Si1-Si dumbbell with
its neighbor, oriented as the@001# direction. The distance
between atoms in the dumbbell is'0.47a0 . The formation
of this defect is highly probable between 44 and 55 eV, mu
less probable both above and below. As a matter of f
below 44 eV the recoil still has little energy and is eas
prevented from forming the metastable dumbbell by sm
perturbations. On the other hand, above 55 eV the re
succeeds sometimes in replacing temporarily its neigh
2-3
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TABLE II. Summary of TDE values and uncertainty-band widths for Si atoms in SiC. Averages are
indicated.

Si recoils Threshold energies~eV! Uncertainty
Directions Multiplicity Lower Intermediate Upper band~eV!

@001# 6 35.0 48.5 62.0 27.0
@001m# 36.0 49.0 62.0 26.0
@111#a 4 27.0 35.5 44.0 17.0
@111m#a 28.0 36.0 44.0 16.0
@110# 12 73.0 83.0 93.0 20.0
@110m# 70.0 85.5 101.0 31.0

@111# 4 38.0 56.5 75.0 37.0

@111m# 36.0 58.0 80.0 44.0

Arithmetical average 48.0616.6 63.4615.1 78.8614.3 30.866.8
Weighed average 55.4 69.7 83.9 28.5
Minimum 35.5 48.8 62 25.5

aDisplacement produced on C sublattice; excluded from the averaging.
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but is thereafter pushed back to its initial position by t
other atom, which tries to regain its site. When the dumbb
forms, the distance between the recoil and its vacant in
position is'0.8a0 . This case is illustrated in Fig. 2~a!. ~ii !
Above the upper threshold~>62 eV!, the Si recoil always
succeeds in replacing its above-lying neighbor, as in
minimum-possible-length replacement collision sequen
without ever going back to its initial position. In this cas
the distance between the interstitial~thesecondarySi recoil!
and the vacancy left behind is'1.8a0 @see Fig. 2~b!#.

Si [111]. Along this direction, as already observed, the
recoil hits its C first neighbor, displaces it, and goes back
its initial position. The displaced C atom heads towards
empty tetrahedron defined by four Si atoms (TSi), as shown
in Fig. 2~c!. ~i! Within the uncertainty band~'27–44 eV!
the C atom sometimes~i.e., for a few Si recoil’s energy val
ues! finds a metastable location around the center of theTSi,
thereby getting as far from its vacancy as'0.5a0– 0.8a0 .
However, in many cases no displacement is produced aft
04520
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ps have elapsed.~ii ! Above the upper threshold~.44 eV! the
C atom always succeeds in forming a stable defect, gene
a C1-Si dumbbell with one of the Si atoms belonging to t
TSi, oriented as the@001# direction and with a separatio
between atoms'0.38a0 . In this case, the distance of the
interstitial from its vacancy is'0.9a0– 1.2a0 @see Fig. 2~d!#.

Si [110]. Along this direction, the first atom encountere
by the Si recoil is its Si second neighbor~Fig. 1!. ~i! Within
the uncertainty band~'70–101 eV!, the Si recoil sometimes
forms a dumbbell with its second neighbor. The orientat
of this dumbbell is not easy to define and varies from cas
case; however, the separation between atoms is alw
'0.47a0 @see Fig. 2~e!#. Depending on how the dumbbell i
created and which atom is considered as interstitial, the
tance between the latter and the vacancy left behind is fo
to vary between'0.4a0 and 'a0 . Nonetheless, in many
cases the recoil regains its initial position, without any n
atomic displacement being produced.~ii ! Above the upper
threshold~>101 eV! a short replacement collision sequen
also
TABLE III. Summary of TDE values and uncertainty-band widths for C atoms in SiC. Averages are
indicated.

C recoils Threshold energies~eV! Uncertainty
Directions Multiplicity Lower Intermediate Upper band~eV!

@001# 6 30.0 30.0 30.0 0.0
@001m# 30.0 30.0 30.0 0.0
@111# 4 20.0 25.5 31.0 11.0
@111m# 19.0 22.5 26.0 7.0
@110# 12 26.0 42.0 58.0 32.0
@110m# 27.0 44.5 62.0 35.0

@111# 4 41.0 51.5 62.0 21.0

@111m# 47.0 52.5 58.0 11.0

Arithmetical average 30.068.9 37.3611.0 44.6615.4 14.6612.3
Weighed average 28.9 38.6 48.2 19.3
Minimum 19.5 24.0 28.5 0.0
2-4
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takes place: the Si recoil replaces its Si second neighb
which subsequently replaces the following Si atom along
@110# direction. The last atom becomes an interstitial, si
ated at a distance'1.9a0 from the vacancy@Fig. 2~f!#.

Si @111#. Along this direction, the Si recoil heads to
wards the tetrahedron defined by four C atoms (TC), whose
center may as well be considered the center of the cubic
~see Fig. 1!. If the recoil kept moving strictly along the di
rection in which it has been pushed, the first atom enco
tered would be the C atom occupying the farthestTC vertex
from the initial position of the moving atom.~i! Within the
uncertainty band~'36–80 eV! many different possibilities
may occur: either no displacement is produced, or the re
forms either a Si1-Si dumbbell with one of the nearby cente
of the faces of the cube~distance between atoms'0.47a0!,
oriented as thê100& direction @any of the different equiva-

FIG. 2. Schematic representation of the defects generated w
a Si atom recoils along the@001# ~a! and~b!, @111# ~c! and~d!, @110#
~e! and~f!, and@111# ~g! and~h! directions, within the uncertainty
band@left: ~a!, ~c!, ~e!, ~g!# and above it@right: ~b!, ~d!, ~f!, ~h!#. R
denotes the recoil~SR the secondary recoil!; V denotes the va-
cancy;I denotes the interstitial~when it does not coincide with the
recoil!; arrows indicate directions of motion.
04520
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lent directions, see, for example, Fig. 2~g!#, or else, with
much less frequency, a Si1-C dumbbell with one of the
nearby vertices ofTC, also oriented as thê100& direction,
with separation between atoms'0.39a0 . When the Si1-Si
dumbbell is formed, the distance between vacancy and in
stitial is 'a0 , whereas in the other case it lowers down
'0.75a0 . ~ii ! Above the upper threshold~>80 eV! the Si
recoil succeeds in forming a Si1-C dumbbell~approximately
oriented as@001#! with the farthestTC vertex from its initial
position, thereby locating itself as far as'1.1a0 from the
vacancy@Fig. 2~h!#. In this case, even more clearly than
others, what decides the stability of the Frenkel pair is
separation between interstitial and vacancy.

C [001]. This is the only case in which no uncertain
band is observed. The situation is virtually identical to
@001#: the C recoil heads towards itsabove-lyingC fourth
neighbor and a Frenkel pair is created as soon as the tr
ferred energy is high enough~>30 eV! for the two atoms to
form a C1-C dumbbell, oriented as the@001# direction, with a
separation between them'0.33a0 @see Fig. 3~a!#. When the
dumbbell is generated, the distance between interstitial
vacancy is'0.85a0 , that is, only a little different from the
equivalent case for the Si recoil. However, this time no me
stability can be detected, a symptom of the fact that the

en

FIG. 3. Schematic representation of the defects generated w
a C atom recoils along the@001# ~a!, @111# and@110# ~b! and~c!, and
@111# ~d! and ~e! directions, within the uncertainty band@left: ~b!
and ~d!# and above it@right: ~c! and ~e!#. R denotes the recoil;V
denotes the vacancy;I denotes the interstitial~when it does not
coincide with the recoil!; arrows indicate directions of motion.
2-5
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L. MALERBA AND J. M. PERLADO PHYSICAL REVIEW B65 045202
combination distance on the C sublattice is shorter than
the Si sublattice, i.e., Si Frenkel pairs recombine more ea

C [111]. This case is closely related to Si@111#, since the
same atom currently taken asprimary recoil was, in the ear-
lier one, thesecondaryrecoil. ~i! Within the uncertainty band
~'20–31 eV! the C recoil may find metastable location
inside theTSi @Fig. 3~b!#, sometimes forming a C1-Si dumb-
bell ~^100& direction, distance between atoms'0.38a0! with
one of the closest vertices of theTSi. Depending on the
actual configuration produced, the distance from the vaca
left behind may vary between'0.8a0 and'0.5a0 . In many
cases, though, no net displacement survives.~ii ! Above the
upper threshold~>31 eV!, many possible configuration
were observed~C1-Si and C1-C dumbbells!, some of them
apparently similar to those occurring within the uncertain
band@C1-Si dumbbells, see Fig. 3~c!#. However, the distance
between the recoil and its initial position is now alwa
.0.8a0 , namely'0.9a0– 1.2a0 when forming C1-Si dumb-
bells and'0.8a0–a0 when forming the more stable C1-C
dumbbell.25 In this case therefore the distance separating
two elements of the Frenkel pairs definitely reveals itself
key, in order to determine the stability of the configuratio

C [110]. Though along this direction, by analogy with S
@110#, a replacement collision sequence is expected, n
ever takes place. In fact, the C recoil is, invariably, stron
deviated from its initial direction of motion towards a^111&
direction. For this reason, this case is qualitatively identi
to the previous one@Figs. 3~b! and~c!#, except for the greate
number of possible events occurring below and above
upper threshold.~i! Within the uncertainty band~'26–62
eV!, when a displacement is produced, three possible m
stable configurations have been observed:~i! C1-Si dumbbell
with one of the closestTSi vertices to the recoil’s initial
position ~separation between interstitial and vacan
'0.65a0!; ~ii ! C1-C dumbbell with a C atom which is neve
the second neighbor of the recoil ~separation
'0.55a0– 0.7a0!; ~iii ! interstitial location around the cente
of TSi @separation'0.8a0– 0.9a0 , see Fig. 3~b!#. It might
appear surprising that interstitial sites as far from the co
sponding vacancy as 0.9a0 are still metastable. However, th
peculiarity of this case~C @110#!, compared to the previou
one ~C @111#!, is that the recoil’s C second neighbor alwa
receives a significant kinetic energy. It is hence displaced
least temporarily, so as to produce high local lattice dis
tion, which certainly increases the instability of any defe
configuration. Also, it is worth noting that, in a few cases, t
effect of the process is that the hit atom~the recoil! and its
second neighbor just exchange their positions, without
net defect production.~ii ! Above the upper threshold~>62
eV!, again, C1-C or Si1-C dumbbell formation is observed
however, this time the separation between vacancy and in
stitial is '1.1a0– 1.2a0 , so that the stability of the Frenke
pair is always guaranteed.

C @111#. This direction is the equivalent, for the C su
lattice, of the @111# direction for the Si sublattice: the C
recoil encounters at short distance its Si first neighbor
04520
n
ly.

cy

e
s

e
y

l

e

a-

-

at
r-
t

y

r-

o

which much of the energy is transmitted. This time, nev
theless, due to the difference in mass between the C re
and the Si target, the situation is quite different from the
@111# case.~i! Within the uncertainty band~'41–62 eV! the
C recoil, after colliding with its Si neighbor, bounces bac
failing to displace it, and finds itself in a situation very sim
lar to the C@111# case. The typical metastable configurati
thereby produced is a C1-Si dumbbell with one of the closes
Si atoms delimiting the nearby emptyTSi @Fig. 3~d!#. In this
situation, the interstitial is separated from the vacancy
'0.55a0– 0.65a0 . Still, in many cases, at the end of th
process, no net atomic displacement is produced.~ii ! Above
the upper threshold~>62 eV!, on the contrary, the C recoi
has enough energy to replace its Si first neighbor definitiv
which in turn ends up occupying a stable interstitial positi
@Fig. 3~e!#. Therefore an antisite (CSi) is formed. Since the S
interstitial is not likely to occupy the C vacancy left behin
there is no point in defining a stability distance, in this ca
between the two elements of the Frenkel pair.

In summary: According to the simulations performe
when knocking on an atom in SiC, both within the unce
tainty band and above the upper threshold, in most cases
interstitial configuration produced is a dumbbell. What d
cides the stability of the generated Frenkel pair is fundam
tally the separation between interstitial and vacancy. Wit
the uncertainty band, the separation is small and there
the production of an atomic displacement cannot be gua
teed. Above the upper threshold the separation is greater
the configuration is stable. Finally, only in very few cases
replacement collision sequence, however short, takes pla

B. Temperature effects

Of all the cases studied at 300 K, by far the simplest o
and still representative of the general trend, is Si@001#. For
this reason, this case was used as a paradigm to examin
effect of temperature on the TDE’s in SiC. For a number
temperatures between 150 and 2000 K, the interval of p
sible transferred kinetic energies between 25 and 75 eV
swept, in order to establish the lower and the upper displa
ment threshold for a Si recoil pushed in the@001# direction.
The formation of the Si1-Si dumbbell~within the uncertainty
band! and the replacement of the neighbor~above the upper
threshold!, as described above@see Figs. 2~a! and ~b!# were
used to discriminate between the two energy regimes.
sides, the lifetime of the corresponding metastable confi
ration ~vacancy1Si1-Si dumbbell! was determined as a func
tion of temperature, by performing long simulations betwe
1200 and 2000 K~by increments of 100 K!, in which, after
equilibrating it, the defect was continuously monitored, un
its recombination was observed. In this way, the relev
Arrhenius law was interpolated from the collected da
points and it was possible to estimate, for this particular ca
the height of the energy barrier, that prevents the Frenkel
recombination~recombination barrier!.

Table IV describes quantitatively how the upper a
2-6
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TABLE IV. Lower and upper thresholds, uncertainty-band width, and intermediate threshold value
Si recoil along the@001# direction, as a function of temperature.

Thresholds~eV! Uncertainty Intermediate
T ~K! Lower Upper band~eV! value ~eV!

150 36a 61 25 48.5
300 35 62 27 48.5
600 34 59 25 46.5
800 33 60 27 46.5
1000 31 55 24 43
1300 34 58 24 46
1700 34 52 18 43
2000 30 47 17 38.5a

aObserve the closeness of these numbers.
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lower threshold for a Si recoil in motion along the@001#
direction depend on temperature. The values in the ta
show that the upper threshold tends to diminish, while
lower threshold can be considered constant. As a result
uncertainty band shrinks. The effect is more patent ab
1000 K. Qualitatively, as temperature is raised, within t
uncertainty band a larger selection of events becomes
sible, as compared to the reference case at 300 K. In par
lar, between 600 and 1300 K it is no longer feasible to r
ognize, within the uncertainty band, an energy interval wh
the formation of the dumbbell is more likely than outsi
~like 44–55 eV at 300 K!. Moreover, the recombination o
the interstitial with the vacancy within the 6-ps observati
becomes more and more probable, as temperature is
creased. At 1700 K anomalous evolutions, leading to an
parently stable defect configuration, have a probability
occurring, even at energies higher than, but very close to
lower threshold. Finally, at 2000 K, within the uncertain
band it becomes possible, sometimes, to produce a s
configuration~replacement!, even though for higher energie
no net displacement is produced. Globally, the impressio
that the thermal agitation makes it easier, at the same t
both annihilating metastable defects~higher probability of
recombination in the uncertainty band! and producing stable
defects~smallerupperthresholds, as compared to room tem
perature and, occasionally, stable defects created alsowithin
the uncertainty band!, thereby broadening the spectrum
possible evolutions when an atom is pushed out of its si

In Fig. 4 the lifetimet of the metastable defect configu
ration for the case here considered~Si @001#! is plotted using
logarithmic scale against temperature~actually 1/kT, k being
the Boltzmann constant!. The data points correspond to th
results of the simulations and the interpolation was m
using the Arrhenius function:

t5
1

n
expS Eb

kTD , ~1!

whereEb is the energy barrier that has to be overcome
order for the interstitial to recombine with the vacancy ann
is the Debye frequency. The interpolation yielded, for the
two magnitudes, the valuesEb51.16 eV and n52.5
31013Hz, the latter agreeing very well with the experime
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tal value of the Debye frequency for SiC.26 By extrapolating
the curve down to 300 K, with the same value forEb , a
lifetime '350 h is found. However, already at 500 Kt drops
to only a few milliseconds.

IV. DISCUSSION

The results presented in the previous section show tha
basic mechanisms of displacement production in SiC refl
what is expected for a predominantly covalent material.
particular, as opposed to metals,27 the replacement collision
sequences are not the most favorable mechanism to cre
Frenkel pair and, when they do take place, they are v
short. The unlikelihood of replacement collision sequence
explained by the high energy required to break chem
bonds in a covalent material, as compared to a metal. At
same time, the localized nature of the bond in a coval
material makes it possible that an interstitial survives a
reasonably small distance from a vacancy, without recomb
ing, contrary to metals, whoserecombination distance~equal
to the maximum extension of thespontaneous recombinatio
volume! may be as large as many lattice parameters.27

FIG. 4. Lifetime of the metastable Frenkel pair formed wh
knocking on a Si recoil along the@001# direction within the
uncertainty band (Si1-Si dumbbell1vacancy), as a function o
temperature.
2-7
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As a matter of fact, in SiC, due to the existence of reco
bination barriers, which allow the formation of metastab
Frenkel pairs within the uncertainty band, it seems sens
to introducetwo different recombination distances: asponta-
neous recombination distance, r SR, defining the spontaneou
recombination volume, and aninduced recombination dis
tance, r IR , which in turn defines a bigger volume, withi
which the Frenkel pair may survive without recombining, b
will easily annihilate as a result of a small perturbation~very-
low-energy collision with another atom, local lattice disto
tion, local temperature rise, etc.!. Based on the results of th
previous section it is possible to attempt the estimation o
average upper limit forr SR and r IR , as shown in Table V.
Such estimation shows that the recombination distance
the Si sublattice is larger than for the C sublattice, that is
interstitials should recombine more easily. This prediction
confirmed by the simulation of displacement cascades
SiC, in which it is seen that the primary damage state in S
is characterized by a vast majority of C interstitial atom
most Si displaced atoms ending up occupying vacancies.28–30

The values forr SR given in Table V can be compared wit
the average, global valuer SR50.53a0 , obtained elsewhere31

by simulating by MD the highest possible Frenkel pair co
centration in SiC, before turning amorphous. Note that
recombination distance for SiC is clearly much shorter th
in metals.

The big question arising from the results presented in
paper is what value should be adopted for the average T
of Si and C atoms in SiC when, for example, dpa~displace-
ment per atoms! have to be calculated, or other estimatio
have to be made that require the knowledge of the param
usually indicated asEd ~displacement energy!. As it is, the
anisotropy of this magnitude and the existence oftwo thresh-
olds in SiC seem to complicate notably the task of propos
reliable numbers forEd ~actuallyEd,Si andEd,C, that is, one
value for each sublattice!. In Tables II and III, the arithmeti-
cal and weighed averaged values, over all the directions
the lower and the upper thresholds are calculated for, res
tively, Si and C atoms. Also the minimum value is indicate

TABLE V. Spontaneous and induced recombination distance
SiC ~expressed in lattice parameters!, as estimated on the basis o
the MD simulation.

Recoil and Recombination distance (a0)
direction Spontaneous Induced

Si@001# '0.8 '1.8
Si@111#a '0.5 '0.9
Si@110# '0.4 '1.9

Si@111# '0.7 '1.1

C@001# // '0.85
C@111# '0.5 '0.8
C@110# '0.55 '1.1

C@111# '0.55 //

Average Si <0.65 <1.6
Average C <0.5 <0.9

aValues in this line refer to C sublattice.
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The weighed average is determined by taking into acco
the multiplicity of each direction~also specified in the
tables!, that is, the number of equivalent directions, to whi
the same threshold energy should correspond. In the s
tables, the intermediate value between lower and up
threshold is proposed as possible candidateglobal average
value, capable of allowing for the presence of an uncerta
band. The width of such bands is also tabulated. It should
remembered that all these values hold at room temperat

The question is then which of the average values given
Tables II and III should be chosen as the most meaning
and therefore adopted asEd,Si and Ed,C. If the values rec-
ommended by Zinkle and Kinoshita,7 based on experimenta
and computational determinations of the threshold energ
SiC, are taken as a reference, that is,Ed,Si540 eV andEd,C

520 eV, then it looks like theminimumvalues of thelower
thresholds, as determined in this work and presented
Tables II and III, are to be adopted as actual thresholds.
same conclusion is suggested if the values of Tables II
III are compared with threshold energies obtained by app
ing inversely the Norgett-Robinson-Torrens~NRT! model32

to the number of displacements per cascade as predicte
MD simulations.30 In Ref. 23 similar values~namely Ed,Si

535 eV andEd,C520 eV! are proposed too. Therefore
seems that not only does the existence of uncertainty ba
not affect the global, macroscopically observable value
the TDE’s ~at least at room temperature or below!, but also
that the computational determination of such thresho
overestimates them. It is possible that the explanation to
discrepancy between results obtained in different mann
lies in the fact that in the present paper~as well as in earlier
ones, by other authors20–23! the TDE’s are found by creating
a defect in an otherwise perfect crystal. It is likely that with
a displacement cascade~and in experiments! the simulta-
neous production of many defects, and/or the presenc
defects prior to the displacement generation, makes it
energetically costly to produce a single atomic displacem
in the material. However, this explanation should be chec
by performing adequate MD simulations, in which, for e
ample, the TDE’s are determined in a previously damag
lattice.

The last, maybe more important, aspect to be discusse
the effect of temperature on the TDE’s. In a way, it is n
surprising that the presence of barriers to the recombina
of metastable Frenkel pairs does not affect at all the T
values at room temperature. The study of the lifetime of
theseso-calledmetastable Frenkel pairs has shown that
room temperature these defects may survive for up to 30
That is, if the disappearance of these metastable defects
due only to thermal activation, then at 150 or 300 K th
would never recombine in less than 6 ps and without a
doubt theEd would always coincide with the lower thresh
old. The simulations herein reported show that, even
those temperature regimes where the metastable defect
time should be on the order of hours, there still exists
uncertainty bandthat hampers the definition of a sing
theshold energy value. This means that, during the very p
cess of displacement production, as long as the defec

in
2-8
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metastable, any small perturbation, due to the temporary
tortion of the lattice or to the subthreshold interaction of t
recoil with other atoms, can prevent the formation of t
defect. In other words, the metastability of these defect
revealed, at low temperature, only by the fact that they
not always produced, because within the uncertainty ban
the recovery can be so quick as to be confused with t
absence of defect production. But,when they are created, at
low temperature they can be well considered stable for
practical purposes. Therefore, from the macroscopic poin
view, one could say that, at low temperature, when transm
ting energies close to the lower threshold to the atoms
certain probability of producing displacements already
ists. Consequently, at low temperature the value ofEd to be
used for dpa calculation should be chosen close to themini-
mum lowerthreshold for both sublattices.

At higher temperature~.500 K! the lifetime of the meta-
stable Frenkel pairs becomes exponentially shorter than
liseconds. Therefore, in such a temperature regime, eve
an ideal experimental observation it should become imp
sible to detect the formation of defects by transferring en
gies within theuncertainty bandto the atoms, for example
by means of electron irradiation, because these defects
disappear too quickly to be seen. Only stable defects co
be detected in that temperature interval. Hence, as the
diation temperature increases, the presence of uncerta
bands should become evident and the measurable TD
ought to get closer and closer to the upper threshold o
least, to an average value, intermediate between the u
and lower threshold. In other words, at high temperature
value of Ed should be chosen closer to the average up
threshold herein reported, or at least to the intermed
value between lower and upper threshold, for both sub
tices.

However, so far the reasoning did not take into acco
the fact that the temperature rise has an influence not onl
the metastable defect recombination rate, but also on
very process of displacement production. The simulation
veals that the width of the uncertainty band shrinks w
increasing temperature, particularly for very high tempe
ture ~above 1000 K!, while the lower threshold remains ap
proximately constant; i.e., the upper threshold becom
smaller~Table IV!. Moreover, as mentioned in Sec. III B, a
very high temperature the possible events within the un
tainty band become more numerous and it turns imposs
to find a regular behavior pattern while the energy transm
ted to the atom increases. Sometimes, stable defect con
rations~replacement instead of dumbbell in the case of a
atom hit along the@100# direction! are produced even fo
energies on the order of the lower threshold. Hence, atvery
high temperature there already exists a certain probability
producing long-lived, observable defects by giving the ato
energies within the uncertainty bands, close to the low
threshold. Quantitatively, this is shown in Table IV by th
fact that the intermediate value of the uncertainty band
2000 K is very close to the lower threshold at 150–300
The overall effect is that, atvery hightemperature, the value
of Ed should be chosen again very close to the lower thre
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old at room temperature, as is worked out in Table I
Though this result was obtained only for the Si sublattice
seems reasonable to extend it to both sublattices.

In summary, all these arguments suggest that, qua
tively, EdSi and EdC should be well estimated by themini-
mum lower threshold found computationally in this pape
both at room temperature and above 1000 K. However, in
temperature range between, approximately, 500 and 100
their value should experience a peak, as a result of
shorter lifetime of the metastable Frenkel pairs form
within the uncertainty band. There is only one experimen
work available, in which the TDE’s in SiC were measured
high temperature~890 K!, performed by Hudson and
Sheldon.33 The fact that these authors found a much high
value than in any other work~all carried out at room tem-
perature or below!7 might therefore not be due to experime
tal errors, but to this MD-predicted TDE peak at intermedia
temperature. Finally, it should be noticed that another p
sible effect of the existence of uncertainty bands could be
wide scattering of experimental data on TDE’s in SiC, es
cially for Si recoils, noted in Ref. 7.

V. CONCLUSIONS

In silicon carbide~SiC! the threshold displacement ene
gies ~TDE’s! along different directions for both types of re
coils ~Si and C! appear to be substituted by a whole band
energy values, comprised between alower and anupper
threshold. Within suchuncertainty bandthe atomic displace-
ment may or may not be produced, as the Frenkel p
therein produced are metastable. Their metastability has b
demonstrated in one particular case, by determining
Arrhenius law that expresses their lifetime as a function
temperature.

The uncertainty bands are broader for Si atoms, and
perhaps explains the greater uncertainty in experiment
obtained TDE values for this sublattice. Also, Si atoms
harder to displace than C atoms.

The analysis, by means of MD simulation, of the evo
tion of an atom pushed out of its site in a bulk SiC samp
both within and above the uncertainty band, at 300 K,
veals that, at least according to the version of the Ters
potential herein adopted, the interstitial configuratio
thereby created are almost invariably dumbbells. At any r
the interstitial thereby generated locates itself always a
small distance from the vacancy, as replacement collis
sequences take place very rarely and, when they do
place, they are very short, as opposed to metals. The sep
tion between the interstitial and the vacancy also decides
stability or metastability of the generated Frenkel pairs.

In accordance with the existence of metastable Fren
pairs, it seems sensible to define two different recombina
distances for SiC: a spontaneous-recombination dista
~r SR,Si<0.65a0 ; r SR,C<0.5a0! and an induced-recom
bination distance~r IR,Si<1.6a0 ; r IR,C<0.9a0!. The values
estimated for these recombination distances indicate tha
interstitials recombine more easily than C interstitials. As
threshold energy values of practical usefulness, the dis
sion proposed leads to accepting the already recommen
2-9
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valuesEd,Si535 ~Ref. 23! or 40 ~Ref. 7! eV andEd,C520
~Ref. 7! eV. However, these values appear to be accept
only for low or very high irradiation temperature, as it
expected that, due to the reported existence of recombin
barriers, in the range of approximately 500 to 1000 K,
TDE’s should experience a peak, apparently measured
experimentally.
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