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Intrinsic point defects in crystalline silicon: Tight-binding molecular dynamics studies
of self-diffusion, interstitial-vacancy recombination, and formation volumes
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Tight-binding molecular dynamics simulations are performed to study self-diffusion, interstitial-vacancy
recombination, and formation volumes of point defects in crystalline silicon. The results show that~i! self-
diffusion is dominated by vacancies (V) at low temperature and by interstitials (I ) at high temperature;~ii !
interstitial-vacancy recombination at room temperature leads to formation of a metastableI -V complex, which
has an annihilation energy barrier of 1.1 eV;~iii ! interstitial and vacancy relaxation volumes in silicon are
approximately equal in magnitude and opposite in sign.@S0163-1829~97!03218-9#
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I. INTRODUCTION

Intrinsic point defects such as vacancies and interstit
mediate mass transport in crystalline solids. While the pr
erties of point defects are well known in metals,1 in silicon
controversy remains regarding their diffusivities and equil
rium concentrations. In addition, ion implantation of dopa
into silicon is a common step in silicon device manufactur
that introduces large supersaturations of point and exten
defects.2 Upon annealing at elevated temperatures, these
fects interact with the dopants and cause transient-enha
diffusion ~TED!.3 TED results in changes in the junctio
depth and has the potential to degrade the performanc
future generation semiconductor devices. Therefore, mi
turization of electronic devices demands a thorough und
standing and accurate description of the diffusion proces
of both intrinsic point defects and dopants.

Over the years, considerable experimental and theore
work has been carried out to study the structure, energe
and migration of point defects in silicon, as well as their ro
in transient-enhanced diffusion. Experiments in silicon, ho
ever, have produced conflicting evidence and have resu
in intense debate, especially on the relative contribution
vacancies and interstitials to self-diffusion and substitutio
dopant diffusion.4 On the other hand, theory has made s
nificant progress using both first-principles calculations5–8

and atomistic simulations based on empirical interatom
potentials.9–12 However, controversy remains regardin
some of the most fundamental properties of intrinsic po
defects. A number of key parameters such as the diffusivi
and thermal equilibrium concentrations of vacancies a
self-interstitials, as well as their formation volumes, are
from well established. In addition, and of great importance
the description of amorphization and implant damage ann
ing, is the issue of interstitial-vacancy annihilation and t
possible existence of a barrier to mutual recombination
has been previously suggested but never definitely show13
550163-1829/97/55~21!/14279~11!/$10.00
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These fundamental questions provide a wide opportu
for theoretical studies. Some work has been done regar
Si self-diffusion9–11 and formation volumes10,14 using either
the Stillinger-Weber ~SW! empirical potential or first-
principles local density approximation~LDA ! calculations.
The SW potential predicts the equilibrium ground-state n
tral interstitial configuration to be â110& dumbbell in two
possible geometrical arrangements separated in energ
0.8 eV.15 Although this is in good qualitative agreement wi
recent LDA calculations, the exact geometry and relative
ergy of the two defects are different in the two cases.16 In
fact, the low-energy SW configuration corresponds to a hi
energy defect in the LDA and vice versa. LDA calculatio
have also been used extensively to study the interaction
tween silicon defects and dopant atoms.5,8,17Recently, LDA
calculations have also been used to study the structure
energy of divacancies in silicon.18

Despite the tremendous power of the LDA method
study defect properties, the technique is limited by its e
tremely high computational demands. While calculations t
minimize the energy of an ensemble of 64 atoms in a sup
cell at zero temperature can be routinely done, studies
defect diffusion with accurate statistics are difficult.

In this paper, we apply the tight-binding molecular d
namics ~TBMD! simulation method to study some of th
fundamental aspects of intrinsic point defects and diffus
in crystalline silicon. In a TBMD simulation, the band stru
ture energy and the many-body forces are calculated dire
by diagonalizing the one-electron Hamiltonian matrix.19 This
method is much less computationally intensive than the L
calculations and thus allows us to study larger systems w
up to 216 atoms for time scales of up to hundreds of pi
seconds, which is important for the description of the diff
sion process. In Sec. II, we briefly describe the TBMD mod
used in this paper. For the study of intrinsic point defects
is important that a model can describe the energetics
structures of the basic defects accurately. Comparison
14 279 © 1997 The American Physical Society
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formation energies with other methods including fir
principles LDA calculations and classical potentials a
given. In Sec. III, we present results of calculations of t
self-interstitial and vacancy diffusivities. By comparing th
data to experiments and other first-principles calculatio
insight has been gained in understanding silicon s
diffusion. In Sec. IV, we present the first atomistic study
interstitial-vacancy recombination and annihilation. We fi
that the spontaneous recombination volume of an intersti
vacancy pair is strongly dependent on crystallographic or
tation. A type of metastable defect, an interstitial-vacan
(I -V) complex, is formed by the interaction of an interstiti
and a vacancy. Our calculations suggest an energy barri
1.1 eV for the annihilation of the complex. In Sec. V, mo
vated by experimental measurements of relaxation volu
of point defects produced by electron irradiation in Si at lo
temperature,20 we calculate the interstitial and vacancy rela
ation volumes. The calculations show that these relaxa
volumes cancel each other out, which agrees well with
experimental findings. Finally, we discuss the implications
these calculations for the interpretation of current exp
ments in Sec. VI and conclusions in Sec. VII.

II. COMPUTATIONAL FRAMEWORK

All the main issues addressed in the present investiga
concern quantum mechanical phenomena involved in
bond-formation and bond-breaking mechanisms occur
during defect formation, migration, and recombination.
quantum mechanical description of the interactions at
atomic scale is, indeed, necessary. On the other hand
perform MD simulations of defect diffusion, we need to sp
a time interval and a system size which hardly can
handled by first-principles LDA-based calculations. W
therefore adopted the TBMD scheme where the esse
quantum mechanical features are taken into account on
basis of a simple, but reliable model. The key idea of
TBMD scheme is to derive at each step of the simulation
attractive contribution to the interatomic forces from t
electronic structure of the investigated sample which, in tu
is computed by an orthogonal tight-binding~TB! model
solved within the two-center approximation. The total ene
functional from which to derive the net force on each ato
is, then, completed by a suitable effective short-range re
sive potential. Further details of the method can be fou
elsewhere.19

In this work, we make use of the TBMD model by Kwo
et al.21 ~KBWHS model! which represents an improved re
lease of the TBMD model for silicon presented in a semi
paper by Goodwinet al.22 ~GSP model!. The repulsive po-
tential is now given in the form of an embedded-atom pot
tial and different scaling functions for the TB hopping int
grals are provided, according to the actual symmetry of
selected orbitals. Finally, the short-range character of the
tal energy functional has been exploited so that no arbitr
cutoff for the interactions needs to be imposed. The resul
TBMD scheme is more accurate than the GSP model
Table I, we show the formation energies obtained from
two tight-binding models and compare them with those
tained using the SW potential9 and ab initio calculations.23

For the neutral ground state of the self-interstitial,ab initio
e
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calculations predict thê 110& dumbbell structure, which
agrees with the prediction of the current model. The previo
GSP model predicts the tetrahedral configuration as
lowest-energy structure. Notice that although the SW pot
tial also predicts â110& type of dumbbell structure as th
lowest-energy configuration,9,15 its structure is different from
the dumbbell predicted byab initio and tight-binding meth-
ods. The structure predicted by the SW potential is rat
extended with significant distortion of the nearest-neigh
atoms along thê110& dumbbell direction.15 This is due to
the fact that the SW potential always tend to lower the
ergy by favoring the local configuration to be tetrahedral.24

The results presented in this work have been obtained
means of canonical or microcanonical ensemble simulati
and, mostly, by using periodic supercells with 216 ato
plus ~minus! the number of interstitials~vacancies! involved.
To generate atomic trajectories we adopted the veloc
Verlet algorithm, with a time step as small as 10215 s. Typi-
cal simulations for annealing and relaxation are perform
within tens of picoseconds. As for possible size effects,
tested convergence with system size by calculating the
cancy formation energy using a 511 atom supercell: We
tainedEf

v54.10 eV with negligible change in vacancy stru
ture. We therefore consider our numerical estimations
formation energies accurate within 0.2 eV. The defect dif
sivities have been calculated using a 64-atom supercell,
much longer simulation times up to 200 ps. A check w
made for our calculations using a 215 atom supercell to
sure that size effects did not play a significant role in o
diffusivity results.

III. SELF-DIFFUSION

Experimental data on Si self-diffusion show that the d
fusion coefficient exhibits Arrhenius behavior over a wi
range of temperatures,

D~T!5D0exp~2Ea /kBT!, ~1!

with an activation energyEa of 4–5 eV and a preexponentia
factorD0 much larger than that for typical metals.25 Never-
theless, the relative contribution from different mechanism
namely, from vacancies and interstitials, is still a matter
discussion. In a recent review by Go¨seleet al.,26 the experi-
mental data for interstitial (I ) and vacancy (V) diffusion
coefficients are summarized by

CI* dI5914exp~24.84/kBT! cm2/sec, ~2!

TABLE I. Point defect formation energies calculated by t
LDA ~GGA! method with energy gap~correction by Zhuet al.
~Refs. 5 and 8!; current work~KBWHS!, a previous TBMD model
~GSP! ~Ref. 22!, and SW potential by Gilmeret al. ~Ref. 9!.

Defects LDA KBWHS GSP SW

Vacancy 3.65 3.97 3.96 2.64
T interstitial 5.1 4.39 4.40 4.84
H interstitial 3.8 4.93 5.90 6.58
^110& dumbbell 3.7 3.80 5.04 3.65~extended!
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55 14 281INTRINSIC POINT DEFECTS IN CRYSTALLINE . . .
CV* dV50.6exp~24.03/kBT! cm2/sec, ~3!

where dI and dV are single defect diffusivities andC* is
equilibrium defect concentration normalized to 531022

cm23. According to Go¨seleet al., CI* dI is a rather reliable
and accurate quantity since two different types of experime
tal measurements, i.e., the U-shaped in-diffusion profiles
impurities ~like Au, Pt, and Zn! and tracer diffusion experi-
ments, give consistent results. On the other hand, the sit
tion for the vacancy is still controversial. In addition, thoug
CI* dI is well established, the individual terms of diffusivity
dI and concentrationCI* are not known. The same holds in
the vacancy case.

A theoretical determination of the self-diffusion coeffi
cient requires three different calculations:~i! diffusivity
prefactor d0 and migration energyEm , ~ii ! formation
energyEf , and ~iii ! formation entropySf . As for d0 and
Em , they are related to the diffusivity according to the
expression

dI ,V5d0I ,Vexp~2EmI,V /kBT!, ~4!

which can be calculated during a TBMD run straightfor
wardly from the displacements of all atoms in the simulatio
cell,

dI ,V5 lim
t→`

1

6t
S i@rW i~ t !2rW i~0!#2, ~5!

which is obtained during microcanonical runs after a caref
equilibration of the system. Because of the jumplike diffu
sion mechanism of bothI and V defects27 ~see below for
more details!, long simulations are necessary to warrant nu
merical convergence. Also note that the square displac
ments due to thermal fluctuation without migration do no
contribute to the linear slope of the total square displac
ments. In this work we followed vacancy and interstitial mi
gration path for 100 ps and 200 ps, respectively. Migratio
energies and diffusivity prefactors are obtained by a
Arrhenius interpolation of the diffusivity data, as shown in
Fig. 1. The values for the migration energies are 0.1 eV a

FIG. 1. Temperature-dependent diffusivities for a single va
cancy ~diamonds! and a self-interstitial~circles! obtained by the
present TBMD calculations.
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1.37 eV for vacancies and interstitials, respectively, and
corresponding diffusivity prefactors are 1.1831024

cm2/sec and 1.5831021 cm2/sec. The resultingEm value for
the vacancy is likely too small, in particular in view of th
experimental data of Watkins28 which indicates a value for
the neutral vacancy activation energy for migration of 0
eV.29 However, it is worth noting that when combining di
fusivity and formation data we obtain an overall activati
energy for migration of 4.07 eV and 5.18 eV for the vacan
and interstitial, respectively. These values compare well w
the experimental range 4 eV< Ea < 5 eV. This seems to
suggest that while the absolute numbers forEm andEf could
probably be affected by some error, the global picture
rived from these TBMD calculations of self-diffusion i
qualitatively correct. It is worth noting that previous molec
lar dynamics investigations based on classical MD with
SW potential showed similarly that the vacancy diffusivity
larger than the interstitial diffusivity at all temperatures.9

The migration path for the self-interstitial has been ide
tified by careful analysis of the computer generated trajec
ries. In Fig. 2, we show three snapshots taken atT51000 K.
The dumbbell@panel ~a!# is found to move into the nex
tetrahedral interstitial position@panel ~b!# along the^110&
direction and then move back to a dumbbell configurat
@panel ~c!# at the second nearest-neighbor lattice site w
respect to the starting position. As for the vacancy, the
gration path is obviously simpler and consists in jumps
nearest-neighbor atoms into the vacancy site.

In order to provide a complete picture of self-diffusion w
still need to compute equilibrium concentrations. To th
aim, an estimate of the formation entropy and energy of
individual defects is required. The latter two quantities a
related to the~normalized! equilibrium concentration of the
and V defects through the relationship

CI ,V* 5exp@2~Ef2TSf !/kBT#. ~6!

We have already discussed the formation energies in the
vious section. In the present work we did not computeSf by
means of TBMD simulations. For vacancies, Blochlet al.6

have computed the formation entropy within the thermod
namical integration theory by means of a Car-Parrine
simulation and have reported a value ofSfV59kB . Recently,
Kajihara et al. have also obtained a similar number.30

For interstitials, only a rough estimate ofSf I;10kB is pro-
vided by Blochl et al.6 We have obtained a value of th
interstitial formation entropy by combining our TBMD re
sults with the rather reliable high-temperature experimen
data forCI* dI . Since

CI* dI5d0exp~Sf I /kB!exp@2~Ef1Em!/kBT#, ~7!

whered051.5831021 cm2/sec,Ef53.8 eV, andEm51.37
eV are obtained already from our TBMD calculations, t
only unknown quantity isSf I . We have fittedCI* dI to the
experimental data point at 1250 °C~Ref. 26! and obtained
Sf I511.2kB , which is consistent with the first-principles e
timate. Combining all these numbers and using Eq.~7! for
both interstitials and vacancies, we can calculate the t
perature dependence of the self-diffusion coefficient in s
con and compare the results to experimental data at all t
peratures. An Arrhenius plot of self-diffusion including th
calculation results and the experimental data as summar

-
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14 282 55TANG, COLOMBO, ZHU, AND DIAZ de la RUBIA
by Göseleet al. is shown in Fig. 3. It is apparent that th
TBMD results are in excellent agreement with experime
and provide a very consistent picture of self-diffusion in s
con. At low temperature, vacancies, which are the faster s
cies in silicon, dominate self-diffusion. However, because
entropy effects~notice that the prefactor for the diffusivity i
three orders of magnitude larger for interstitials than for
cancies!, the interstitial dominates at high temperature. N
tice also that the crossover temperature from
I -dominated toV-dominated self-diffusion regime falls a
about 1080 °C. This value compares favorably with the
perimental finding of 1050 °C.4

As mentioned above, the splitting of theCI ,V* dI ,V product
into the two contributions~diffusivity and concentration!
provides useful complementary information about se

FIG. 2. Migration path for dumbbell diffusion atT51000 K.
The initial two dumbbell atoms are indicated by dark spheres.~a!
Initial dumbbell position,~b! intermediate tetrahedral position, an
~c! final dumbbell position at two nearest-neighbor distance aw
The dumbbell diffusion could change direction to be along anot
^110& chain at position~b!. Note that a bond is drawn if its distanc
is within a cutoff of 2.6 Å . Same applies to all bonds drawn
relevant figures of this paper.
s

e-
f
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e
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diffusion. Using the TBMD data described above forEf and
Sf , we have determined the temperature-dependent equ
rium concentrations of interstitials and vacancies,CI* and
CV* , respectively. An Arrhenius plot of these quantities~un-
normalized values! is shown in Fig. 4. Also included for
comparison is a plot of the equilibrium concentration of v
cancies in a metal, Au, calculated using experimental d
for vacancy formation energy and entropy.1

IV. INTERSTITIAL-VACANCY RECOMBINATION

Understanding the kinetics of interstitial-vacancy reco
bination is important for the development of a complete p
ture of implant damage annealing and dopant diffusion.
sentially, in all the continuum process simulators for dopa
diffusion a plus one~11! or similar model31 is assumed; i.e.,
approximately only one interstitial per implanted ion partic
pates in the dopant diffusion process. A fundamental
sumption involved in this picture is that the interstitials an
vacancies generated by ion implantation recombine and
y.
r

FIG. 3. Temperature-dependent self-diffusion coefficient in s
con for vacancy and self-interstitial. Solid lines, TBMD result
dashed lines, experimental data~Ref. 26!.

FIG. 4. Predicted interstitial~solid line! and vacancy~short
dashed line! equilibrium concentrations in silicon. Also shown i
the vacancy equilibrium concentration~long dashed line! in gold.
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nihilate very efficiently. However, the mutual recombinatio
properties of interstitials and vacancies are not well esta
lished. In particular, in many experiments, dopants are im
planted to very high concentrations and these can act as
combination centers and speed up the recombination proce
In the literature, it has been found thatI -V recombination
seems to be difficult in silicon containing a low dopan
concentration.25 But whether the small recombination rate i
due to an energy barrier32 or an entropy barrier33 is still not
known. Carefully designed experiments to measureI -V re-
combination properties are missing and no theoretical calc
lations have been performed at the atomistic level.

Here we present results of TBMD calculations of th
spontaneous recombination volume of an interstitial and
vacancy in silicon. The initial conditions of the simulation
are an interstitial-vacancy pair which is separated by a p
ticular distance along different crystallographic orientation
and at room temperature. Figure 5 shows the lattice si
around â 110& dumbbell interstitial. A vacancy is then cre-
ated by taking out one atom from one of these sites a
molecular dynamics simulations are performed at 300 K
study the interaction between the dumbbell and the vacan
In a perfect crystalline silicon lattice, one can view the stru
ture as equivalent̂110& chains intersecting each other a
each lattice site. Once â110& dumbbell is created in the
crystal, anisotropy is built up along thê110& chains. The
direction along which thê110& dumbbell aligns becomes a
preferred direction for spontaneousI -V recombination. We
find that spontaneous recombination occurs only forI -V
pairs separated by first and second nearest-neighbor
tancesalong the ^110& dumbbell direction~shown by arrows
in Fig. 5!. In the recombination process between theI -V pair
separated by one nearest-neighbor distance, one of the du
bell atoms is attracted to the vacant site; at the same time,
other dumbbell atom is pulled to the regular lattice sit
which the dumbbell atoms shared before recombination.
the recombination process between theI -V pair separated by
a second nearest-neighbor distance, the dumbbell migrate
the second nearest-neighbor site and annihilates with the
cancy. In Fig. 6, we show the major steps for this process.
Fig. 6~a!, a vacancy is created at the second nearest-neigh
position at the beginning of the simulation; in Fig. 6~b!, after
114 time steps into the simulation, the dumbbell moves
the nearest tetrahedral site towards the vacancy; in Fig. 6~c!,
after another 26 time steps, the tetrahedral atom moves do
towards the vacancy; in Fig. 6~d!, the interstitial atom moves
to the location of the vacancy after anther 15 time step
Thus, the interstitial and vacancy annihilates in about 0.1

FIG. 5. Lattice sites in the vicinity of â110& dumbbell. A
vacancy can be created at either of these sites. Arrows indicate
vacancy sites where interstitial-vacancy recombination occurs.
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psec at room temperature. This process is through the mig
tion of the interstitial, which goes through a tetrahedral s
and jumps into the second nearest-neighbor position.

We also study the interaction betweenI -V pairs separated
along the ^110& dumbbell direction by more than two
nearest-neighbor spacings, up to sixth nearest-neighbor
tance. In these cases, we observe that the vacancy migr
towards thê 110& dumbbell. Upon close contact, instead o
I -V annihilation, the interstitial and vacancy form a new d
fect structure at the site of thê110& dumbbell. Since this
defect structure does not involve any excess or deficit
atoms and is formed byI -V interaction, we call it anI-V
complex. Besides thê110& dumbbell direction, we have also
studiedI -V pairs separated along other^110& directions and
at different distances. In all these cases, we observe sim
behavior, i.e., the vacancy migrates towards the dumbb
and aI -V complex is formed. The reason forI -V complex
formation instead ofI -V annihilation is the local distortion
around thê 110& dumbbell induced by the close approach o
the vacancy.

As a representative of theI -V complex formation process,
we show in Fig. 7 the interaction between anI -V pair sepa-
rated along thê 110& dumbbell direction by three nearest
neighbor distances. In Fig. 7~a!, the vacancy is located at the
third nearest-neighbor position; in Fig. 7~b!, the vacancy mi-
grates towards the second nearest-neighbor position and
dumbbell has been pulled towards the vacancy, thus caus
local distortion; in Fig. 7~c!, the dumbbell is further pulled
towards the vacancy and one of the dumbbell atoms~left
one! almost returns to the regular lattice site; in Fig. 7~d!, the
I -V complex is formed. This process typically takes place
less than 1 psec at room temperature.

Quenching the system to zero temperature results in
low-energyI -V complex structure shown in Fig. 8~a!. The

he

FIG. 6. SpontaneousI -V recombination process.~a! At t50, a
vacancy is created at the second nearest-neighbor position along
^110& dumbbell direction ~shown by the open circle!; ~b! at
t5114 fs, the left atom of the dumbbell moves into a regular latti
site and the right atom moves to the nearby tetrahedral site towa
the vacancy;~c! at t5140 fs, the tetrahedral atom moves dow
towards the vacancy;~d! at t5155 fs, the interstitial atom moves to
the vacancy location and theI -V annihilation process is complete.
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FIG. 7. I -V complex formation
process.~a! At t50, a vacancy is
created at the third neares
neighbor position along thê110&
dumbbell direction~shown by the
open circle!; ~b! at t5110 fs, the
vacancy migrates towards the se
ond nearest-neighbor position;~c!
at t5160 fs, the vacancy furthe
migrates towards the second nea
est neighbor. Local distortion
around the dumbbell occurs
where the dumbbell is pulled to
wards the vacancy and the le
atom of the dumbbell almost re
turns to the regular lattice site.~d!
At t5410 fs, vacancy migration is
complete and anI -V complex is
formed.
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complex is composed of two atoms, both of which are fo
fold coordinated. The two atoms are very tightly bonded
each other with a bond length of 2.28 Å~the equilibrium
bond length is 2.36 Å!. Also, each atom in theI -V complex
is bonded to two regular atoms at an equal distance of 2
Å and to another regular atom at a longer distance of 2
Å . As shown below, such a configuration can be formed
switching one bond for the twoI -V complex atoms betwee
their first and second nearest neighbors. The formation
ergy of thisI -V complex is 3.51 eV. We have also perform
ab initio plane wave pseudopotential calculations to confi
the stability of thisI -V complex. The results clearly show
that this I -V complex structure is indeed a metastable st
with a formation energy in the order of 3 eV.

In order to study the stability of theI -V complex against
thermally activated processes, we perform a TBMD simu
tion at constant temperature of 1500 K. We find that theI -
V complex annihilates in about 10 psec and the system
covers its defect-free crystal structure. The average lifet
t of the I -V complex at different temperatures can be e
mated by

1

t
;nexp~2Eb /kBT!, ~8!

wheren is estimated as the Debye frequency of;1013 Hz,
andEb is the energy barrier against annihilation. We first u
the high-temperature molecular dynamics simulation
1500 K to identify the annihilation path, and then perfor
static relaxation at zero temperature to obtain the energy
rier. The annihilation path is identified to be a bon
switching process. The major steps are shown in Fig. 8. D
ing this process, the two long bonds in Fig. 8~a! will be
broken progressively. Figure 8~b! shows the configuration
after the long bonds are broken; after a saddle point confi
ration shown in Fig. 8~c!, the two I -V complex atoms con-
tinue to move@Fig. 8~d!# and begin to form new bonds wit
their regular nearest neighbor atoms and result in the pe
-
o

8
6
y

n-

e
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e-
e
-

e
t

r-

r-

u-

ct

diamond lattice structure shown in Fig. 8~e!. In this static
relaxation procedure, the twoI -V complex atoms are move
systematically towards their final positions. At each step,
two I -V complex atoms are constrained to relax only in t
plane perpendicular to the direction connecting their init
and final positions, while all other atoms are fully relax
without constraint. The energy barrier thus obtained is 1
eV.

Since the above process requires the twoI -V complex
atoms to behave symmetrically, i.e., to break and to fo
bonds simultaneously, a lower energy barrier may be p
sible in a slightly different process, where one bond can
broken or formed before the other. To obtain the ene
barrier for this process, we pick the top atom as a driv
atom and move it systematically towards its final position.
each step of movement, this atom is constrained to rela
the plane perpendicular to the direction connecting its ini
and final position, while all other atoms are fully relaxe
Note that in this process the secondI -V complex atom is
allowed to relax without constraint including in the directio
connecting its initial and final positions. The energy barr
found in this process is 1.13 eV. Therefore, the energy b
rier for theI -V complex to annihilate isEb51.13 eV. Using
Eq. ~8!, we plot the estimated lifetime of theI -V complex at
different temperatures in Fig. 9. The estimated average
time of theI -V complex at room temperature is in the ord
of hours, but only a few microseconds at typical anneal
temperatures.

V. FORMATION VOLUMES

The formation of a vacancy or an interstitial defect in
crystal results in a volume change. First, there is a volu
increase~decrease! of approximately one atomic volume o
the surface for the formation of a vacancy~interstitial!. This
volume change is due to the replacement of the remo
atom from the inside~surface! of a crystal to the surface
~inside! for a vacancy~interstitial!. Second, there is usually
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FIG. 8. I -V complex annihilation path.~a! quenchedI -V complex structure,~b! after two long bonds are broken,~c! saddle point
configuration,~d! new bonds are about to form, and~e! perfect diamond crystalline structure is recovered.
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contraction or expansion around a point defect caused by
relaxation of neighboring atoms due to restructuring
atomic bonds corresponding to the vacant atom site or e
atom added. The volume change due to this relaxation
neighboring atoms is called therelaxation volume Vrel. The
overall effect of volume change, i.e., theformation volume
DV, is DVV5VV

rel1V for a vacancy andDV I5VI
rel2V for

an interstitial, whereV is the volume per atom in crystallin
silicon.

In our calculations, a single point defect is generated
the center of a crystal of 216 atoms at its equilibrium dens
with constant volume and periodic boundary conditions. T
system is then fully relaxed in the same manner as descr
above for the calculations of the formation energy.27 Since
the simulation cell volume is fixed, introduction of a poi
defect and its subsequent relaxation induces an internal p
sure in the system. For contraction~expansion! around a
point defect, one expects a negative~positive! internal pres-
sure. The reference state of a perfect crystal at its equilibr
density has zero pressure. By adjusting the volume of
he
f
ra
of

t
y
e
ed

s-

m
e

defected system until zero pressure is recovered, one ob
the volume change after relaxation around a point def
Thus, we obtain the relaxation volume of the point defect
supercell of 216 atoms is found to be large enough since
atomic relaxation involved are found to be well confin
within the simulation cell.

The internal pressure is calculated byP52]E/]V,
where the expression is derived analytically from the tig
binding total energy function. Since the volume change
der pressure is determined by the compressibility of the s
tem, we first calculate the bulk modulusB using the current
model. At small volume changes, we obtain a linear cu
relation betweenP-V, the slope of which gives us the bul
modulus B52V]P/]V586.060.5GPa. Compared to th
experimental value of 97.8 GPa, the difference is ab
10%. This close agreement gives us confidence that
volume-pressure behavior can be properly described by
model, which is a necessary condition to obtain reliable
laxation volumes.

Since the pressure of the defected system averages
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effect of relaxation around a point defect over the wh
simulation system, a small value of the internal pressur
expected for a single point defect. In order to obtain a r
able number for the volume change, an accurate compar
of pressure in the defected system and the perfect cryst
required. Using the lattice parameter value of 5.451 Å giv
in the original paper by Kwonet al.,21 we obtain a pressure
of 22.531021 GPa for the undefected system. The pre
sures obtained with a vacancy and an interstitial
27.431021 and 1.131021 GPa, respectively. These thre
pressures are all in the same order of magnitude, which
gests that the crystal is not in its perfect equilibrium sta
Thus, we need to refine the lattice parameter to reach the
zero pressure reference state. We change the volume o
system by rescaling the length of our simulation box. Seve
iterations are performed until the pressure change of
consecutive trials and the absolute value of pressure itsel
in the order of a convergence criterion of 1024 GPa. If we
define l / l 0 as the ratio between the current box length a
the original box length corresponding to the lattice parame
of Kwon et al., the new equilibrium box length is found to b
l eq/ l 050.999 042 and the pressure is 231024 GPa.

At l eq, the pressures for the fully relaxed vacancy a
interstitial become23.8731021 and 3.5831021 GPa, re-
spectively. By rescaling the box lengths for the two defec
systems until the pressures are within the same converg
criterion, we find the box length corresponding to the fu
relaxed defect systems arel V / l eq50.998 508 5 and
l I / l eq51.001 390 3 for the vacancy and interstitial, resp
tively. The relaxation volume in units ofV, i.e., the atomic
volume per silicon atom at the equilibrium density, is calc
lated by

VI ,V
rel 5

l I ,V
3 2 l eq

3

l eq
3 /N

, ~9!

whereN5216 in this study andV5 l eq
3 /N. Thus, we obtain

VV
rel520.97V andVI

rel50.90V for vacancy and interstitial
respectively. The corresponding formation volumes
DVV50.03V andDV I520.10V.

FIG. 9. EstimatedI -V complex lifetime as a function of tem
perature.
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Our calculated relaxation volumes are within 7% of ea
other in magnitude and have opposite sign. This result ag
well with recent diffuse x-ray scattering measurements.20 In
these measurements, Frenkel pairs are produced by ele
irradiation at low temperature~4 K!. The scattering ampli-
tude and lattice constant change provide a measuremen
the relaxation volumes by

SH}c~VV
rel21VI

rel2!, and Da/a}~VV
rel1VI

rel!, ~10!

where SH is the Huang scattering intensity. While an in
crease ofSH was observed at high electron dose, the latt
constant did not show any consistent increase. Therefor
was concluded that the relaxation volumes of the vaca
and the interstitial must have opposite signs and cancel e
other.20 This conclusion, considering experimental err
bars, is consistent with our calculations, where we obtai
VV
rel1VI

rel520.07V.
It is interesting to note that the vacancy formation volum

in silicon was previously reported by Antonelli an
Bernholc.14 using pseudopotential LDA calculations. The
obtained a relaxation volume of20.25V or a formation vol-
ume of 0.75V, which is quite different from our results. Th
origin of these discrepancy likely lies in the fact that t
LDA calculations of Antonelli and Bernholc were performe
using a supercell of only 32 atoms. Recent studies show
in order to achieve good convergence, a supercell of 64
oms with 23232 k-point mesh is necessary.34 Second, in
the LDA work of Antonelli and Bernholc, the relaxation vo
ume was accounted for by only nearest-neighbor atom re
ations and no contribution was from the volume changes
to the relaxation of further shells of atoms. Because of
small size restriction, it is likely that only nearest-neighb
shell relaxation was significant in their calculation. But
found in our study using a large cell of 215 and 511 ato
for the fully relaxed vacancy structure, the displaceme
field can extend to the third and fourth nearest neighbo
The first shell displacement with respect to the equilibriu
bond length is;20%; the second shell is;5–10 %; and the
third and fourth shells are;1–5%. Therefore, both effect
mentioned above in the LDA calculation of Antonelli an
Bernholc would tend to underestimate the relaxation volu
and give rise to a much larger formation volume for vacan

VI. DISCUSSION

As we have mentioned in Sec. III, despite decades
experimental work on self-diffusion in silicon, the only con
clusive result is thatCI* dI obeys Arrhenius behavior in th
high-temperature range~1000–1300 °C! with an activation
energy ranging from 4.7 eV to 5.1 eV and a prefactor ra
ing from 900 to 9000 cm2/sec.4 The activation energy and
prefactor obtained from our calculations are 5.17 eV a
11555 cm2/sec, respectively, which agrees well with th
general picture. In addition, several experiments sugge
break of the Arrhenius behavior at about 1050 °C,4 suggest-
ing that different mechanisms operate above and below
temperature. Our calculations show that at 1080 °C, a cr
over betweenI -dominated self-diffusion andV-dominated
self-diffusion occurs.

Besides the productCI* dI , however, little conclusive in-
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formation exists regarding the individual termsCI* anddI .
This is because the value ofdI measured experimentally va
ies by almost ten orders of magnitude,35 which is far beyond
what could be expected from experimental uncertainties.
discrepancies concerningdI were attributed to the much
lower effective diffusivities of interstitials due to interaction
with vacancies as proposed by Tan and Go¨sele.36 In this
so-calledvacancy-dominated effective I diffusivitymodel, the
resulting thermal equilibrium concentration of vacancies
much higher than interstitials while the vacancy diffus
much slower than the interstitial. Recently, the same auth
have reinterpreted the much lower effective diffusivity of t
interstitial based on trapping of interstitials by carb
atoms.26 Gossmannet al.37 have in fact shown that depend
ing on C concentration in the matrix, the effective interstit
diffusivities can vary by many orders of magnitude. Sto
et al.38 have shown that high C concentrations can be use
suppress TED which is mediated by excess interstitials fr
implantation damage. In this so-calledcarbon-dominated ef-
fective I diffusivitymodel, the resulting thermal equilibrium
concentration of vacancies becomes much lower than tha
interstitials and hence the vacancy diffusivity becom
higher than that of the interstitial, both of which are high
supported by our results shown in Fig. 1 and Fig. 4.

In addition to the magnitude of the interstitial diffusivity
our results also provide information on the atomistic mec
nism of interstitial diffusion, as shown in Fig. 2. We hav
found that the neutral̂110& dumbbell interstitial migrates
via the tetrahedral site to a second nearest-neighbor la
position where it again forms â110& dumbbell. This is in
contrast to interstitial diffusion in bcc and fcc metals, whe
^110& and ^100& dumbbells migrate to a nearest-neighb
site by rotation and exchange of one of the two atoms w
that site.39 Recently, Nastaret al.12 have investigated inter
stitial migration mechanisms in silicon using the Stillinge
Weber interatomic potential. In contrast to the results p
sented here, these authors found that there are actually
metastable dumbbell configurations and that the low-ene
one is not actually the migrating species. They observe
two-stage migration mechanism consisting of a jump rotat
followed by another rotation of the high-energy dumbbe
The source of the discrepancy between the tight-binding
the Stillinger-Weber results arises because the low-ene
interstitial configuration obtained by the classical potentia
actually a high-energy unstable or metastable configura
according to the tight-binding results. In fact, within th
tight-binding calculations presented here, the high-ene
dumbbell configuration~corresponding to the low-energ
configuration with the classical potential! immediately re-
laxes to the low-energy configuration shown in Fig. 5 even
room temperature, so that it is either not a stable configu
tion within tight-binding, or the energy barrier is very sma
Therefore, while a diffusion mechanism similar to that
Ref. 12 where the migrating species is a metastable defe
in principle possible, it is not feasible for the system stud
within the tight binding model described here.

It has long been assumed that during interstitial inject
due to surface oxidation steady state would be reac
when40

CICV5CI*CV* . ~11!
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Thus duringI injection, the vacancy undersaturation will b
inverse proportional to interstitial supersaturation. Howev
the time to reach the steady state is determined by the in
action between interstitials and vacancies. If there is a bar
for the I -V annihilation process, the steady state will not
reached instantaneously. Our simulations ofI -V interactions
presented above are aimed to give a direct atomistic pic
of I -V annihilation. We find that annihilation only occurs fo
very limited sites and that, instead, a complex defect is of
formed as a result of theI -V interaction. Since the binding
energy of theI -V complex with respect to separate I and V
very high (4.3 eV!, its dissociation is very unlikely at al
practical annealing temperatures. Therefore, the effect of
mation of thisI -V complex on the interstitial and vacanc
concentration changes in the system seems to be no m
different than the annihilation of theI -V pair. However,
since the lifetime of the complex is estimated to be long
room-temperature, other effects are expected due to its e
tence. In particular, we expect theI -V complex to play an
important role in the kinetics of silicon amorphization b
light ions such as boron. It is well known that silicon cann
be amorphized by room temperature boron irradiation exc
at extremely high dose rates.41 Since boron implantation
gives rise to very diffuse damage distributions consist
mostly of isolated Frenkel pairs and small clusters,42 we ex-
pect the stability of theI -V complex to play an importan
role in boron-induced silicon amorphization. For typical io
irradiation conditions, cascade overlap times are of the or
of tenths of seconds to tens of seconds depending on
rate. It is easy to see then how aI -V complex with an anni-
hilation barrier of 1 eV could act as the rate-limiting factor
amorphization. If the dose rate is such that defects from
cascade can reach the debris from a previous one and a
hilate theI -V complexes, then damage accumulation is t
slow and no amorphization ensues. However, for h
enough dose rates, damage accumulation can proceed
quickly without intracascade defect annihilation. We a
presently following up and testing these ideas using a hyb
MD-kinetic Monte Carlo algorithm.

The long lifetime of theI -V complex at low temperature
suggests its existence in low-temperature electron irradia
experiments. As we discussed earlier, the experiments
Bauschet al.20 showed that the total relaxation volume
zero for isolated Frenkel pairs. Will the existence of theI -
V complex change the fact that the total relaxation volume
zero? To answer this question, we have also calculated
relaxation volume of theI -V complex as well as other pos
sible close Frenkel pairs. We find that the relaxation volu
of the I -V complex is 0.29V, which by itself will induce
volume increase. However, possible close Frenkel pairs m
contribute negative relaxation volumes. Our calculatio
confirm that the relaxation volumes forI -V pairs separated a
third nearest-neighbor position along and perpendicular
the ^110& dumbbell direction are20.29V and20.13V, re-
spectively. Therefore, the total relaxation volume can still
very small with the coexistence ofI -V complexes, separate
Frenkel pairs and close Frenkel pairs.

VII. CONCLUSION

Within the tight-binding framework of Kwonet al., we
have revisited the fundamental aspects of intrinsic point
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14 288 55TANG, COLOMBO, ZHU, AND DIAZ de la RUBIA
fects and diffusion in silicon. Our results show that the ac
vation energy for vacancy diffusion is much lower than th
for interstitial diffusion. The vacancy diffusivity was foun
to be higher than the interstitial diffusivity at all temper
tures. For self-diffusion, however, our calculations, coup
with some experimental data and previous LDA results
the entropy of vacancy formation, clearly show that inters
tials dominate self-diffusion at high temperature and vac
cies dominate at low temperature. The crossover tempera
is 1080 °C, which is in good agreement with the experim
tal estimate of 1050 °C.

The interaction of interstitials and vacancies can lead
formation of anI -V complex defect. ThisI -V complex has a
very high binding energy of 4.3 eV, suggesting that it can
dissociate at typical annealing temperatures. However,
annihilation barrier is of the order of 1 eV. This appears
indicate that theI -V complex could play an important role i
the kinetics of room-temperature amorphization of silicon
light ion bombardment.

In addition, we have found that the relaxation volumes
interstitials and vacancies are close to each other in ma
tude and opposite sign, which is in good agreement w
experimental observations. The fact that both formation v
umes are very small is in contrast to typical results in met
pl
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For example, in fcc Au, the formation volumes are 0.56V
and 0.44V for interstitials and vacancies, respectively. W
believe this is due to the difference in the nature of atom
bonding and the resultant crystalline structures. In op
structures such as that of silicon, small formation volum
are intuitively understandable. Similar results of formati
volumes in germanium are expected.
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