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Abstract

The phase stability of 3C±SiC upon heating and the threshold displacement energy (Ed) surfaces for C and Si

primary knock-on atoms (PKAs) in 3C±SiC and 6H±SiC have been investigated using molecular dynamics simulations.

A recently optimized Terso� potential is used in conjunction with an ab initio repulsive potential to represent the

interactions between atoms. The simulations provide important insights into phase separation of SiC upon heating, and

indicate a strong anisotropy in the Ed surface for both Si and C PKAs. The two polytypes show many similarities in the

nature of the Ed surface. The average displacement energy is separately determined by simulating 30 di�erent 500 eV

cascades in 3C±SiC. The minimum displacement energies of 21 eV for C and 35 eV for Si are in excellent agreement with

interpretation of experimental observations and the simulations of 500 eV cascades. Ó 2000 Elsevier Science B.V. All

rights reserved.

PACS: 02.70.Ns; 61.20.Ja; 61.72.Bb; 61.80.Az; 61.82.Fk

1. Introduction

Silicon carbide (SiC) composites are a leading can-

didate material for low-activation structural applica-

tions in proposed fusion reactors because of their

excellent elevated temperature properties, radiation

stability, thermal conductivity, and chemical compati-

bility with the fusion environment [1]. In addition, SiC is

a wide band gap (�3 eV) semiconductor with a higher

breakdown ®eld, saturated electron drift velocity, and

thermal conductivity than Si. This combination of

properties makes SiC attractive for high-power and

high-frequency electronic device applications [2]. SiC

devices can also be used for direct monitoring of pro-

cesses in radiation, high-temperature, and caustic envi-

ronments [3]. The small di�usion coe�cients of dopants

preclude selective doping of SiC by di�usion [2]. The

alternative is ion-implantation that introduces atomic-

level defects in the material, which can lead to amor-

phization at high implantation doses. Such defects are

also created in SiC during exposure to high-radiation

environments.

A fundamental understanding of defect creation,

accumulation, and recovery in SiC is needed to advance

electronic device fabrication and assess the performance

of components in high-radiation environments. One of

the most important defect parameters that determine the

extent of lattice damage is the threshold displacement

energy, Ed. This is de®ned as the minimum kinetic en-

ergy to be transferred to an atom to displace it from its

lattice site, which thereby creates a stable Frenkel pair.

Several experimental studies have been performed to

estimate Ed in SiC. The experiments typically involve

irradiation with electrons or light ions over a range of

energies to create isolated Frenkel pairs followed by an

examination of defect cluster formation, amorphization,

luminescence, minority carrier lifetime (MCL), resistiv-

ity changes, or relative disorder [4±8]. These experi-

mental studies have yielded Ed values over a broad range

due to uncertainty over the sublattice corresponding to

the measured value of Ed and fundamental di�erences

between experimental techniques. For instance, trans-

mission electron microscopy (TEM) probes Ed along the
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direction of the electron beam, while Rutherford back-

scattering spectroscopy/channeling (RBS/C) measure-

ments examine average values on a speci®c sublattice for

a given incident ion.

Silicon carbide also exhibits polytypism, which in-

troduces a further level of complexity in analyzing

published experimental data. SiC occurs in the form of

more than 150 polytypes of which one (3C) is cubic and

the rest are hexagonal. All SiC polytypes consist of

corner-sharing CSi4 and SiC4 tetrahedra but di�er in the

stacking sequence of identical atomic planes along a

principal crystallographic axis [3]. Of these, 3C±SiC and

6H±SiC have been extensively studied, because they are

of the most interest for semiconductor devices. Table 1

compares the structures of 3C±SiC and 6H±SiC. The

experimentally determined values of threshold dis-

placement energy for these two polytypes are shown in

Table 2. The results show considerable scatter over

nearly an order of magnitude.

Based on an evaluation of literature data, Zinkle

and Kinoshita [9] have recommended average Ed values

of 20 and 40 eV for the C and Si sublattices, respec-

tively, but have pointed out that further work is needed

to verify the accuracy of the experimental data. In an

e�ort to interpret the experimental data, molecular

dynamics (MD) simulations have been used to examine

the displacement energy surface in SiC [10±15]. MD

simulations are ideally suited to the study of defect

formation processes occurring over length (nm) and

time (ps) scales that are too small to permit direct ex-

perimental observation. Comparison of MD results

with experimental observations aids the interpretation

of experimental results and helps re®ne the interatomic

potentials used to describe the interactions between

atoms in the simulation. Most of the previous simula-

tions have used the Pearson [16] or Terso� [17±19]

potentials. The simulations have been limited to 3C±

SiC and to a few low-index directions. The calculated

Ed values for these directions, at or below room tem-

perature, are shown in Table 3 for the di�erent po-

tentials. It is now well established that the Pearson

potential is unsuitable for modeling SiC [20]. Among

the studies that have used the Terso� potential, di�er-

ences arise from the choice of parameters and the na-

ture of the short-range potential. Recently, the SiC

interatomic potential has been optimized by combining

the Terso� potential, using the latest parameters, with

a short-range potential derived from ®rst-principles

calculations [13,21]. Preliminary calculation of Ed along

low-index directions in 3C±SiC by the present authors

using the optimized potential [13] has shown excellent

agreement with the results of a recent ®rst principles

calculation [15], as shown in Table 3.

The present work extends our study of threshold

displacement energies to 26 directions in 3C±SiC for C

and Si PKAs. Such a systematic examination of Ed is

expected to yield a clear picture of the displacement

energy surface. Moreover, Ed has been determined by

computer simulation for the ®rst time in several direc-

tions for 6H±SiC in an e�ort to compare the displace-

ment energy surfaces of the two most commonly studied

polytypes. In addition, the production of defects in low-

energy displacement cascades has been examined by

simulating 30 di�erent 500 eV cascades involving both Si

and C PKAs along ®ve di�erent directions in 3C±SiC.

Most MD studies on displacement cascades have fo-

cussed on the structure of individual cascades, without

much emphasis on the statistics of the defect production

process. The present work addresses this need and fa-

cilitates the interpretation of previous experimental

studies of defect production in SiC.

Table 1

Structures of 3C±SiC and 6H±SiC

Structure property 3C 6H

Spacegroup F43m P63mc

Pearson symbol CF8 hP12

a (nm) 0.436 0.308

c (nm) 1.512

Equivalent planes (1 1 1) (0 0 0 1)

Table 2

Experimentally determined displacement energies (Ed) in SiC

Ed (eV) Polytype Sublattice Direction Technique Ref.

22 6H C Average MCLa [5]

30±35 6H Si Average RBS/C [4]

97 6H Si [0 0 0 1] TEM [6]

54b 3C C [1 1 0] TEM [7]

54b 3C C [1 0 0] TEM [7]

90b 3C C [1 1 1] TEM [7]

106 3C Si [1 1 1] TEM [8]

a Minority carrier lifetime.
b Zinkle and Kinoshita [9] have suggested that these observations correspond to the Si sublattice with Ed values of 45, 45 and 77 eV,

respectively.
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2. Details of the simulation

Molecular dynamics simulations were performed

using the MOLDYCASK [22] code modi®ed to run on a

desktop workstation at Paci®c Northwest National

Laboratory. An isothermal isobaric (NPT) ensemble [23]

was used to heat 3C±SiC at temperatures up to 6000 K

in an e�ort to evaluate the potential by simulating the

decomposition of SiC. In this simulation, the MD cell

contained 998 atoms (5 ´ 5 ´ 5 unit cells with a C and a Si

vacancy). The structure of the system was analyzed us-

ing global and partial radial distribution functions

(RDF). The displacement energy calculations and cas-

cade simulations, however, were performed in the micro-

canonical ensemble (NVE) with constant number of

atoms, volume, and energy (NVE). For 3C±SiC, the

simulation cell consisted of 8000 atoms (10 ´ 10 ´ 10 unit

cells), while the cell for the 6H±SiC contained 1344 at-

oms. Periodic boundary conditions were employed, and

care was taken to ensure that the PKA did not channel

through the cell. The simulations were performed at

300 K, because experimental studies have shown

that reproducible values of Ed are obtained at this

temperature [7].

The interactions between the atoms were modeled

using the most recent parameters of the Terso� potential

[18,19]. The cuto� distances were scaled with the cell

volume to avoid unphysical e�ects [24]. The Terso�

potential was joined smoothly to a realistic repulsive

potential [21] instead of the more commonly used but

less realistic Ziegler±Biersack±Littmark (ZBL) potential

[25]. The functional form of the potential and the pa-

rameters used have been discussed in detail elsewhere

[13]. The simulation cell was initially held at 300 K for

20 ps, which was much longer than the time (about

0.2 ps) needed for the system to attain equilibrium. An

atom near the center of the cell was then given a kinetic

energy ranging from 10 to 500 eV along a chosen

direction, and the atoms were allowed to relax for time

periods up to 10 ps. Along each direction, the simulation

was repeated for di�erent PKA energies and on both

sublattices until a stable Frenkel pair was produced. The

intermediate con®gurations were periodically saved to

enable the calculation of the number and type of defects

produced.

3. Results and discussion

3.1. Phase stability

Fig. 1 shows the potential energy per atom in 3C±SiC

as a function of temperature over the range from 300 to

6000 K. The abrupt increase in energy between 4800 and

4900 K indicates the occurrence of a phase transfor-

mation. The energy increases smoothly with temperature

for the 10 data points below and the 7 data points above

the transformation. The phase diagram [26] shows that

3C±SiC does not melt when heated, but instead

decomposes by a peritectic transformation at about

2820 K into solid C and a liquid of 27 at.% C. The

interatomic potentials used in the present work overes-

Table 3

Summary of calculated displacement energies (Ed) in 3C±SiC

Potential [1 0 0] [1 1 0] [1 1 1] [111] Ref.

C Si C Si C Si C Si

Pearson 13 40 15 146 10 53 20 158 [10]

Terso�a 40 35 30 85 25 35 50 40 [11]

Terso�b 14 43 18 66 22 47 [12]

Terso�c (This

work)

31 36 38 71 28 113 71 39 [13]

First principles 29 39 28 [15]

a Earlier version of the Terso� potential [17].
b Ziegler±Biersack±Littmark potential used for short-range interactions.
c Optimized version of Terso� potential with ab initio repulsive potential.

Fig. 1. Potential energy per atom of 3C±SiC as a function of

temperature.
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timate this transformation temperature. A previous MD

simulation [11] had determined the melting temperature

of SiC to be about 2800 K, but had not discussed the

structural and bonding characteristics of the resulting

liquid. Such information is needed to determine if the

simulation cell undergoes melting or a peritectic trans-

formation. The di�erences between the present study

and the previous work [11] may arise from di�erences in

the parameters of the Terso� potential, the nature of the

short-range repulsive potential, and our use of the more

realistic NPT instead of NVE ensemble.

The structure of the simulation cell above and below

the transformation temperature was examined using

RDF. Fig. 2 shows the global RDF, g(r), for the 3C±SiC

simulation cell. At 4800 K, g(r) is characteristic of a

crystalline solid, while at 4900 K a liquid with high atomic

mobility is observed. The di�erences are clearly evident

when the gSi±Si and gC±C partial RDFs are examined. The

gC±C curve is shown in Fig. 3 to illustrate this point. At

4800 K, gC±C is characteristic of 3C±SiC with consider-

able peak broadening and the appearance of a small peak

around 0.15 nm. However, at 4900 K, gC±C exhibits an

intense ®rst peak at 0.153 nm, which is the nearest

neighbor distance in diamond (as compared to 0.142 nm

in graphite). At and above 4900 K, the structure consists

of C clusters linked by C±Si bonds to a Si±Si network. At

4900 K, the ®rst minimum in the RDF occurs at about

0.20 and 0.24 nm, respectively, for gC±C and gSi±C. Based

on these cut-o� distances, the average C atom has about

1.5 C neighbors and 2.45 Si neighbors at 4900 K. The

corresponding numbers at 4800 K are 0.06 and 3.93,

respectively, indicating that chemical order is preserved

up to the transformation temperature. The structural and

bonding characteristics of SiC above 4800 K are similar

to those reported for amorphous SiC based on an ab

initio molecular dynamics simulation [27].

3.2. Displacement energies

Table 4 shows the values of Ed determined for the C

and Si sublattices along 26 di�erent directions. The

threshold displacement energy is determined by giving a

C or Si atom a certain kinetic energy and, depending on

the displacement of the atom from its site, repeating the

simulation for a higher or lower PKA energy [13]. The

margin of uncertainty in Ed is taken as one half of the

energy increment used. Two simulations each are run

at the lower and upper bounds of Ed to determine that

stable displacements are not produced below Ed and that

the displacements above Ed are stable. The displaced

atom generally reaches its ®nal con®guration within

0.25 ps, and the energy of the simulation cell stabilizes

within 0.5 ps after PKA introduction. Along some

directions, stable Frenkel pairs on the non-PKA sublat-

tice are produced at energies below that necessary for

permanent displacements on the PKA sublattice. None-

theless, the PKA atom is considered permanently dis-

placed only if a stable Frenkel pair remains on the PKA

sublattice at 2 ps following PKA introduction. For in-

stance, a 65 eV Si PKA along [1 1 1] can produce a stable

C Frenkel pair because of the low Ed (28 eV) for C along

[1 1 1]; however, a Si PKA with an energy of 113 eV is

required to create a stable displacement on the Si sub-

lattice. Thus, a Si PKA along [1 1 1] with energy between

65 and 112 eV will not itself be permanently displaced but

will produce one or more C Frenkel pairs. The implica-

tions of this behavior will be discussed below.

The margin of uncertainty in Ed is �1 eV for the

[0 0 1], [0 1 1], [0 11], [1 1 1], and [111] directions and

�5 eV for the higher index directions, because a broader

energy interval between successive PKA simulations was

used for the latter. As noted previously [13] and indi-

cated in Table 3, the results along several principal
Fig. 2. Global radial distribution function of 3C±SiC at 4800

and 4900 K.

Fig. 3. Partial C±C radial distribution function of 3C±SiC at

4800 and 4900 K.
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directions are in excellent agreement with accurate

ab initio calculations [15].

Fig. 4 shows the PKA displacement distance and

potential energy per atom as a function of time elapsed

after PKA introduction for 23 and 25 eV C PKA along

[0 0 0 1] in 6H±SiC. For the 23 eV case, the PKA returns

to its original position after exploring a series of unsta-

ble con®gurations, and its potential energy decreases to

its original value. On the other hand, the 25 eV C PKA

results in a stable C Frenkel pair separated by about

0.34 nm. From this result, the Ed for C along [0 0 0 1] in

6H±SiC is estimated to be 24 � 1 eV. The system relaxes

to its ®nal con®guration within 0.5 ps after PKA in-

troduction, and the kinetic energy of the PKA is lost

mostly as heat. The dissipation of heat generally resulted

in a temperature rise of less than 100 K for 3C±SiC and

200 K for 6H±SiC. The larger temperature increase for

6H±SiC is a consequence of the use of a smaller simu-

lation cell. Table 5 lists Ed for Si and C PKAs along

several low-index directions. These results, to the best of

our knowledge, represent the ®rst MD calculation of

displacement energies in 6H±SiC.

The displacement energy surface shows many simi-

larities in the two polytypes studied. First, the dis-

placement energy surface is highly anisotropic. In 3C±

SiC, the values of Ed for C range from 21 eV along [2 3 3]

to 71 eV along [111], and Ed for Si varies from 36 eV

along [0 0 1] to 135 eV along [2 3 3]. In 6H±SiC, Ed for C

ranges from 24 eV along [1 1 0 0] to 65 eV along [0 0 0 1],

and Ed for Si varies from 35 eV along [0 0 0 1] to 120 eV

along [0 0 0 1]. Second, the minimum Ed values for the 2

polytypes are similar, about 21 eV for C and 35 eV for

Si. Third, Ed is comparable for the equivalent directions,

[1 1 1] and [0 0 0 1] or [111] and [0 0 0 1], in 3C±SiC and

6H±SiC, respectively, as shown in Table 6. For these

directions, Ed changes signi®cantly with a 180° rotation

because of the asymmetry in atomic arrangement. For

instance, along [1 1 1] in 3C±SiC, a Si atom has a C

Fig. 4. PKA displacement and potential energy for 23 and

25 eV C PKA along [0 0 0 1] in 6H±SiC. Ed is 24 � 1 eV.

Table 5

Displacement energies (Ed) in 6H±SiC calculated in the present

work

Direction C (eV) Si (eV)

[0 0 0 1] 31 � 1 120 � 1

[0 0 0 1] 65 � 1 35 � 1

[0 1 1 0] [0 1 1 0] 27 � 1 72 � 1

[1 0 1 0] [1 0 1 0] 27 � 1 71 � 1

[1 1 2 0] [11 2 0] 26 � 1 76 � 1

[1 1 0 0] [1 1 0 0] 24 � 1 76 � 1

Table 4

Displacement energies (Ed) in 3C±SiC determined in the present

work

Direction C (eV) Si (eV)

[0 0 1] 31 36

[0 1 1 0] 33 38

[0 1 5] 33 42

[0 3 1 0] 45 48

[0 2 5] 50 77

[0 1 2] 55 71

[0 3 5] 37 83

[0 7 10] 28 95

[0 4 5] 26 83

[0 9 10] 26 71

[0 1 1] 38 71

[1 8 8] 34 85

[1 4 4] 36 111

[1 3 3] 24 107

[1 2 2] 32 115

[2 3 3] 21 135

[5 6 6] 21 135

[1 1 1] 28 113

[0 11] 38 71

[188] 40 68

[144] 36 45

[133] 34 45

[122] 42 40

[233] 60 39

[566] 44 46

[111] 71 39
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nearest neighbor at a distance of 0.189 nm, while in the

opposite direction there is no such nearest neighbor for a

distance of 0.566 nm and vice versa for a C atom.

The interstitials produced in these low energy (less

than 135 eV) displacement events are mostly dumb-bell

con®gurations. Fig. 5 shows a Si dumb-bell interstitial

(shown in black) produced by a [0 0 1] Si PKA within a

section of the SiC simulation cell. The Si vacancy that is

produced is at the face-center position of the bottom

face. The Si dumb-bell interstitial has coordinates (in

units of lattice parameter) for the two Si ions of (0.0, 0.0,

0.75) and ()0.04, 0.03, 1.2) with respect to the vacancy.

Two neighboring C ions are displaced from ()0.25, 0.25,

0.75) and (0.25, )0.25, 0.75) to about ()0.3, 0.3, 0.66)

and (0.3, )0.3, 0.66), respectively. The average energy of

formation for the dumb-bell is 2.8 eV/atom (2.5 eV from

each interstitial in the dumb-bell and 0.3 eV each from

the distorted C atoms). In the case of a C PKA along

[0 0 1] resulting in a vacancy at coordinates (0.25, 0.25,

0.25), a dumb-bell interstitial is formed with C coordi-

nates at (0.4, 0.22, 1.21) and (0.06, 0.26, 1.21) about the

(0.25, 0.25, 1.25) C lattice site. Since the C atoms are

smaller than the Si atoms, the C dumb-bell is accom-

modated without signi®cant strain on the neighboring Si

atoms. The average energy of formation of the C dumb-

bell is 2.2 eV/atom. Isolated Si or C interstitials and

other defects are also produced along certain directions.

For instance, a 121 eV Si PKA along [0 0 0 1] in 6H±SiC

results in a Si interstitial, a C interstitial, a Si anti-site,

and a C anti-site defect, which indicates that four per-

manent defects are produced at the Ed for Si along

[0 0 0 1].

The present work represents the most comprehen-

sive simulation study of displacement energies in SiC.

The minimum threshold displacement energies in SiC

(Tables 4 and 5) are 21 eV for C and 35 eV for Si,

which are in good agreement with the values of 20 and

40 eV for C and Si, respectively, recommended by

Zinkle and Kinoshita [9]. The geometric average values

of Ed over all the crystallographic directions considered

in this study are calculated by taking into account the

multiplicity of each direction (i.e., number of equiva-

lent directions). These averages are 37 and 73 eV for C

and Si, respectively, in 3C±SiC and 31 eV for C and

75 eV for Si in 6H±SiC. These values are considerably

higher than the values recommended by Zinkle and

Kinoshita [9]. The di�erence is due to the anisotropy of

the Ed surface, which leads to excessive contributions

to the average from directions with high Ed values.

However, along many of these high Ed directions,

subthreshold recoil energies on one sublattice can lead

to displacement events on the other sublattice. In the

case of Si displacements along [1 1 1] that was discussed

above, a Si PKA (or recoil) along [1 1 1] with energy

between 65 and 112 eV will not itself be permanently

displaced but will produce one or more C Frenkel pairs

due to the low Ed for C along this direction. This be-

havior represents a potential problem for Monte Carlo

calculations of displacement damage, such as in TRIM

[25], that use the threshold displacement energy for

each species as the cuto� energy for further displace-

ments in the calculations. Thus, if 113 eV is used as Ed

for Si along [1 1 1], then the number of displacements

would be underestimated because C atoms displaced by

subthreshold Si recoils, with energies between 65 and

112 eV, would not be included. This suggests that the

e�ective displacement energies will be lower than the

geometric average values calculated in the present

study.
Fig. 5. Si dumb-bell interstitial (black) produced by a 50 eV Si

PKA along [0 0 1] (upward direction) in 3C±SiC.

Table 6

Comparison of displacement energies along equivalent direc-

tions in 3C±SiC and 6H±SiC

PKA Direction Polytype Ed (eV)

Si [1 1 1] 3C 113 � 1

Si [0 0 0 1] 6H 120 � 1

C [1 1 1] 3C 28 � 1

C [0 0 0 1] 6H 31 � 1

Si [111] 3C 39 � 1

Si [0 0 0 1] 6H 35 � 1

C [111] 3C 71 � 1

C [0 0 0 1] 6H 65 � 1
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3.3. Low-energy cascades

In a collision cascade, Frenkel pairs should form

preferentially along directions with low Ed. In order to

investigate this hypothesis regarding defect production

in cascades, 15 separate cascades have been investigated

for both 500 keV Si and 500 keV C PKAs in 3C±SiC.

This study involved 3 Si PKAs and 3 C PKAs along

each of ®ve low-index directions in 3C±SiC (namely,

[0 0 1], [0 0 1], [1 1 0], [1 1 1], and [111]), including several

high Ed directions. The 15 C PKAs produced an average

of about 9.0 displacements, as shown in Fig. 6, while the

15 Si PKAs generated about 9.75 displacements, as

shown in Fig. 7. In these low energy cascades, C and Si

interstitials, replacements and a few anti-site defects are

produced. Further details of these cascades will be in-

cluded in a forthcoming article on displacement cascades

in SiC. The C displacements outnumbered the Si dis-

placements by a factor of about 2 for the Si PKAs and a

factor of about 4 for the C PKAs.

One can calculate the average Ed value for these

simulations using the modi®ed Kinchin±Pease model

[28],

Ed � 0:4EPKA

Ndisp

: �1�

Here, EPKA is the PKA energy in the MD simulation

(500 eV) and Ndisp the number of displacements pro-

duced. EPKA is also known as damage energy in the

Lindhard±Shar�±Schiùtt (LSS) theory [29]. It represents

the kinetic energy portion of the recoil energy and ex-

cludes the energy lost in electronic excitations, which is

not taken into account in the present MD simulations.

TRIM calculations [25] show that the electronic energy

loss for a damage energy of about 500 eV in SiC ranges

from about 15% for Si recoils to about 29% for C recoils.

Thus, the damage energy of 500 eV corresponds to ap-

proximately a 600 eV Si recoil or a 700 eV C recoil. The

displacement energy in SiC averaged over both sublat-

tices, based on Eq. (1), is about 20±22 eV. Weighting the

minimum Ed of the 2 sublattices (21 and 35 eV) by the

fraction of displacements produced in these cascades,

yields 23±26 eV for Ed, in agreement with the above

Kinchin±Pease calculation and experimental data [9].

These results indicate that average displacement energies

determined, as above, from realistic low-energy cascade

simulations o�er more reasonable values for Ed than

geometric averages over all directions. Furthermore, the

results are consistent with the hypothesis that preferen-

tial displacement of atoms occurs along low Ed direc-

tions, even for PKAs or recoils along high Ed directions.

Nonetheless, the simulation along individual directions

provides information about the anisotropy of the

threshold energy surface and the minimum values for

Ed.

4. Conclusions

Using MD simulations with realistic potentials, the

present study has demonstrated the phase separation of

3C±SiC upon heating and determined the threshold

displacement energies in both 3C±SiC and 6H±SiC

along a range of directions. The simulations show that

the displacement energy surfaces in these two polytypes

are similar and highly anisotropic. Furthermore, most

displacement events result in the formation of dumb-bell

interstitials, although some anti-site defects are also

observed. These results provide insights into the large

scatter in the threshold displacement energy values es-

timated for SiC from experiments. The Ed values de-

termined along discrete directions by electron
Fig. 6. The number of displacements produced by 500 eV C

PKA in 3C±SiC.

Fig. 7. The number of displacements produced by 500 eV Si

PKA in 3C±SiC.
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microscopy shows considerable scatter because the dis-

placement energy varies signi®cantly with crystallo-

graphic orientation. The electron microscopy technique

tends to overestimate Ed because the defects must gen-

erally migrate and cluster to be observed. Other tech-

niques determine minimum or average Ed values, and it

is di�cult to compare Ed values obtained by di�erent

techniques. Methods, such as RBS/C, following light-ion

irradiation tend to underestimate Ed because amorph-

ization may be produced in addition to isolated defects.

The systematic computer simulations of displacement

events in the present work complement previous exper-

imental observations [4±9] and indicate that the mini-

mum Ed values are about 21 and 35 eV for C and Si,

respectively, in both 3C±SiC and 6H±SiC. The geometric

average Ed values (e.g., 37 eV for C and 73 eV for Si in

3C±SiC) are heavily weighted by large Ed values along

directions where subthreshold recoil energies on one

sublattice can lead to displacement events on the other

sublattice. This suggests that the e�ective displacement

energies should be lower than the geometric average

values, which is consistent with the results from the

simulation of low-energy cascades. The systematic

evaluation of 30 low-energy (500 eV) cascade simula-

tions in 3C±SiC along ®ve di�erent low-index directions

indicates that the total defect production is consistent

with calculations based on the minimum values of Ed,

even for PKAs along high Ed directions; this suggests the

preferential displacement of atoms along low Ed direc-

tions. Therefore, the minimum Ed values of 21 and 35 eV

for C and Si, respectively, should be considered for use

in calculations of defect production in SiC.
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