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The migration of point defects in silicon and the corresponding atomic mobility are investigated by com-
prehensive classical molecular-dynamics simulations using the Stillinger-Weber potential and the Tersoff po-
tential. In contrast to most of the previous studies both the point defect diffusivity and the self-diffusion
coefficient per defect are calculated separately so that the diffusion-correlation factor can be determined.
Simulations with both the Stillinger-Weber and the Tersoff potential show that vacancy migration is charac-
terized by the transformation of the tetrahedral vacancy to the split vacancy and vice versa and the diffusion-
correlation factor fV is about 0.5. This value was also derived by the statistical diffusion theory under the
assumption of the same migration mechanism. The mechanisms of self-interstitial migration are more complex.
The detailed study, including a visual analysis and investigations with the nudged elastic band method, reveals
a variety of transformations between different self-interstitial configurations. Molecular-dynamics simulations
using the Stillinger-Weber potential show that the self-interstitial migration is dominated by a dumbbell mecha-
nism, whereas in the case of the Tersoff potential the interstitialcy mechanism prevails. The corresponding
values of the correlation factor f I are different, namely, 0.59 and 0.69 for the dumbbell and the interstitialcy
mechanisms, respectively. The latter value is nearly equal to that obtained by the statistical theory which
assumes the interstitialcy mechanism. Recent analysis of experimental results demonstrated that in the frame-
work of state-of-the-art diffusion and reaction models the best interpretation of point defect data can be given
by assuming f I�0.6. The comparison with the present atomistic study leads to the conclusion that the self-
interstitial migration in Si should be governed by a dumbbell mechanism.
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I. INTRODUCTION

Under intrinsic conditions self-diffusion in silicon may be
caused by vacancies �V�, self-interstitials �I�, mobile vacancy
and self-interstitial clusters, as well as by the direct exchange
of atoms. Experimental and theoretical investigations
showed that the latter mechanism1 does not play an impor-
tant role and can be therefore neglected.2–6 The contribution
of a certain mobile defect of a given charge state to
self-diffusion is proportional to the product of the defect
concentration per silicon atom and its diffusivity. Thus the
self-diffusion coefficient Dsd may be determined by

Dsd = �
k

fVkCVkDVk + �
l

f IlCIlDIl + �
m

fV2
mCV2

mDV2
m

+ �
n

fI2
nCI2

nDI2
n + ¯ . �1�

Here the contribution of mobile defect clusters that contain
more than two vacancies or self-interstitials is not considered
explicitly. The sums are over all relevant charge states of the
defect. CVi, DVi, CIi, DIi, CV2

i , DV2
i , CI2

i , and DI2
i denote the

relative concentrations and the diffusivities of vacancies,
self-interstitials, divacancies, and di-interstitials, respec-
tively. The quantities fVi, f Ii, fV2

i , and f I2
i are called diffusion-

correlation factors since they describe the correlation be-
tween the migration of the respective defect and the mobility
of the silicon atoms. Depending on the charge state, different

configurations of vacancies, self-interstitials, and defect clus-
ters may exist. Furthermore, in a given charge state these
defects may have one stable and several metastable configu-
rations. During migration vacancies or self-interstitials may
be transformed from one state to another. It is very difficult
to determine all contributions to Dsd separately. Most authors
consider self-diffusion in thermal equilibrium.2–4,7 In this
case self-diffusion is dominated by the contribution of vacan-
cies and self-interstitials. This is because the formation en-
ergy of the defect clusters is relatively high �cf. Ref. 8� and,
consequently, their equilibrium concentration is very small
compared to that of vacancies and self-interstitials. Using
silicon isotope heterostructures the self-diffusion coefficient
in thermal equilibrium was accurately determined over 7 or-
ders of magnitude.3 It was found that the temperature depen-
dence of Dsd can be well described by a single Arrhenius
term with an activation energy of 4.75 eV. Furthermore, it is
generally supposed that the diffusion-correlation factors of
all charge states of the vacancy and the self-interstitial are
equal.9,10 Applying the assumptions mentioned above the
self-diffusion coefficient Dsd is given by

Dsd = fVPV + f IPI, PV = �
l

CVlDVl, PI = �
l

CIlDIl.

�2�

The quantities PV and PI are called transport capacities and
are defined as the sum over the products of the �relative�
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equilibrium concentration and the diffusivity in the corre-
sponding charge state. PV and PI were determined separately
by metal diffusion experiments2,4,11–13 as well as by dopant
diffusion studies in isotopically enriched silicon structures
under oxidation and nitridation conditions.5,14 PV and PI

could also be described by single Arrhenius terms. However,
different authors obtained different values for the activation
energies and the pre-exponential factors. In particular the
values for PV are still controversial. The situation is compli-
cated by the fact that the diffusion-correlation factors fV and
f I are also not very well known so that a direct comparison
with the self-diffusion coefficient via Eq. �2� is nontrivial.
Frequently2–4,7 fV=0.5 and f I=0.73 are used. These values
were determined within the framework of the statistical dif-
fusion theory15,16 by explicitly assuming the simple vacancy
mechanism and the interstitialcy mechanism for self-
diffusion by vacancies and self-interstitials, respectively.
However, the investigations of Voronkov and Falster17

showed that the value of f I must be about 0.6 in order to
obtain an activation energy of 4.5 eV for PV, which is most
consistent with experimental data from wafer processing.
This result was obtained using Dsd from Ref. 3, PI from
metal diffusion experiments,2,4 as well as by supposing fV
=0.5. Recently, Bracht et al.10 analyzed experimental data
which were obtained from their studies on simultaneous self-
diffusion and dopant diffusion in isotope heterostructures. In
these investigations, Dsd from Ref. 3 and PI from Ref. 2 were
used. Furthermore, it was assumed that the diffusivities of
charged vacancies and self-interstitials are equal to the dif-
fusivity of the corresponding neutral defect, and fV was set to
0.5. The analysis showed that the value of f I must be about
0.56 to get an activation energy of 4.6 eV for PV. This value
is consistent with the fact that the activation energy for Sb
diffusion in Si is 4.1 eV. Since Sb diffuses by the vacancy
mechanism, this activation energy must be smaller than that
for PV due to attractive electrostatic and elastic interactions
between Sb and V.10,18 This attraction does not exist in the
case of Si self-diffusion by vacancies.

The previous discussion shows that the accurate determi-
nation of separate contributions of vacancies and self-
interstitial to Dsd is hindered not only by the partially insuf-
ficient knowledge of the respective transport capacities but
also by the lack of precise values for the diffusion-
correlation factors fV and f I. The present work deals with an
atomistic study on the correlation between self-diffusion and
the migration mechanisms of vacancies and self-interstitials
aiming to a better understanding of the diffusion-correlation
factors. For this purpose the self-diffusion coefficient per
point defect as well as the point defect diffusivity is calcu-
lated by classical molecular-dynamics �MD� simulations.
The ratio of both quantities yields the corresponding
diffusion-correlation factor. In this manner fV and f I can be
determined without any assumptions about the atomic migra-
tion mechanisms, in contrast to the statistical diffusion
theory,15,16 where these mechanisms must be explicitly as-
sumed. In the framework of present fundamental investiga-
tions on the diffusion-correlation factor, only neutral vacan-
cies and self-interstitials can be considered, i.e., Eq. �2� is
reduced to

Dsd = fVCVDV + f ICIDI, �3�

where CV, DV and CI, DI are the �relative� equilibrium con-
centration and the diffusivity of the neutral vacancies and
self-interstitials, respectively. The migration mechanisms of
the point defects may depend on the interatomic potential
used in MD simulations. In the present work both the
Stillinger-Weber �SW� potential19 and the Tersoff potential20

are considered. The atomic mechanisms of V and I migra-
tions are studied in detail, including a visual analysis and
investigations with the nudged elastic band method. The re-
sults on point defect migration obtained in the present work
are compared with literature data which were obtained by
MD simulations using classical interatomic potentials, tight-
binding models, and the density-functional theory. A detailed
comparison with the corresponding data extracted from ex-
perimental results is not performed since this would go be-
yond the scope of the present work that is focused on the
fundamental study of the correlation between self-diffusion
and the main migration mechanisms of V and I.

II. SIMULATION METHOD

Present investigations employ MD simulations with clas-
sical interatomic potentials. This method is very well suited
for the study of migration processes under relatively realistic
conditions, since it allows the consideration of several thou-
sands of atoms and/or a time scale up to 1 �s. This is hardly
possible if tight-binding MD or even MD simulations based
on the density-functional theory would be used because they
are much more computationally intensive than classical MD
simulations. The SW potential19 and the Tersoff 3 �T3�
potential20 are the most commonly used interatomic poten-
tials for silicon, and their features have been extensively
studied. It will be shown in Sec. III that in general they yield
different configurations, formation energies, migration
mechanisms, and migration energies for the vacancy and the
self-interstitial. Therefore, a comparative study of both inter-
atomic potentials is very useful for a better understanding of
the diffusion-correlation factor. Throughout this work in all
calculations with the SW potential a slightly changed value
of the energy parameter � ��=1.07�original� is used. This
modification yields the correct cohesive energy of silicon.21

The simulation cell is a cubelike rectangular parallelepi-
ped with x, y, and z directions parallel to the �−110�,
�−1−12�, and �111� axes, respectively. Three-dimensional
periodic boundary conditions are used. The cell consists of
1008�1 atoms if a single self-interstitial or a single vacancy
is investigated, respectively.

The formation energy and the formation volume of va-
cancy and self-interstitial configurations are calculated in the
following manner. Starting with the ideal defect configura-
tion found by symmetry considerations or with the defect
configuration obtained by heating up the simulation cell with
the ideal configuration to a certain temperature, the relaxed
defect structure at 0 K is determined by rapid quenching
using MD simulations. The relaxation is performed for sev-
eral similar but slightly different values of the lattice con-
stant. For the final configurations the quantities
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EV/I = En�1
V/I −

n � 1

n
En

0 �4�

and

�V/I = �n�1
V/I −

n � 1

n
�n

0 �5�

are determined, where En
0 and �n

0 denote the cohesive energy
and the volume of a simulation cell containing a perfect crys-
tal with n atoms at 0 K. En�1

V/I and �n�1
V/I are the cohesive

energy and the volume of the system with a relaxed defect
configuration. In En�1

V/I and �n�1
V/I , as well as in Eqs. �4� and

�5�, the minus and the plus signs are related to the vacancy
and the self-interstitial, respectively. The lowest value of EV/I

found during the variation of the lattice constant defines the
defect formation energy Ef

V/I and the corresponding value of
�V/I is the defect formation volume � f

V/I.
The migration of a single vacancy or a single self-

interstitial is considered within the framework of the
isobaric-isothermal ensemble �N , P ,T with P=0�. The simu-
lation starts with a simulation cell at 0 K, containing a va-
cancy or a self-interstitial configuration with low formation
energy. Then, the cell is coupled to a Berendsen barostat to
maintain the zero pressure boundary condition, and the at-
oms of the outermost layer of the cell are connected to a
Berendsen thermostat.22 After heating up the system to the
desired temperature, the migration of the point defect and of
the Si atoms is followed for different periods. The lower the
temperature, the longer the MD simulation is. In the present
work the simulation time and the temperature vary from 5 to
1200 ns and from 1600 to 800 K, respectively. The atomic
mobility due to the presence of a single vacancy or a single
self-interstitial is characterized by the time dependence of the
sum of the squared displacements ssda of all atoms,

ssda�t� = �
i=1

N

�ri�t� − ri�0��2, �6�

where ri�0� is the position of atom i at the beginning of the
migration simulation and ri�t� is the position at time t. N
denotes the total number of atoms in the simulation cell. The
self-diffusion coefficient per vacancy or self-interstitial �Ds�
is obtained by fitting ssda�t� to a linear expression and by
employing the Einstein relation,23,24

ssda�t� = const + 6Dst . �7�

The constant corresponds to the sum of the squared displace-
ments of the atoms in the perfect crystal at a given tempera-
ture.

The diffusivity Dd of a point defect is calculated in the
following manner. During the simulation, the point defect
position is monitored by analyzing the Wigner-Seitz cells of
the perfect lattice. A Wigner-Seitz cell that contains two at-
oms is identified with the location of the self-interstitial and
an empty cell corresponds to the location of the vacancy.
Based on the Wigner-Seitz cell analysis, the trajectory of the
point defect is determined.24,25 In order to obtain the diffu-
sivity of the point defect, its trajectory is decomposed into
time segments,24–26 and for each segment m the squared dis-

placement sdd of the position R�t� of the point defect is cal-
culated: sdd�m�= �R�tm�−R�tm−1��2, tm= tm−1+�t. Applying
the Einstein relation and averaging over all segments ns lead
to the defect diffusion coefficient,

Dd =
1

ns
�
m=1

ns sdd�m�
6�t

. �8�

Within certain limits the number �or the size� of the time
intervals can be chosen arbitrarily.24–26 Therefore, a further
averaging can be performed over all possible decomposi-
tions. In this manner, an improvement of the statistical accu-
racy of the result is possible.

The ratio of the self-diffusion coefficient per point defect
and the point defect diffusivity yields the diffusion-
correlation factor since

Ds = fDd. �9�

This relation can be derived from Eq. �3�, for example, if the
migration of a single vacancy is simulated �CI=0�, one ob-
tains

Dsd

CV
= Ds

V = fVDV. �10�

In addition to the calculations of diffusion coefficients, the
atomic mechanisms of the migration of vacancies and self-
interstitials are investigated in detail. For this purpose, the
defect trajectories and the atomic rearrangements during the
defect migration are analyzed using visualization tools. Fur-
thermore, the nudged elastic band method27,28 is applied to
investigate the potential energies along certain migration
paths at T=0 K.

III. RESULTS AND DISCUSSION

A. Structure and energetics of point defects

The data for the formation energy and formation volume
of point defect configurations are summarized in Table I.
Both for the SW and the T3 potential the structure and ener-
getics of vacancies and self-interstitial configurations were
already investigated by several authors21,29–34 whereas only
very few data on the formation volume are available. In the
case of the SW potential the tetrahedral vacancy and the
extended �110� dumbbell are the most stable vacancy and
self-interstitial configurations, respectively. The strong in-
ward relaxation of the atoms around the vacancy leads to a
negative formation volume. The use of the T3 potential
yields the split vacancy and the tetrahedral interstitial as
most stable vacancy and self-interstitial defects, respectively.
The atoms around the tetrahedral vacancy show a strong out-
ward relaxation, whereas an inward relaxation is observed
around the split vacancy. The values for the formation energy
given in Table I as well as the results on the relaxation of the
atoms around the point defects are consistent with previous
data obtained by the SW and the T3 potentials.21,29–34 A com-
parison with results obtained by other theoretical methods
such as tight-binding methods and density-functional theory
is beyond the scope of the present work.
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B. Point defect migration and diffusion-correlation factors

1. Vacancy

Figures 1�a� and 1�b� show the diffusivity of the vacancy
DV and the self-diffusion coefficient per vacancy Ds

V in an
Arrhenius plot. In the temperature range considered, DV and
Ds

V depend linearly on the inverse temperature. The T3 po-
tential yields lower values for DV and Ds

V than the SW po-
tential. The effective migration barrier is very similar to that
found for the SW potential �Table II�. For both potentials the
visual analysis of vacancy migration shows a simple mecha-
nism: One of the four atoms that surround the tetrahedral
vacancy moves toward and then into the vacant lattice site
leaving behind a vacancy on its initial site. The split vacancy
is only a transition state. Such a mechanism was also as-
sumed by Compaan and Haven15 in order to describe self-
diffusion via the simple vacancy mechanism. Therefore the
diffusion-correlation factor obtained by classical MD simu-
lations is nearly identical to the value derived by the statis-
tical diffusion theory �fV=0.5�.15 The small deviations are
due to the statistical errors which occur in the calculation of
the diffusion coefficients �Table II�. For comparison Table III
shows the results of previous MD simulations on vacancy
migration. The data obtained using the SW potential are very
similar to those calculated in this work. MD simulations
based on the tight-binding model and on density-functional
theory yield lower effective migration barriers and the diffu-
sivities are mostly higher. However, the mechanism of va-
cancy migration observed in these investigations is very
similar to that found in the present work. It should be noted
that in most of the previous MD simulations, either the va-
cancy diffusivity DV or the self-diffusion coefficient per va-
cancy Ds

V was determined so that a calculation of the
diffusion-correlation factor was not possible. The only ex-
ception is the comprehensive work of Sahli40 where MD
simulations based on the density-functional theory were per-
formed. They obtained a value for the diffusion-correlation

factor fV which is consistent with that obtained in the present
work.

In the case of the SW potential the nudged elastic band
method was applied to determine the potential energy along
the migration path at T=0 K �Fig. 2�. The tetrahedral va-
cancy is the initial and the final configuration and the saddle
point corresponds to the split vacancy. The barrier is slightly
higher than the effective migration barrier determined by
MD simulations. Obviously, the vibrational motion of the
lattice atoms causes an effective decrease in the barrier. It
should be emphasized that MD simulations yield the Gibbs
free energy of migration that includes entropy contributions,
whereas the nudged elastic band method gives solely the
energy barrier at T=0 K.

The fact that the split vacancy is the most stable vacancy
configuration of the T3 potential at T=0 K seems to contra-
dict the results of MD simulations for the T3 potential, in

TABLE I. Formation energy and formation volume of different
vacancy and self-interstitial configurations. Note that in a perfect
crystal the volume per atom is 20.0 Å3. In the case of the SW
potential the split vacancy and the hexagonal interstitial are not
stable. For the T3 potential two different extended �110� dumbbell
configurations are found, and the data given for the hexagonal in-
terstitial concern the so-called bond centered configuration �Refs.
29 and 30�.

SW potential T3 potential

Defect configuration
Ef

�eV�
� f

�Å3�
Ef

�eV�
� f

�Å3�

Tetrahedral vacancy 2.82 −13.4 3.70 31.2

Split-vacancy 3.49 −2.27

Tetrahedral interstitial 5.25 24.7 3.45 13.5

Hexagonal interstitial 4.07 2.27

�110� dumbbell 4.71 13.5 4.40 2.27

Extended �110� dumbbell 3.91 2.40 3.83, 4.73 −8.82, 2.27

�100� dumbbell 5.62 2.40 4.70 2.27
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FIG. 1. Defect diffusivities DI and DV �filled symbols and thick

lines� and self-diffusion coefficients per defects Ds
I and Ds

V �open
symbols and thin lines� obtained by MD simulations using �a� the
Stillinger-Weber potential �Ref. 19� and �b� the Tersoff potential
�Ref. 20�. Meaning of the different symbols in figure �a�: filled
triangles—DI; filled circles—DV; open diamonds—Ds

I; and open
upside down triangles—Ds

V. Meaning of the symbols in figure �b�:
filled squares—DI; filled diamonds—DV; open circles—Ds

I; and
open triangles—Ds

V. The lines are drawn as a guide for the eyes.
The values for the effective migration barriers and the pre-
exponential factors are given in Table II. Tm denotes the melting
temperature of silicon.
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particular, the finding that the vacancy migration mechanism
is very similar to that obtained for the SW potential where
the split vacancy is only a transition state and the tetrahedral
vacancy is most stable. The resolution of this apparent dis-
crepancy will be the subject of a forthcoming paper. Here it
should be only mentioned that in the case of the T3 potential
the effective migration barrier of the vacancy is indeed con-
stant in the temperature range studied in the present work but
it may change �increase� at lower temperatures.30

2. Self-interstitial

The diffusivity of the self-interstitial DI and the self-
diffusion coefficient per self-interstitial Ds

I are depicted in

Figs. 1�a� and 1�b�. In the temperature range investigated by
MD simulations the temperature dependence of these quan-
tities can be described by Arrhenius relations, both for the
SW and the T3 potentials. The SW potential gives lower
values for DI and Ds

I as well as a higher effective migration
barrier than the T3 potential �Table II�. The results of previ-
ous MD simulations23,33,35–39 are listed in Table III. With the
exception of the data of Kakimoto et al.37 the results ob-
tained by using the SW potential and the T3 potential are
rather similar to the data given in Table II. Tight-binding MD
simulations yield a higher migration barrier, whereas MD
simulations based on the density-functional theory give a

TABLE II. Values of the pre-exponential factor and the effective
migration barrier for the quantities DV, Ds

V, DI, and Ds
I shown in the

Arrhenius plots in Figs. 1�a� and 1�b�, as well as the values for the
diffusion-correlation factors fV and f I. The statistical errors of the
data for Em, D0, and f are about 2%, 5%, and 10%, respectively,
with the exception of the case of the vacancy for the T3 potential
where the statistical error is about a factor of 2 higher.

Vacancy Self-interstitial

D0

�cm2 s−1�
Em

�eV� fV

D0

�cm2 s−1�
Em

�eV� f I

SW potential

DV/I 2.51�10−3 0.47 0.53 3.31�10−2 0.98 0.59

Ds
V/I 1.33�10−3 0.47 1.95�10−2 0.98

T3 potential

DV/I 3.16�10−4 0.43 0.46 1.12�10−2 0.73 0.69

Ds
V/I 1.46�10−4 0.43 7.73�10−3 0.73

TABLE III. Results of previous MD simulations on the migra-
tion of vacancies and self-interstitials: �i� MD simulations using
classical interatomic potentials �SW and T3 potential�, �ii� tight-
binding MD, and �iii� MD simulations based on the density-
functional theory. The denotations of the quantities are the same as
in Table II.

Vacancy Self-interstitial

D0

�cm2 s−1�
Em

�eV�
D0

�cm2 s−1�
Em

�eV�

SW potential

Ref. 35 DV/I 3.9�10−2 0.89

Ref. 23 Ds
V/I 1.5�10−3 0.43 1.6�10−2 0.9

Ref. 36 Ds
V/I 1.7�10−3 0.46 1.76�10−2 0.94

Ref. 37 Ds
V/I 0.4 0.78

T3 potential

Ref. 33 Ds
V/I 3.04�10−2 0.77

Tight-binding theory

Ref. 38 Ds
V/I 1.8�10−4 0.1 1.58�10−1 1.37

Ref. 39 DV/I 4.1�10−4 0.13 1.65�10−1 1.2

Density-functional theory

Refs. 40 and 41 DV/I 5.7�10−4 0.17 5.2�10−3 0.45

Refs. 40 and 41 fV/I 0.54 0.75

relative distance

E
(e
V)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

FIG. 2. Potential energy along the migration path from one tet-
rahedral vacancy to another, determined by the nudged elastic band
method using the Stillinger-Weber potential �Ref. 19�. The line is
drawn as a guide for the eyes. The arrow marks the saddle point
�split vacancy�.

(110) (-110)

(a)

(b)

(c)

FIG. 3. �Color online� Snapshots from a movie with typical
results of MD simulations of self-interstitial migration using the
Stillinger-Weber potential �Ref. 19�. The figures illustrate the first
migration path which is characterized by the transformation from
�a� the �110� dumbbell to �b� the extended �110� dumbbell and �c�
vice versa. The views onto the �110� and �−110� planes demonstrate
that the self-interstitial configuration moves within a 	110
 plane
and into a �110� direction. The colored spheres show the atoms in
the real lattice. The color is a measure for the deviation of atomic
positions from the ideal lattice sites. Red and light green colors
mean large and small deviations, respectively. In gray scale the red
and light green colors correspond to dark and light gray, respec-
tively. The light gray lines depict the bonds in the ideal lattice.
Bonds between atoms in the real lattice are not shown, with the
exception of those between the atoms belonging to the self-
interstitial configuration and their neighbors. The color of these
bonds varies with the colors of the two atoms forming the bond.
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lower value than that obtained in the present work.
The detailed analysis of the trajectories of the self-

interstitial reveals that the use of the SW potential and the T3
potential leads to different migration mechanisms. In the
case of the SW potential two migration paths dominate. The
first path is characterized by the transformation from the ex-
tended �110� dumbbell to the �110� dumbbell and vice versa,
which takes place in a 	110
 plane. Snapshots from a movie
showing typical results of MD simulations are depicted in
Fig. 3. The figure illustrates that the motion of the self-
interstitial configuration occurs not only in a 	110
 plane but
is also directed into a �110� direction. The atoms belonging
to the self-interstitial change continuously and in such a
manner, that the atomic mobility given by Ds

I is smaller than
the mobility DI of the self-interstitial itself. Likewise, the
second path consists of a transformation from the extended
�110� dumbbell to the �110� dumbbell and vice versa. How-
ever, this process does not take place within a 	110
 plane but
it includes a change into an equivalent 	110
 plane. Figure 4
shows snapshots from a movie obtained by MD simulations.
The two migration paths were also investigated by the
nudged elastic band method. Figure 5�a� depicts the potential
energy along the first path at T=0 K. The initial and the final
states correspond to an extended �110� dumbbell, whereas
the �110� dumbbell forms the intermediate state. Figure 5�b�
shows schematically the exchange of atoms during the trans-
formation between these configurations. For the second mi-
gration path two additional intermediate states were found
�Fig. 6�a��, but they are very similar to the �110� dumbbell.
The exchange of atoms along the second path is illustrated in
Fig. 6�b�. Figures 5�a� and 6�a� demonstrate that at T=0 K

the barriers of the first and the second migration paths are
nearly identical. Similarly to the case of vacancy migration
these barriers are somewhat higher than the effective barrier
obtained by MD simulations �Table II�, due to the fact that
the latter includes entropy contributions. It should be noted
that the first migration path was also observed by Kakimoto
et al.37 and Nastar et al.42 using the SW potential. Hane et
al.35 who also used the SW potential as well as Nastar et al.42

found migration paths that include a rotation of the �110�
dumbbell. However, these paths are not identical to the sec-
ond path described above.

The previous discussion shows that in the case of the SW
potential the self-interstitial migrates mainly via two dumb-
bell configurations, i.e., the migration of atoms is dominated
by a dumbbell mechanism. On the other hand the statistical
diffusion theory of Compaan and Haven16 assumes the inter-
stitialcy mechanism where the self-interstitial configuration
moves from one distinctive interstitial site to another by the
exchange �“kickout”� between the atom on the interstitial site
and the nearby lattice atom. As shown schematically in a
two-dimensional plot �Fig. 7� the kickout of a lattice atom by
a “marked” or “tracer” atom on an interstitial site is not
correlated with the previous kickout of the tracer atom,
whereas the subsequent kickout of the tracer atom is corre-
lated with the kickout performed by the tracer atom before.
Conversely, in the case of a dumbbell mechanism it is not
possible to find consecutive atomic jumps that are not corre-

(a)

(b)

(c)

(011)

FIG. 4. �Color online� Snapshots from a movie with character-
istic results of MD simulations of self-interstitial migration using
the Stillinger-Weber potential �Ref. 19�. The figures show the sec-
ond migration path which is characterized by the transformation
from �a� the extended �110� dumbbell to �b� the �110� dumbbell and
�c� vice versa. In contrast to Fig. 3 the migration does not occur
within a 	110
 plane but it includes a change into an equivalent
	110
 plane. The extended �110� dumbbells are not in the plane of
�a� and �c�. �b� shows a view perpendicular to the �110� dumbbell;
therefore one atom of the dumbbell is hidden by the other. For
details of the presentation, see Fig. 3.
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FIG. 5. �Color online� Investigation of the first migration path of
the self-interstitial �cf. Fig. 3� using the nudged elastic band
method: �a� depicts the potential energy along the path, from the
extended �110� dumbbell to the �110� dumbbell �arrow� and vice
versa, whereas �b� shows schematically the exchange of atoms dur-
ing the transformation between these configurations.
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lated. Therefore, the diffusion-correlation factor f I=0.59 ob-
tained by present MD simulations using the SW potential
�Table II� does not agree with the value 0.73 determined by
the statistical diffusion theory assuming the interstitialcy
mechanism.16

MD simulations using the T3 potential yield a value for
the diffusion-correlation factor which is very close to that
determined by Compaan and Haven16 �Table II�. The small
deviation should be due to statistical errors in the calculation
of the diffusion coefficients. The analysis of the atomic mi-
gration processes demonstrates that the interstitialcy mecha-
nism prevails. In the temperature range investigated two
main migration paths are observed. The first path �Fig. 8�
consists of the transformation from the tetrahedral self-
interstitial to the �110� dumbbell and vice versa. The atom on
the tetrahedral interstitial site “kicks out” an adjacent lattice
atom to another tetrahedral interstitial position. During this
process the self-interstitial configuration moves in a 	110

plane and into a �110� direction. The same migration path
was already found by Marques et al.33 who also used the T3
potential in their MD simulations of self-interstitial migra-
tion. The second migration path is characterized by the trans-
formation from the tetrahedral self-interstitial to the �100�
dumbbell and vice versa. Figure 9 illustrates that the atom at

the tetrahedral interstitial position interacts with a nearby
lattice atom and forms the �100� dumbbell. Afterward, the
former lattice atom is kicked out and moves to another tet-
rahedral interstitial position. The motion of the self-
interstitial configuration takes places in a 	110
 plane and is
directed into a �100� direction.

The diffusion-correlation factor calculated in the present
work can be only compared with the value f I=0.75 given by
MD simulations based on the density-functional theory40,41

since in other previous papers either the self-interstitial dif-
fusivity DI or the self-diffusion coefficient per self-interstitial
Ds

I were determined. Although this value is very close to the
result determined by assuming the interstitialcy
mechanism,16 the analysis of self-interstitial migration per-
formed in Refs. 40 and 41 clearly shows that other mecha-
nisms dominate, among them the transition between the
simple and the extended �110� dumbbell. The mechanism
observed in tight-binding MD simulations of Tang et al.38

and Roberts et al.39 is similar to the first migration path
obtained in present investigations using the T3 potential,
namely, the transformation from the tetrahedral self-
interstitial to the �110� dumbbell and vice versa.

relative distance
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1 32
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B

B
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A
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C
A

C

(b)

(a)

FIG. 6. �Color online� The second migration path of the self-
interstitial �cf. Fig. 4� studied by the nudged elastic band method:
�a� depicts the potential energy along the path from the extended
�110� dumbbell to the �110� dumbbell and vice versa. The long
arrow denotes the state of the �110� dumbbell, whereas the short
arrows show two intermediate states which are very similar to the
�110� dumbbell. The exchange of atoms during the transformation
between the different dumbbell configurations is illustrated in �b�.

(a)

(b)

(c)

FIG. 7. Illustration of the interstitialcy mechanism in a two-
dimensional cubic lattice �cf. Manning �Ref. 43��: the kickout of a
lattice atom �filled circle� by a tracer atom �open circle� at an inter-
stitial site �b� is not correlated with the previous kickout of the
tracer atom from a lattice site �a�. However, the subsequent kickout
of the tracer atom �c� is correlated with the kickout performed by
the tracer atom before �b� since it has a greater than random prob-
ability on its next jump of jumping back to its previous interstitial
site �thick arrow�. This is due to the fact that there is a greater than
random probability that the �gray� lattice atom stays on the intersti-
tial site until the next jump of the tracer atom takes place. There-
fore, a jump of the tracer atom in another direction �thin arrows�
which may occur when an interstitial approaches the tracer atom
from another side is less probable. In other words, the correlation
occurs because it is more probable that the tracer atom is kicked out
by the �gray� interstitial and moves back to its original position than
that the �gray� atom moves away and another atom arrives as an
interstitial in the immediate neighborhood of the tracer.
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It was mentioned above that in the case of the T3 potential
the effective migration barrier of the vacancy may increase at
temperatures below the range studied by the present MD
simulations. A similar behavior is also observed for the self-
interstitial migration.30

IV. CONCLUSIONS

Vacancy and self-interstitial migration as well as the cor-
responding mobility of silicon atoms have been investigated
by comprehensive classical MD simulations using the SW
and the T3 potentials. The simulations have been performed
in the temperature range between 800 and 1600 K and over
5–1200 ns. In contrast to most of the previous studies both
the point defect diffusivity and the self-diffusion coefficient
per defect have been calculated separately so that the
diffusion-correlation factor can be determined. In the tem-
perature range considered, the diffusion-correlation factors
fV and f I are constant since the effective migration barriers in
the exponents of the corresponding self-diffusion coefficients
per defect and defect diffusivities are nearly identical. Simu-
lations with the SW potential as well with the T3 potential
show that vacancy migration consists in the transformation
of the tetrahedral vacancy to the split vacancy and vice versa.
This simple mechanism was also assumed in the statistical
diffusion theory of Compaan and Haven.15 Therefore, the
value of the diffusion-correlation factor fV obtained in the
present work is rather similar to that derived by these au-
thors. Self-interstitial diffusion is more complex. The migra-
tion mechanisms found by MD simulations using the T3 po-
tential are different to those obtained by the SW potential. In

the former case the interstitialcy mechanism prevails, where
an interstitial configuration moves from one distinctive inter-
stitial site to another by the kickout of a nearby lattice atom.
Therefore, the value of the diffusion-correlation factor f I cal-
culated in this work is nearly equal to that determined by the
statistical diffusion theory which assumes the interstitialcy
mechanism.16 Two main migration mechanisms have been
found: �i� the transformation of the tetrahedral interstitial to
the �110� dumbbell and vice versa and �ii� the transformation
of the tetrahedral interstitial to the �100� dumbbell and vice
versa. In the case of the SW potential self-interstitial migra-
tion is dominated by a dumbbell mechanism. In contrast to
the interstitialcy mechanism it is not possible to find con-
secutive atomic jumps that are not correlated. Therefore, the
diffusion-correlation factor f I obtained by present MD simu-
lations does not agree with the value determined by the sta-
tistical diffusion theory.16 The dominating migration mecha-
nism is the transformation between the extended �110�
dumbbell and the �110� dumbbell and vice versa. This pro-
cess occurs either in a single 	110
 plane or includes a
change into an equivalent 	110
 plane.

As mentioned in Sec. I, results of recent investigations on
intrinsic point defects in silicon using a unified view from
crystal growth, wafer processing, metal diffusion,17 and on
simultaneous self-diffusion and dopant diffusion in isotope

(10-1) (101)

(a)

(b)

(c)

FIG. 8. �Color online� Snapshots from a typical movie obtained
from MD simulations of self-interstitial migration using the Tersoff
potential �Ref. 20�. The figures depict the first migration path which
consists of the transformation from �a� the tetrahedral self-
interstitial to �b� the �110� dumbbell and �c� vice versa. The atom on
the tetrahedral interstitial site kicks out an adjacent lattice atom
which moves to another tetrahedral interstitial position. During this
process the self-interstitial configuration moves in a 	110
 plane and
into a �110� direction.

(110) (-110)

(a)

(b)

(c)

FIG. 9. �Color online� Snapshots from a movie obtained from
MD simulations of self-interstitial migration using the Tersoff po-
tential �Ref. 20�. The figures illustrate the second migration path
which is characterized by the transformation from the tetrahedral
self-interstitial to the �110� dumbbell and vice versa. The atom at
the tetrahedral interstitial position interacts with a neighboring lat-
tice atom and forms the �110� dumbbell. Then the former lattice
atom is kicked out and jumps to another tetrahedral interstitial po-
sition. The motion of the self-interstitial configuration occurs in a
	110
 plane and is directed into a �100� direction.
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heterostructures10 demonstrate that in the framework of
state-of-the-art modeling the best interpretation of experi-
mental data can be given by assuming f I�0.6. This corre-
sponds to the value obtained by the present atomistic study
using the SW potential. Therefore, the self-interstitial migra-
tion in Si should mainly occur via a dumbbell mechanism.
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