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We have determined the atomic structure and formation energies of small, compact self-interstitial clusters
�In ,n�10� in Si using a combination of Metropolis Monte Carlo, tight binding molecular dynamics, and
density functional theory calculations. We present predicted local-minimum configurations for compact self-
interstitial clusters with n=5–10, together with well-defined smaller clusters �n�4� for comparison. The
cluster formation energies per interstitial exhibit strong minima at n=4 and 8.
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I. INTRODUCTION

Continued scaling of complementary metal oxide semi-
conductor devices down to the 45 nm design node or beyond
will require the formation of ever shallower and more abrupt
junctions with higher doping levels. To meet these stringent
requirements, it is necessary to have a detailed understanding
of the underlying mechanisms of transient enhanced diffu-
sion �TED� and deactivation of implanted dopants during
postimplantation annealing. It is now well accepted that the
diffusion and clustering of implanted dopants are mainly me-
diated by native defects created during dopant introduction.
In particular, excess Si interstitials are mainly responsible for
boron TED and deactivation1–13 and also play a critical role
in TED and clustering of arsenic1,5,14–20 and phosphorous.5,19

Single interstitials are highly mobile even at room
temperature.20 Hence, most interstitials are likely to remain
in the form of clusters in bulk Si.3,4 While extended �311�
defects have been well characterized by transmission elec-
tron microscopy, earlier spectroscopy measurements based
on deep level transition,21,22 photoluminescence,22–24 and
electron spin resonance25 have also evidenced the formation
of small interstitial clusters ��50 Å in equivalent diameter�
at low doses �1012–1014 Si /cm2� and moderate annealing
temperatures ��600 °C� before they evolve into larger
extended defects with increased ion fluence ��5
�1013 Si /cm2� and elevated annealing temperatures
��700 °C�. In fact, in ultrashallow junction formation with
low-energy implanted dopants, small self-interstitial clusters
are thought to be a main source for free interstitials respon-
sible for dopant TED and clustering during postimplantation
annealing. Therefore, it is necessary to properly describe the
agglomeration of Si self-interstitials.

Few attempts have been made to determine the energetics
of small interstitial clusters using inverse modeling based on
experimental observations of the spatial and temporal con-
centration variations of interstitial clusters.26,27 The earlier
inverse model studies suggested that there would be a struc-
tural transition from compact to elongated forms when the
cluster size �n� is around 10 atoms, and also the differential
formation energies of small clusters �n�10� exhibit two
strong minima at n=4 and n=8. The predictions were also
advocated by recent low temperature photoluminescence
studies22–24 which demonstrated possible existence of small
and compact interstitial clusters of various sizes. The

minimum-energy configurations of a few small clusters �n
=1–5� have recently been determined using extensive first-
principles-based atomistic simulations.28–32 However, the
atomic structure and stability of larger compact interstitial
clusters �n�5� are uncertain, due partly to their possible
complex geometries which might be hard to be determined
using first-principles quantum mechanics and tight binding
molecular dynamics.

In this paper, we present an effective computational ap-
proach to determine the structure and energetics of interstitial
clusters, which combines Metropolis Monte Carlo, tight
binding molecular dynamics, and first-principles quantum
mechanical calculations. Using the approach, we have iden-
tified the minimum-energy configurations and formation en-
ergies of small, compact self-interstitial clusters �n�10�.
The comparison of our work with existing theoretical studies
and experimental measurements shows good agreement. Pre-
cise determination of the structure and stability of small in-
terstitial clusters will enable more rigorous examinations of
temporal and spatial evolutions of interstitial concentration
profiles and, in turn, interstitial mediated dopant diffusion
and clustering during the formation of ultrashallow junctions
in Si-based electronic devices.

II. COMPUTATIONAL APPROACH

Within the continuous random network �CRN� model,33 a
disordered structure is generated via a large number of bond
transpositions using Metropolis Monte Carlo �MMC� sam-
pling. The CRN based MMC �CRN-MMC� approach has
been successfully used to determine the fully relaxed struc-
ture of fully coordinated amorphous materials and their in-
terfaces, while molecular dynamics simulations alone may
not always guarantee the construction of thermally equili-
brated structures due to their intrinsic time scale limitations.
Likewise, we expect that the structure of self-interstitial clus-
ters in Si can also be predicted using CRN-MMC simula-
tions, if all atoms in the clusters are fourfold coordinated.
The CRN-MMC approach will certainly be inadequate to
determine the structure of defect clusters with a number of
coordination defects. According to recent theoretical
studies,30,31 however, the fourfold-coordinate structure of
self-interstitial clusters in Si appears energetically favored
when they are sufficiently large ��3�. This is apparently due
to the fact that the energy gain by bond formation exceeds
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the strain energy arising from the fourfold coordination of
clusters.

We employed the Keating-like potentials34 which have
been proven to be reliable for studying the relaxed structure
of disordered Si materials. Within the Keating-like valence
force model, the strain energy �Estrain� is defined as

Estrain =
1

2�
i

kb�bi − b0�2 +
1

2�
i,j

k��cos �ij − cos �0�2, �1�

where the first and second terms on the right hand side show
changes in the strain energy arising from deviations in bond
lengths and bond angles, respectively, from their equilibrium
values, bi and b0 represent the ith bond length and the equi-
librium value, respectively, �ij is the bond angle between
bonds i and j to a common atom with the equilibrium value
of �0, and kb and k� are force constants, respectively, for the
two-body and three-body interactions.

The potential parameters were carefully optimized based
on gradient corrected density functional theory �DFT� calcu-
lations. First, the two-body force constant �kb� was adjusted
to fit DFT values for the total energy variation of crystalline
Si with varying amounts of strain �from 10% compressive to
10% tensile�. Then, the three-body force constant �k�� was
adjusted to fit DFT values for the strain energies of five
different amorphous Si model structures �of each is within a
64-atom simple cubic cell�. Finally, the values for kb and k�

were further refined simultaneously based on several intersti-
tial clusters, such as I4, I7, and I8. Through such careful
optimization, we have obtained a set of parameters, kb
=11.976 eV /Å2 and k�=2.097 eV, for DFT values of b0
=2.364 Å and �0=109.5°. Note that the optimized param-
eters are somewhat different from those available in litera-
ture �b0=2.35 Å, �0=109°, kb=9.08 eV /Å2, and k�

=3.57 eV�.34

Using the CRN-MMC approach, we first determined pos-
sible fourfold-coordinate structures for interstitial clusters of
different sizes �I3– I10�, starting with various initial configu-
rations for each case. Our in-house CRN-MMC code has
been massively parallelized, which allows us to create fairly
large interstitial clusters in crystalline Si within a reasonable
computation time. The thermal stability of the fourfold-
coordinate model structures was carefully checked using
high temperature ��1000 K� tight binding molecular dy-
namics �TBMD� based on highly optimized semiempirical
potentials developed by Lenosky et al.35 The structure and
energetics of the stable clusters determined by combined
CRN-MMC and TBMD simulations were further refined us-
ing first-principles calculations based on DFT within the gen-
eralized gradient approximation �GGA� of Perdew and Wang
�GGA-PW91�.36 While the CRN-MMC, TBMD, or DFT
method alone is likely limited to sample all possible cluster
configurations, the combined approach has demonstrated to
be an effective mean to determine the complex minimum-
energy states of small self-interstitial clusters in Si.

All atomic structures and energetics reported herein were
calculated using the well established plane wave program
VASP �Vienna ab initio simulation package�.37 For reference’s
sake, the formation energies of interstitial clusters were also

evaluated within the local density approximation �LDA� by
relaxing the GGA structures. For the GGA and LDA calcu-
lations, the supercell lattice constants were fixed at 5.460 and
5.382 Å, respectively, as obtained from careful volume opti-
mization. A plane wave cutoff energy of 160 eV was used.
Vanderbilt-type ultrasoft pseudopotentials38 for core-electron
interactions were employed, and Brillouin zone sampling
was performed using Monkhorst-Pack-type k-point meshes.
The mesh size was set to �2�2�2� for the 216-atom simple
cubic supercell and was properly adjusted with supercell
size. For each defect system, all atoms were fully relaxed
using the conjugate gradient method until residual forces on
constituent atoms become smaller than 5�10−2 eV /Å.

III. RESULTS AND DISCUSSION

We first calculated the structure and formation energies of
the single and di-interstitials for the sake of reference. As
shown in Fig. 1, the �110�-split interstitial �I� and the C1h

di-interstitial �I2� turn out to be most stable in the neutral
state, with formation energies �per interstitial� of 3.80 and
2.79 eV, respectively. The results are in good agreement with
those from previous DFT calculations.29,30

It is now well accepted that the tri-interstitial �I3� and
tetrainterstitial �I4� clusters preferentially form the C2 and
D2d structures, respectively, where all atoms are fourfold
coordinated,30,31 as illustrated in Fig. 1. Our CRN-MMC
simulations also predict the ground-state C2 and D2d configu-
rations. It is also worth emphasizing that the CRN-MMC
approach consistently yields the lowest-energy structures, ir-
respective of the initial position of interstitials as long as
they are placed sufficiently close to each other.

For the pentainterstitial �I5� cluster, the most favorable
fourfold-coordinate structure, yet highly distorted while hav-
ing the trace of I4, was also determined via the CRN-MMC
simulations. During TBMD simulation at 1000 K, indeed the
highly strained structure was quickly reconfigured to the
more stable I4+ I structure where the fifth interstitial is lo-
cated near the seven-member ring of the I4 cluster �see Fig.
2�. This implies that such fourfold-coordinate geometry is

FIG. 1. �Color online� Predicted lowest-energy configurations
for �a� I1, �b� I2, �c� I3, and �d� I4. Gray �gold� balls indicated more
distorted atoms than the rest of the lattice atoms �in white�. The
symmetry for each cluster is also indicated.
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not thermodynamically favorable. We have also carefully ex-
amined other possible local-minimum structures as sug-
gested by earlier modified embedded atom method
calculations,32 such as the structure of I4+split interstitially.
However, they turn out to be at least 0.6 eV less favorable
than the I4+ I structure according to our DFT-GGA calcula-
tions.

Figure 3 shows a fourfold-coordinate structure of the
hexainterstitial �I6� in which all six interstitials �in gray
�gold�	 are placed on a �111� plane �referred to as I6

b, Fig.
3�b�	. In addition, by introducing two interstitials to the I4
compact structure, we obtain another I6 �I4+2I� structure in
which the newly introduced atoms are placed around the
seven-member ring of the I4 cluster �referred to as I6

c, Fig.
3�c�	. The fourfold-coordinate I6

b structure is predicted to be
as favorable as the I6

c structure, although yielding a highly
strained atom �indicated as A�. However, combining of the
two single interstitials to form a dimer �from I6

c� results in a
significant lowering of the formation energy, making the
combined I4+ I2 structure to be most favorable energetically
�referred to as I6

a, Fig. 3�a�	.

For the heptainterstitial �I7� cluster, we have identified
three stable fourfold-coordinate structures. The most stable
structure �referred to as I7

a, Fig. 4�a�	 appears a combination
of the compact I4 and I3 structures which are placed next to
each other in the �110� direction. The I7 structure is predicted
to be 0.37 eV more favorable than when the I4 and I3 struc-
tures are fully separated. Another stable I7 structure �I7

b, Fig.
4�b�	 exhibits C2 symmetry, where two I3 structures appear
linked to each other through an additional interstitial. The
center interstitial leads two four-member rings �associated
with the I3 clusters� to two less strained five-membered rings,
thereby lowering defect-induced strains. As a result, the I7

b

formation energy of 1.94 eV per interstitial is smaller than
2.06 eV for the I3 cluster. For the third local-minimum struc-
ture �I7

c, Fig. 4�c�	, all seven interstitials are placed on a
�111� plane with CS symmetry, like the I6

a structure. The I7
b

and I7
c structures are, respectively, predicted to be 0.39 and

0.75 eV less favorable than the most stable I7
a structure.

FIG. 2. �Color online� Predicted minimum-
energy pentainterstitial �I5� structure with C1

symmetry from three different perspectives, as in-
dicated. Gray �gold� balls indicated more dis-
torted atoms than the rest of the lattice atoms �in
white�, and the fifth interstitial is also indicated.

FIG. 3. �Color online� Predicted two nearly degenerate configu-
rations for the hexainterstitial cluster �I6� from three different per-
spectives, as indicated �see upper insets in Fig. 2�. Gray �gold� balls
indicated more distorted atoms than the rest of the lattice atoms �in
white�. Also, the fifth and sixth interstitials captured by the I4 clus-
ter are also indicated in �b�. The corresponding defect symmetry is
indicated.

FIG. 4. �Color online� Predicted three local-minimum configu-
rations for the heptainterstitial cluster �I7� from three different per-
spectives, as indicated �see upper insets in Fig. 2�. The I7

a structure
is about 0.39 and 0.75 eV more favorable than the I7

b and I7
c struc-

tures, respectively. All structures are fourfold coordinated. Gray
�gold� balls indicated more distorted atoms than the rest of the
lattice atoms �in white�. The corresponding defect symmetries are
also indicated.
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Our CRN-MMC calculations show that the octainterstitial
�I8� cluster preferentially consists of two stable I4 clusters as
building blocks. Depending on the alignment of the I4 clus-
ters, several almost degenerate fourfold-coordinate I8 struc-
tures have been determined. Among them, as shown in Fig.
5, the lowest-energy structure exhibits C2 symmetry, where
two I4 clusters are placed next to each other while having the
C2 rotation axes perpendicular to the �001� plane. The I8
cluster is likely to lower to some extent the induced strain,
relative to two isolated I4 clusters. The resulting energy gain
is estimated to be about 0.3 eV.

For the ennea-interstitial �I9� cluster, one can first expect a
structure �referred to as I9

a, Fig. 6�a�	 where the ninth inter-
stitial is located around an I4 seven-member ring of the I8
cluster, as seen for the I5 cluster earlier. Indeed, a single
interstitial can significantly be stabilized near the I8 cluster.
Unlike the I5, however, we have also identified a stable
fourfold-coordinate structure which is nearly degenerate with
the I9

a structure. The highly distorted structure �referred to as
I9

b, Fig. 6�b�	 looks like a combination of two I4 clusters
through an additional interstitial.

Finally, we find that the decainterstitial �I10� cluster pref-
erentially forms a fourfold-coordinate structure. Figure 7
shows two stable fourfold-coordinate I10 configurations iden-

tified, referred to as I10
a and I10

b, respectively, hereafter. The
I10

a structure is highly disordered, while the I10
a shows Ci

symmetry, but the former is predicted to be about 0.3 eV
favorable than the latter. Note that in the I10

b structure, all ten
interstitials are placed on a �111� plane, like in the I6

b and I7
b

structures. One might also expect the I8+2I �or I2� structure
where two single interstitials are trapped around the I8 clus-
ter, like the I4+2I �or I2� cluster. However, the I8+2I �or I2�
structure turns out to be about 1.7 eV �or 0.1� less favorable
than the I10

a structure. It is worth noting that the energy gain
by bond formation exceeds the energy loss by strain arising
from the fourfold coordination as the cluster size increases
from I6 to I10. This is apparently due to more flexibility in the
bond rearrangement in the larger cluster.

In Table I, we summarize the formation energies of the
small interstitial clusters from our supercell calculations at
fixed volumes �as specified� within both the PW91-GGA �see
also Fig. 8�a�	 and LDA, together with the values attained
using the Keating-like �KT� potential model in which param-
eters were optimized based on DFT-GGA results. As such,
the KT and GGA values are in agreement. In addition, par-
ticularly for the fourfold-coordinate defect structures, we can
see that the GGA and LDA values are very close. In fact, this
is not surprising considering that density functional theory
generally works well for such simple covalent interactions.
Here, the defect formation energy per interstitial �Ef�n�	 is
given as Ef�n�= �E�n+N�− �1+n /N�E�N�	 /n, where E�n
+N� and E�N� are the total energies of N-atom supercells
with a n-interstitial cluster and with no defect. The result
clearly demonstrates that by and large the formation energy
per interstitial decreases as the number of interstitials in-
creases, as also predicted by earlier studies.26,27,39 From the
result, one can also see that the formation energy variation
exhibits a nonmonotonic trend, with strong minima at I4 and
I8. The results consistent with earlier inverse model studies
based on experimental observations,26,27 which demonstrated
that clusters containing four or eight atoms are particularly
stable. The oscillating behavior in the stability of small in-
terstitial clusters has also been predicted by other theoretical
studies.40–42

FIG. 5. �Color online� Predicted minimum-energy configuration
with Ci symmetry for the octainterstitial cluster from three different
perspectives, as indicated �see upper insets in Fig. 2�. Gray �gold�
balls indicated more distorted atoms than the rest of the lattice
atoms �in white�.

FIG. 6. �Color online� Predicted two local-minimum configura-
tions for the ennea-interstitial cluster �I9� from three different per-
spectives, as indicated �see upper insets in Fig. 2�. The I9

a-structure
is about 0.09 eV more favorable than the I9

b structure. In �a�, the
ninth interstitial captured by the I8 cluster is indicated. Gray �gold�
balls indicated more distorted atoms than the rest of the lattice
atoms �in white�. The corresponding defect symmetries are also
indicated.

FIG. 7. �Color online� Predicted two local-minimum configura-
tions for the decainterstitial cluster �I10� from three different per-
spectives, as indicated �see upper insets in Fig. 2�. The I10

a structure
is about 0.3 eV more favorable than the I10

b structure. Both struc-
tures are fourfold coordinated. Gray �gold� balls indicated more
distorted atoms than the rest of the lattice atoms �in white�. The
corresponding defect symmetries are also indicated.
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For the identified interstitial clusters, we also estimated
their capture radii for mobile interstitials based on the calcu-
lation of defect-induced strain fields. For each interstitial
cluster, we first counted the number of Si lattice atoms �ex-
cluding interstitials� whose strain energies are greater than a
given value and then calculated the corresponding volume
�V� in bulk Si. This gives a value of capture radius rc

= �3V /4��1/3, assuming a spherical volume. We admit that
the approach could be oversimplified, but it should be physi-
cally sound and sufficient in approximating changes in the
capture radius with cluster size, given that the formation en-
ergy of interstitials is a function of local strain.43–45 As sum-
marized in Fig. 8�b�, by and large the predicted capture ra-
dius increases with cluster size, consistent with earlier
inverse model studies.26,27

IV. SUMMARY

In this paper, we present an effective computational ap-
proach to determine the structure and energetics of compact
self-interstitial clusters in Si, which combines CRN model,
TBMD, and DFT calculations. For a given defect cluster
size, we first constructed possible fourfold-coordinate struc-
tures using CRN-MMC simulations, followed by TBMD
simulations at high temperatures to check the stability of the
fourfold-coordinate structures. Then, DFT calculations were

performed to refine the structures of stable defect clusters
identified and compared their formation energies to identify
minimum energy structures. While the CRN-MMC, TBMD,
or DFT method alone would be limited, their combination
has been demonstrated to be an efficient mean for determin-
ing the lowest-energy configurations of self-interstitial clus-
ters �In, n�3� in Si, particularly when they prefer fourfold
coordination. Using the combined approach, we have identi-
fied stable compact structures for self-interstitial clusters
with n=6–10, along with their formation energies as well as
capture radii for mobile interstitials. Our results are consis-
tent with earlier inverse model studies based on experiments.
The improved understanding will assist in explaining and
predicting the temporal and spatial changes of interstitial
concentrations, which is essential for describing interstitial
mediated dopant diffusion and clustering in ultrashallow
junction formation required for future generations of Si-
based electronic devices.
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TABLE I. Predicted values for the formation energies Ef�n� per
interstitial of small self-interstitial clusters �In, n=1–10� from DFT-
GGA/LDA and Keating-like potential �KT� calculations as indi-
cated. The supercells 	, 
, and � consist of 192+n, 400+n, and
480+n atoms, respectively, where n is the number of interstitials.
The corresponding defect symmetries are also indicated.

Cluster GGA �LDA� KT Supercell Symmetry

I1 3.80 �3.51� ¯ 	 C2V

I2 2.79 �2.52� ¯ 	 CS

I3 2.06 �2.01� 2.45 
 C2

I4 1.85 �1.82� 1.81 
 D2d

I5 2.00 �1.91� ¯ 
 C1

I6
a 1.97 �1.87� ¯ 
 C1

I6
b 2.09 �2.02� ¯ 
 C1

I6
c 2.11 �1.97� ¯ 
 C2

I7
a 1.89 �1.88� 2.03 � C1

I7
b 1.94 �1.91� 1.95 � C2

I7
c 1.99 �1.96� 1.81 � CS

I8 1.81 �1.79� 1.74 � Ci

I9
a 1.90 �1.84� — � C1

I9
b 1.91 �1.88� 1.86 � C1

I10
a 1.81 �1.77� 1.84 � C1

I10
b 1.84 �1.80� 1.74 � Ci

FIG. 8. �a� Predicted formation energies per interstitial Ef of
small compact interstitial clusters from our DFT-GGA calculations
and �b� their approximate capture radii for mobile interstitials. The
capture radius is approximated as rc= �3V /4��1/3, where V is a
spherical-like volume that corresponds to the number of Si lattice
atoms �excluding interstitials� whose strain energies are greater than
a given value �as indicated�.
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