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Atomistic study of intrinsic defect migration in 3C-SiC
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Atomic-scale computer simulations, both molecular dynarti¢®) and the nudged-elastic band methods,
have been applied to investigate long-range migration of point defects in cubi€38iSiC over the tem-
perature range from 0.3§, to 0.957,, (melting temperatune The point defect diffusivities, activation ener-
gies, and defect correlation factors have been obtained. Stable C split interstitials can migrate via the first- or
second-nearest-neighbor sites, but the relative probability for the latter mechanism is very low. Si interstitials
migrate directly from one tetrahedral position to another neighboring equivalent position by a kick-in/kick-out
process via a split-interstitial configuration. Both C and Si vacancies jump to one of their equivalent sites
through a direct migration mechanism. The migration barriers obtained for C and Si interstitials are consistent
with the activation energies observed experimentally for two distinct recovery stages in irradiated SiC. Also,
energy barriers for C interstitial and vacancy diffusion are in reasonable agreemeimtbwithio data.
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I. INTRODUCTION methods or molecular dynamics with empirical potentials,

Due to its outstanding electrical, thermal, and mechanical!@vé been demonstrated to be valuable techniques to inter-
properties, silicon carbid¢SiC) has attracted extensive ex- Prét experimental observationab initio calculations are
perimental and theoretical investigations because of its poduite accurate but require very intensive computational ef-
tential use in electronic and optoelectronic devitéas well ~ forts. Molecular dynamic¢gMD) simulations based on em-
as nuclear applicationsThe wide band gap of SiC makes pirical potentials are far less computationally demanding,
possible the operation of solid-state devices for high-and calculations have been carried out on large systems with
temperature or high current/power applications, and itdime scales up to a few hundred nanoseconds. In this paper,
chemical and mechanical stability under irradiation leads tdID simulations and the nudged-elastic band methade
applications as structural components for both fusiand employed to study defect migration and minimum-energy
fissior? reactors. In device processing, ion implantation is arpaths, and to characterize the mechanisms of defect diffusion
important doping technique for SiC, since the low mobility in 3C-SiC.
of the most desirable dopahtexcludes the application of
dopant in-diffusion. On the other hand, ion implantation of- II. COMPUTATIONAL METHOD
fers the advantage of precise control of dopant concentra- i . o _
tions over well-defined depth distributions. However, irradia- MD simulations of defect diffusion were performed in a
tion inescapably results in the creation of defects andubic crystalline cell, with(100-axis orientation, that con-
topological disorder, which not only inhibit electrical activa- tains 8000 atoms with periodic boundary conditions and zero
tion of the implanted dopants, but also deteriorate the proppressuré? The interactions between atoms were described
erties of silicon carbide materials and devices for nucleat'Sing a Brenner type potenttdthat was developed based on
applications. Temperatures above 1800 K are required t¥arious equilibrium properties, and the formation energies
electrically activate the dopants. While irradiation-inducedfor stable defect configurations were determined by density-
defects can be annihilated by annealing, the defect kinetickinctional theory:> Defect diffusion was simulated in the
during thermal annealing leads to the formation of dislocalemperature range from 0.B§ to 0.95T,,, whereT,, is the
tion loops due to the precipitation of interstitidls. melting temperature(2800 K). Additionally, the nudged-

Knowledge of the defect migration and diffusion pro- €lastic-band methdd was used to determine the minimum-
cesses is crucial to understanding the response of SiC to id#ergy paths and energy barriers for migration. In the MD
implantation and thermal annealing processes, as well as gimulations, the self-diffusion coefficieri? can be deter-
irradiation damage. Consequently, a number of experimentanined from the summation of the squared displacements of
measurements have been carried out to study defect recoved)} atomsN in the simulation cell
in SiC following isochronal annealifgl® by channeling Ru-

N
therford backscattering spectrometry and positron lifetime SR ) - F(0) ]2
spectroscopy and Doppler broadenifigdowever, it is diffi- = !
cult to determine the relative contributions of various defects D= et (1)

and their clusters to these recovery stages. Atomic-level in-
vestigations of defect properties, defect migration, and diffuwhich is accurate in the limit of large simulation tire
sion, as well as diffusion mechanisms, using eithlerinito =~ Therefore, the simulations were performed over several
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nanoseconds. The quantiy!,[r;(t)—r;(0)]? was plotted as a 60 25000
function of time, and the self-diffusion coefficient was deter- 50 | 1500 K m‘ ) 3
mined from the average slop&Another possibility to cal- ~ F= - -, 2000
culate the defect diffusion coefficient is given by the follow- £ 40} M c 8
- - 47 el {15000 €
ing relationship® 'I o £
5 - 30 (S)
= 110000 %
D=f dg, ) = 207 o
° ZIWNT ol S {s000 £
where A and ' are the defect jump length and jump fre- 3
guency, respectively, anfj; is the defect correlation factor 0 : : 0
that can be calculated using the angle betweentrend j™ 00 05 10 _ 1520 25 30
jumps of the defect;.!” The expression fofy is Time (ns)
2"_l " FIG. 1. Temporal evolution of the mean-square displacements
fg=1+ HE > (cos 6;), () (MSD’s) of atoms(=N,[F;(t)~F;(0)]2) and the number of jumps of a
i=1 j=i+l C interstitial at 1500 K in SiC. The contributions to the total MSD

wheren is the total number of jumps. Equati@8) is accu- by.Si (O). gnd C(V') atoms are p.resented.separately, where only the
rate for large number of jumps. In the present MD simula-C mterstltl_al contn_butes t_o the increase in the tq@®) MSD. The
tions, the jump of a dumbbell interstitial is recorded Whendecrease in the Si MSD is due to the |_n|t|al temperature _scal_e _that
the dumbbell center of mass moves from one site to th&'®Y cause the atoms to be largely displaced from their original
first-nearest- or the second-nearest-neighbor site, which dg_OS{tl!gns,. but the Si MSD s almost constant after 1.2 ns
pends on the migration mechanisigsge beloy, while the equilibration.
jump length is an average value obtained by summarizing al
possible jump distances and divided by the total number o%
jumps.

With self-diffusion coefficients obtained at different tem-
peratures, the activation energy for defect migratgncan
be estimated from the Arrhenius relation

ermanently displaced. The reason for this behavior is dis-
ussed later. The diffusion coefficients estimated for C and Si
interstitials in SiC are given in Fig. 2 as a function of recip-
rocal temperature. The data follow an Arrhenius relationship
[Eg. (4)], and the corresponding energies, preexponential
factors, and defect correlation factors for C and Si intersti-
En tials are summarized in Table I.
D= DoeXP<— ﬁ) (4) The migration mechanisms for the self-interstitials have
B been identified by careful analysis of the computer-generated
where Dy is the preexponential factor arg is the Boltz-  trajectories. For C interstitials, two migration pathways have
mann constant. been observed. The first is a nearest-neighbor jump via a Si
site, and the second is a jump from a split configuration on a
C site to another split configuration on a next-nearest-
neighbor C site. Four snapshots of the nearest-neighbor jump
For the diffusion 6 a C interstitial atT=1500 K, the ~mechanism af=1500 K are shown in Fig. 3. The starting
quantityEi'\il[ﬂ(t)—ﬁ(O)]z and the number of jumps of a de- configuration is a C-CL00 interstitial centeredtaa C site,
fect are shown in Fig. 1. In this case, the simulation started@s shown in Fig. @), and this dumbbell is found to change
from the C-Q100 dumbbell configuration, which is the its orientation. The movement of the dumbbell along the new
most stable C interstitial configuration in 3C-SiCi8 Al-
though there exist some fluctuations3fY ,[F;(t) - F;(0)]?, all
the dependences are approximately linear with time, and the
self-diffusion coefficients can be calculated via Et). with
reasonable accuracy. The slight decrease in the Si mean- 75 1e5¢
square displaceme@SD) is due to the initial temperature ~ E
scale that may cause the atoms to be largely displaced from
their original positions, but the Si MSD is almost constant
after 1.2 ns equilibration. It should be noted that the initial g
temperature scale may lead the C-C dumbbell interstitial to a i St interstitial
high-energy configuration. Consequently, the MD block is I 4
equilibrated for 50 ps before recording the squared displace- 1e-7 —_—
ments of atoms and jumps, which guarantees that the local 08 1.0 1.2 14 1.6 1.8 20 2.2 24 26 28 3.0
heat of the interstitial disperses into the surrounded material T/T
and the interstitial stays at the low-energy configuration. m
During the simulation, a large number of jumps are ob- FIG. 2. Self-diffusion coefficients as a function of reciprocal
served, as shown in Fig. 1, but most of the first-nearestiemperature for C and Si interstitials in SiC, where the melting
neighbor jumps, on average, do not cause the defect to liemperatureT,, is 2800 K.

Ill. RESULTS AND DISCUSSIONS

1e-4 F

C interstitial
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TABLE I. Migration energiesE,(eV), pre-exponential factor®y(10°2 cn?/s), and defect correlation
factorsfy for interstitials in SiC, along witrab initio datal® Also included are related experimental values
(eV). The migration energies for vacancy diffusion are the saddle-point energies obtained using the nudged-
elastic-band method.

Defect Simulation Ab initio Experiment
En Dy fq En Activation energy
C interstitial 0.74+0.05 1.23 0.27 0.5 0.89+0.@Ref. 10
Si interstitial 1.53+0.02 3.30 0.86 1.5+0(Ref. 9), 1.6 (Ref. 20
C vacancy 4.10 3.5
Si vacancy 2.35

orientation leads to strong interactions of the C interstitialgration process. During the simulation, the Si interstitial
with one of the nearest Si atoms, thereby forming a C-Sspends most of its time staying in a tetrahedral position,
dumbbell interstitial, as indicated in Figt8. It is found that namely Sic, which is the most stable configuration among
the probability for the C interstitial to move back to the all possible Si interstitial configuratio$!® As soon as a
starting position is much higher than for it to jump to anotherSi-Si split interstitial is formed by the kick-in process, as
C site, because this process apparently involves the rotatic¥own in Fig. 4b), one of the two Si atoms is immediately
of the C-Si dumbbell, as seen in FiggcBand 3d). The final  Kicked out from the corresponding lattice site to a Si tetra-

configuration is shown in Fig.(8), forming a C-C dumbbell hedral position. The forward jump leads to the migration of

interstitial at the second-nearest-neighbor lattice site with reth® Si interstitial, as indicated in Fig.(¢). The transition

spect to the starting position. As for the second—neighboprgcefsoiglfaSt’ and takes only a few hundred MD time steps
jump, the migration path is obviously simpler. The C-C (@ 'I9rl1Je fi.rst r[r)1)|; ration mechanism found in the MD simul
dumbbell changes its orientation from initidl00) to (110 g m found in the simuia-

directi d th | directi . tions far a C interstitial is generally consistent with a pos-
irection, and then moves along {10 direction, causing  gjhle pathway suggested by the saddle-point calculations us-

the C interstitial to pass through a constriction consisting Oing anab initio method!® This may suggest that the global
two Si atoms. Further movement along an equival@i)  picture derived from the present simulations of self-diffusion
direction results in the formation of a C-C dumbbell intersti-is qualitatively correct. Estimation of the defect correlation
tial at the second-nearest-neighbor distance. However, thactor using Eq.(3) for C interstitials results inf4=0.27,
probability for the latter pathway to occur is much lower which indicates a large fraction of backward jumps of C
than that for the former migration mechanism, and only aatoms in the vicinity of Si sites. As described above, a C
few events are observed at high temperature, which may sugnaterstitial can jump to a Si site, forming a C-Si dumbbell
gest that the energy barrier for the second-neighbor jump igterstitial. However, in order to jump forward, this dumbbell
higher than that for the first-neighbor jump via Si lattice needs to change orientation, which decreases the probability
sites. For a Si interstitial, only one migration mechanism isfor a forward jump. As a result, a large number of backward
observed, which consists of a kick-in/kick-out process via gumps occur, which is consistent with the low correlation
split-interstitial configuration. This mechanism is clearly factor obtained. The defect correlation factor for Si intersti-
demonstrated in Fig. 4, which shows three stages of the mtials is estimated to be 0.86.

FIG. 3. Four snapshots showing the migration
path for the first-neighbor jump mechanism of a
C interstitial atT=1500 K, where the atoms in-
volving the jump process are numbered. The light
and dark spheres represent C and Si atoms, re-
spectively. (a) Initial C-C(1000 dumbbell con-
figuration d a C site, as indicated by atoms 1 and
2; (b) the formation of a C-Si dumbbell at a Si
site; (c) the rotation of the C-Si dumbbell in order
to jump forward; andd) final C-C dumbbell con-
figuration at the second nearest-neighbor distance
away, as presented by atoms 2 and 4.
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FIG. 4. Atomic plots showing three snapshots
of migration path for a Si interstitial afl
=2500 K. (a) Initial tetrahedral position(b) in-
termediate position forming a Si-Si split intersti-
tial, and(c) final tetrahedral position at the sec-
ond nearest-neighbor distance way.

Several attempts were carried out to simulate vacancy midamageé SiC, as well as thab initio results. It can be seen
gration at high temperaturgslose to the melting tempera- that the present MD results for the C interstitials and vacan-
ture), but only a few jumps were observed for a Si vacancycies are in reasonable agreement with thb initio
within simulation time(~8 ng, and no jumps occurred for a calculationst® which are based on density-functional theory.
C vacancy. These simulations suggest that the migration erisochronal annealing of damage accumulation in ion-
ergies for vacancies are very high. Nonetheless, the migrarradiated SiC has suggested that three distinct thermal re-
tion of the Si vacancy was found to occur by jumps of next-covery processes exist between 150 and 768KThe first
nearest-neighbor atoms to the vacancy site, and a simildhermal recovery process, which occurs below room tem-
pathway is assumed ifoa C vacancy. Consequently, the perature, has been experimentally estimated to have an acti-
nudged-elastic-band method has been employed to investration energy of 0.3+0.1%,and based on recent atomistic
gate the energy barriers along the given pathways. The resalculations?! this low-temperature recovery process is con-
sults for vacancies are provided in Fig. 5. There are multiplesistent with the recombination of close Frenkel pairs, which
saddle points along the path for a Si vacancy, but only oneepresent 60% of the interstitials that survive in a collision
saddle point occurs along the pathr fa C vacancy. The cascade. The thermal recovery process that occurs at about
migration energies, which are included in Table I, are 2.35450 K has been recently estimated to have an activation en-
and 4.10 eV for Si and C vacancies, respectively. The energgrgy of about 0.9+0.22 which is consistent with the calcu-
barriers calculated by the nudged-elastic-band method for Gted migration energy for the C interstitial. Activation en-
and Si interstitials are 0.81 and 1.51 eV, respectively, whictergy for the third thermal recovery process, which is
are consistent with those obtained by MD simulations. observed at about 650 K, has been estimated to be

The migration energies for both interstitials and vacancied.5+0.3 eV in ion-irradiated SiGRef. 9 and 1.6 eV in
are summarized in Table |, together with experimental dataeutron-irradiated Si€° which is consistent with the calcu-
from recovery processes in ion irradiaté®l and neutron lated migration energy for Si interstitials. Thus, it may be

2.5 5
(a) (b)
20+ 4t
’>‘ 1.5 g 3F
(5] ) ()
~ Si Vacancy ~ C Vacancy
I 1.0t w 2t
05} 1
0.0 : : . ; 0 . . : .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10
Relative distance Relative distance

FIG. 5. Potential barriers obtained by the nudged-elastic band method along the given pathways for a Si(apeacg C vacancy
(b).
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assumed that the thermal recovery processes observed in {fy=0.27) indicates that a large number of backward jumps
radiated SiC above room temperature are associated with theecur, which is consistent with the defect geometries in SiC.
long-range migration of C and Si interstitials. Both Si and C vacancies jump to one of their equivalent sites
through a direct migration mechanism. The nudged-elastic-
band method has also been used to study the energy barriers
IV. SUMMARY along pathways corresponding to the diffusion mechanisms

To summarize, molecular dynamics method has been enthat were observed in _the I_\/ID simulations. The activa_ltion
ployed to simulate long-range migration of point defects in€Nergies for vacancy migration are 2.35 and 4.10 for Si and
3C-SiC. C interstitials can migrate via the first-neighbor orC: réspectively. By considering the migration mechanisms of
second-neighbor sites, whereas Si interstitials jump directl® Interstitials and vacancies explored & initio method
from one tetrahedral position to an equivalent position by "d available experimental data, respectively, the present
kick-in/kick-out process via a Si-Si split-interstitial configu- Simulations provide a very consistent understanding of defect
ration. The migration energies are estimated to be 0.74 angffusion processes in SiC.

1.53 eV for C and Si interstitials, respectively. These results
are consistent with experimentally determined activation en-
ergies for thermal recovery processes at about 450 and This research was supported by the Division of Materials
650 K. This suggests that these processes are associated wibiences and Engineering, Office of Basic Energy Sciences,
the long-range migration of C and Si interstitials, respec-U.S. Department of Energy under Contract No. DE-ACO06-
tively. The small defect correlation factor for C interstitials 76RLO 1830.
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