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ABSTRACT

Structural and dynamical properties of silicon in-
terstitial defects are extracted from extensive atomistic
simulations using ab initio total energy calculations. With
increasing number of interstitials, the stable defect shape
evolves from compact to chain-like to rod-like. The rod-
like {311} defect, formed from (011} interstitial chains,
is stabilized as it grows, elongating in the chain direc-
tion. We utilize new accelerated dynamics algorithms
based on the parallel-replica method and reliable empir-
ical potentials to efficiently explore large configurational
space involving many degrees of freedom. We evaluate
the empirical potentials that have been widely used for
bulk silicon in light of the energetic and structural prop-
erties of interstitial defects.

Keywords: silicon, interstitial, defects, potentials, sim-
ulations.

1 Introduction

Interstitial defects control the dopant diffusion in
ion-implanted silicon by providing traps for and sources
of mobile interstitials [1]-[4]. For example, boron tran-
sient enhanced diffusion (B-TED) in ion-implanted sam-
ples is the limiting factor in shallow-junction fabrication
of submicron Si-based devices. Extensive experimental
work established that B-TED persists under interstitial
supersaturation conditions as in ion-implanted samples
during rapid thermal annealing steps (1], [2]. A class of
extended {311} defects is linked to the source of B-TED
by providing mobile interstitials stored in the defects.
On the other hand, smaller interstitial clusters that are
dissolved at lower energy cost are claimed to be respon-
sible for B-TED under low-energy ion-implantation con-
ditions [3].

Traditionally, B-TED has been modeled by solving
coupled diffusion equations with the governing cluster
Kkinetics determined by the diffusion properties of mobile
interstitials and the nucleation properties of mobile in-
terstitials to existing interstitial traps (4], [5]. In partic-
ular, key quantities for accurate macroscopic modeling
are the energies released upon an interstitial-capture by
and the effective capture radii from possible interstitial-
trap nuclei. Many efforts have been devoted to quantify

the energetics of the interstitial clusters [4], [6]-[12]. Re-
cently, Cowern et al. reported the formation energy of
interstitial clusters determined directly from TED mea-
surements using B-doped makers by “inverse modeling
of the ripening process” [4]. This approach relies on
the very same assumptions needed in B-TED modeling
based on kinetic Monte Carlo method [5].

Alternatively, simulations using interatomic poten-
tials probe the energetically and kinetically important
processes for B-TED at the atomistic level [6]-{12]. Re-
cent advances in numerical algorithms for quantum and
classical molecular dynamics simulations and growing
computational power have expanded the length and time
scales that can be explored by atomistic simulations {13],
[14].

We summarize the thermodynamic properties of in-
terstitial clusters obtained from extensive atomistic sim-
ulations using a wide range of interatomic potentials,
from classical to ab initio potentials. Parallel-replica
simulations [14] using a classical modified embedded atom
(MEAM) potential [15] probe the microscopic processes
of cluster growth via interstitial-diffusion and interstitial-
nucleation. The local minimum configurations and tran-
sition paths captured by parallel-replica simulations are
used as the inputs for ab initio total energy calculations.
A quantitative growth model for interstitial defects from
isolated interstitials to extended {311} defects is derived
from the ab initio energetics.

2 Growth of Si-interstitial clusters

Figure 1 presents the stability trends of interstitial
clusters predicted by ab initio total energy calculations
within the local density approximation (LDA) [10] com-
pared with the inverse modeling [4]. In general, the
stability of interstitial clusters increases as the size n
increases. We find that the stable configuration for a
given size can be (a) compact for small clusters, (b)
elongated for medium clusters and (c) planar for large
clusters. Amongst many local minimum configurations
captured by parallel-replica runs, the two solid lines con-
nect the formation energies of the most stable structures
for the compact and elongated classes [10]. The forma-
tion energies extracted from the inverse modeling qual-
itatively agree with those calculated by ab inito sim-
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Figure 1: Formation energies £y per interstitial of n-
interstitial clusters. Symbols ® and /A denote ab initio
LDA results. Ab initio LDA calculations imply that the
transition from the compact to elongated shape would
occur at n ~ 5. The dashed line is the formation energy
trend predicted by the inverse modeling of Cowern et
al. [4]. Our search for local minimum configurations of
interstitial clusters does not find the global minimum of
Ig predicted in Ref. [4].

ulations: i) interstitial defects become more stable as
more interstitials are incorporated into a cluster; and ii)
the formation energy converges to 0.8 eV at the large
n limit in agreement with experiments [2]. The main
discrepancy is found at n =8: the global minimum pre-
dicted from the inverse modeling [4] is not present in
our calculations. Common elements of the ground en-
ergy configurations for small compact clusters are (110)
interstitialcies as shown in Fig. 2. A class of extended
defects composed of elongated chains becomes energet-
ically favorable to the compact shape as the cluster be-
comes larger.

Both the inverse modeling {4] and ab initio simula-~
tions [10] predict that the I cluster would be extremely
stable. Several theoretical calculations proposed the
compact I, defect of Dog symmetry as the ground con-
figuration [9]-[{11]. The calculated formation energy is
very low at Ey=1.5 per interstitial [10]. That all the
atoms constituting the I4-Dj, cluster are fully four-
fold coordinated contributes to its stability. The I4-Day
structure is open, surrounded by eight seven-member
rings. Accordingly, up-to four interstitials can be nu-
cleated to form compact clusters of n=5-8. Our calcu-
lations find that compact clusters larger than n=8 are
unstable, with a negative interstitial-binding energy.

On the other hand, an elongated cluster can grow in-
definitely by maximizing the ratio of full four-coordinated
atoms to the number of interstitials incorporated into
the chain [7], [10]. The formation energy per interstitial
decreases monotonically for larger chains. Assuming an
interstitial capture at the chain ends, the interstitial-
binding energy to the chain is Ey~2.3. Formations of

Figure 2: Core structures of compact (a} I3-Dog, (b)
14-Dog, (¢) Is-Cqy and (d) Is-Cq, clusters extracted
from collective trajectories of parallel-replica simula-
tions using classical MEAM potential. Within ab initio
LDA/GGA calculations, (a)-(c) are the lowest-energy
configurations for the given size. Structure (d) is a local
minimum configuration which was related to the shape
transition in Ref. [12].

elongated clusters can further lead to the growth of
“rod-like” {311} defects. Indeed, the atomic structure
of rod-like {311} defects can be well described by con-
densations of elongated chains in the {311} planes in
accordance with TED measurements [6]. The grey re-
gion of Fig, 1 indicates the range of formation energies
of {311} defects for n > 40 depending upon the width-
to-length ratio [10].

That the structure of small clusters is fundamentally
different from extended {311} defects was suggested by
recent optical [16] and electronic [17] measurements of
Si-implanted silicon exhibiting drastic changes depend-
ing upon the flux and annealing temperature. Ener-
getically, the possible morphological transition from the
point-like (compact) to extended (elongated/planar) can
occur at n~ 5. Tight-binding calculations by Bongiorno
et al. [12] proposed a shape transition mechanism in-
volving the I5 cluster of Fig. 2(d). Our calculations find
that this structure is unstable against the lower-energy
configurations modeled as an interstitial capture by the
I;-Dyy cluster. The negative interstitial-binding energy
to a compact Iy suggests that no compact clusters of
n>8 can be formed by an interstitial-nucleation process.
On the other hand, elongated clusters will evolve into
larger clusters by capturing available interstitials. Since
interstitial-binding energies to extended defects are al-
ways positive, the growth of {311} defects will be only
limited by the influx of mobile interstitials. However,



it is still an open question whether the shape transition
from the compact to extended defect at n~5 is kineti-
cally accessible,

The energetics summarized in Fig. 1 suggests the
growth path: stable interstitial clusters grow by adding
more interstitials. However, only a limited understand-
ing of the critical steps leading to the cluster growth is
available. In order to directly probe the microscopic pro-
cesses of interstitial-diffusion and interstitial-nucleation
mechanisms responsible for the defect growth, we per-
form extensive parallel-replica simulations using the clas-
sical MEAM potential. As predicted by previous calcu-

lations {10}, {18}, both single interstitial I and di-interstitial

I, defects are found to be mobile and diffuse by random
jumps between local minima.

All interstitial clusters are efficient traps for mobile
interstitial and di-interstitial defects. With an existing
interstitial cluster providing a capture nucleus, the clus-
ter growth occurs by (i) interstitial capture at the cluster
boundaries and (ii) subsequent local rearrangements of
the core atoms to lower-energy structures. The shape
of the final cluster retains the shape of the initial clus-
ter. For instance, when an interstitial is trapped by a
metastable chain, the captured interstitial diffuses in the
chain direction and eventually settle at the chain ends.

3 Survey of empirical potentials for
interstitial defects

The energetics of Fig. 1 provides a road map for in-
terstitial cluster growth: existing interstitial defects trap
mobile interstitials to become more stable, extended
defects. This interstitial-nucleation mechanism for the
growth is the basic assumption for kinetic Monte Carlo
simulations which have been successfully applied to model
B-TED [5]. Kinetic Monte Carlo simulations rely on ac-
curate parameterization of energies associated with the
processes. Indeed, the inverse modeling by Cowern et
al. fitted the formation energies to the secondary mass
spectroscopic measurements of boron profiles based on
the interstitial-nucleation mechanisms [4]. Total energy
calculations using ab initio potentials can quantify the
formation energies with respect to the size without in-
troducing fitting parameters. However, identifying the
ground and local minimum structures relevant to the
growth becomes computationally prohibitive as the de-
grees of freedom increase.

Empirical classical and tight-binding potentials pro-
vide computationally efficient alternatives for ab initio
simulations. In recent years, steady improvement of em-
pirical potentials for silicon has been made by several
groups [15], [19]-[22]. These empirical potentials have
been widely applied to simulate complicated systems,
such as interstitial defects (7], {12} and dislocations [23].
Further, new algorithms for large-scale and long-time
simulations [14] using empirical potentials offer a direct,

LDA SW EDIP MEAM TB, TB,
L,-Cy, | 25 31 28 2.1 2.8 25
I-Dg, | 1.9 27 32 2.1 26 2.2
I1-Cy, | 22 36 3.7 1.9 24 3.5
I3 1.5 24 24 1.4 21 24
I-CS, | 1.7 28 25 1.7 2.4 3.0
Is-C¢ | 1.9 24 25 1.9 26 24
Ighein | 18 25 24 1.7 2.4 28
I 1710 1.9 1.9 1.1 1.6 1.8

Table 1: Formation energies per interstitial obtained by ab
initio and empirical potentials: SW Stillinger-Weber poten-
tial {19]; EDIP environment dependent interatomic poten-
tial [20]; MEAM classical potential in Modified Embedded
Atom Method [15]; TB; parameters by Lenosky et al. [21];
and TBj parameters by Kwon et al. [22]. The symmetry
symbols are specified for small clusters. Periodic bound-
ary conditions are applied to model interstitial chains IShei®,
The structures of compact clusters specified by superscripts
(a)-(d) are shown in Fig. 2.

practical means to probe the critical steps leading to
cluster growth.

Reliable empirical potentials are invaluable tools to
bridge the gap between ab initio calculations and macro-
scopical modeling tools. For instance, parallel-replica
simulations using the classical MEAM potential reveal
many local minimum configurations for Is that have not
been considered previously. Note that ab initio simula-
tions appropriate to the time scale of I-diffusion and I-
nucleation processes would take 10 years on state-of-art
parallel computers. The local minimum configurations
and transition paths identified by empirical simulations
are then used for accurate estimations for their forma-
tion energies and activation energy barriers by ab ini-
tio structural minimizations. Finally, improved qualita-
tive and quantitative understanding of the critical mi-
croscopic processes enhances the predictions of Monte
Carlo simulations at the macroscopic scale.

Table I presents the formation energies of selected
interstitial-defect structures by several empirical poten-
tials in comparison with the ab initio results. These
potentials have been widely used to study properties of
bulk silicon, and in particular, defects in silicon. All
these potentials give the stability trends of interstitial
clusters predicted by ab initio calculations: the ener-
getically favorable shape evolves from the compact to
elongated and eventually “rod-like” {311} defects.

The formation energies by the classical MEAM po-
tential show the best quantitative agreement with the
ab initio results. Classical potentials SW and EDIP and
Kwon-TB tend to overestimate the energy of metastable
structures, e.g., these potentials find that the I3-Cs,
cluster is unstable against isolated interstitials. For the
interstitial diffusion and structural transitions between
local minima, they also tend to give too large activation



energies+[24] which can be attributed to the fitting steps
based on only equilibrium properties. It is noteworthy
that all empirical potentials find the compact Iy-Dag
structure as the ground configuration. All the atoms of
the I4-Dyy defect are fully four-fold coordinated with
minimum bond-angle distortions from the ideal tetrahe-
dral bonding in crystalline silicon.

As shown in Table I, many competing local mini-
mum structures can coexist for a given size. Although
the absolute formation energies are well reproduced by
the MEAM potential, the relative energetics of differ-
ent local minima is not always predicted correctly. The
classical MEAM potential tends to favor compact struc-
tures at intermediate sizes n=>5-20, inconsistent with the
ab initio prediction that elongated clusters would be-
come energetically more stable at n > 5. Overall, the
relative stabilities are well described by the Lenosky-
TB potential {21]. Most importantly, the Lenosky-TB
potential accurately reproduces the small energy differ-
ences between the local minima for n=5 at which the
shape change is predicted to occur.

4 Conclusions

We summarize the energetics of interstitial clusters
extracted from extensive atomistic simulations. Ab in-
tito total energy calculations quantify the formation en-
ergies of many local minimum configurations obtained
by parallel-replica simulations using the classical MEAM
potential. The stability trends of interstitial clusters
predict that the energetically favorable shape evolves
from compact to elongated and eventually “rod-like”
{311} defects. Steady improvement of empirical po-
tentials for silicon in combination with new algorithms
reaching to the nsec to usec time scales offer exciting
opportunities to directly probe the critical steps of in-
terstitial cluster growth.
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