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Integrated atomistic modelling of interstitial defect growth in silicon

Sangheon Lee, Robert J. Bondi and Gyeong S. Hwang*

Department of Chemical Engineering, University of Texas, Austin, TX 78712, USA

(Received 22 December 2008; final version received 24 March 2009)

A new theoretical approach that combines Metropolis Monte Carlo, tight-binding molecular dynamics, and density
functional theory calculations is introduced as an efficient technique to determine the structure and stability of native defects
in crystalline silicon. Based on this combined approach, the growth behaviour of self-interstitial defects in crystalline Si is
presented. New stable structures for small interstitial clusters (In, 5 # n # 16) are determined and show that the compact
geometry appears favoured when the cluster size is smaller than 10 atoms (n , 10). The fourfold-coordinated dodeca-
interstitial (I12) structure with C2h symmetry is identified as an effective nucleation centre for larger extended defects. This
work provides the first theoretical support for earlier experiments that suggest a shape transition from compact to elongated
structures around n ¼ 10. We also provide some theoretical evidence that suggests that {3 1 1} extended defects grow slowly
along k2 3 3l and relatively faster along k1 1 0l, which is consistent with typical defect aspect ratios observed through
transmission electron microscopy.
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1. Introduction

Self-interstitials and vacancies are fundamental native

defects in all crystalline materials. Ballistic processes that

occur during high-energy ion implantation during

semiconductor manufacturing, lead directly to a local

vacancy excess at a depth nearly half the projected ion

range and a silicon interstitial excess distribution at a depth

close to the ion range [1,2]. It is well established that single

interstitials and single vacancies are highly mobile in Si,

even at room temperature [3–7], allowing the excess

interstitials and vacancies to remain in bulk Si in the form

of clusters or complexes with injected dopants. The

formation and structure of rod-like {3 1 1} defects have

been well characterised by high-resolution transmission

electron microscopy [8–10]. In addition, a series of recent

spectroscopy measurements [11–16] have evidenced the

existence of small compact self-interstitial clusters before

they evolve into larger extended defects. Earlier

experiments based on gold labelling [17,18] and positron

annihilation [19,20] also evidenced the existence of small

vacancy clusters. Upon annealing at high temperatures,

large open volume defects (greater than a few nanometres

in diameter) were detected by transmission electron

spectroscopy [21–24].

There have been significant efforts to understand the

fundamental behaviour of these native defects as a

consequence of their crucial role in defining ultrashallow

pn junctions for ever-smaller semiconductor device

fabrication. In ultrashallow junction formation with low-

energy implanted dopants, such small native defect

clusters are thought to be a main source for free

interstitials and vacancies responsible for dopant transient

enhanced diffusion and agglomeration during post-

implantation thermal treatment [25–43]. Hence, signifi-

cant experimental and theoretical efforts [44–70] have

been made to determine the structure and stability of small

native defect clusters as well as their growth mechanism to

form larger extended or open volume defects. While the

empirical studies are rather limited to show explicitly the

formation and atomic structure of small defect clusters, a

few small defect clusters have been unequivocally

identified by first principles calculations [45,47,48,

50,55]. However, the atomic structure and stability of

larger defect clusters cannot be determined using first

principles calculations alone, largely due to the possible

complexity in their geometries. This lack of information

impedes the understanding of how small defect clusters

evolve into larger ones.

First principles calculation efforts have revealed that

native defect clusters tend to be fourfold-coordinated as

the cluster size increases [47,48,55]. This led us to develop

an integrated modelling strategy that combines continuous

random network model-based Metropolis Monte Carlo

(CRN-MMC), tight-binding molecular dynamics (TBMD)

and density functional theory (DFT) calculations. Using

this combined approach, we have recently provided

extensive theoretical support for the growth and structural

evolution of Si self-interstitial and vacancy clusters in Si

[71–73]. In this paper, we introduce our recent work on

the growth behaviour of self-interstitial Si clusters.
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2. Computational approach

Within the CRN model [74], a disordered structure is

generated via a large number of bond transpositions using

MMC sampling. The CRN-MMC approach has been

successfully used to determine the fully relaxed structure

of amorphous materials and their interfaces, while MD

simulations alone may not always guarantee the construc-

tion of thermally equilibrated structures due to their

intrinsic time scale limitations. Likewise, we expect that

the structure of self-interstitial clusters in Si can also be

predicted using CRN-MMC simulations, 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 [47,55],

however, the fourfold-coordinated structure of self-

interstitial clusters of size n in Si appears energetically

favoured when they are sufficiently large (n $ 3).

Apparently, the trade-off of energy gain via bond

formation generally exceeds the strain energy arising

from the fourfold coordination of clusters.

We employed Keating-like potentials [75] that have

been proven to be reliable for determining the relaxed

structure of disordered Si materials. Within the Keating-

like valence force model, the strain energy (Estrain) is

defined as

Estrain ¼
1

2

X

i

kbðbi 2 b0Þ
2 þ

1

2

X

i;j

kuðcos uij 2 cos u0Þ
2;

ð1Þ

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 equilibrium value, respectively; uij is the bond

angle between bonds i and j to a common atom with the

equilibrium value of u0; and kb and ku are force constants

for the two-body and three-body interactions, respectively.

The potential parameters were optimised based on first

principles DFT calculations. 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 (ku) 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 ku were further

refined simultaneously based on several interstitial

clusters, such as I4, I7 and I8. Through such thorough

optimisation, we have obtained a set of parameters,

kb ¼ 11.976 eV/Å2 and ku ¼ 2.097 eV, for DFT values of

b0 ¼ 2.364 Å and u0 ¼ 109.58. Note that the optimised

parameters are somewhat different from those available

Figure 1. (Colour online) Minimum energy configurations for
small self-interstitial defects (In, n # 12) in the neutral state with
corresponding defect symmetries indicated in Si. Grey balls
indicate more distorted atoms than the rest of the light grey (gold)

S. Lee et al.868

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
0
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
0



in the literature (b0 ¼ 2.35 Å, u0 ¼ 1098, kb ¼ 9.08 eV/Å2,

and ku ¼ 3.57 eV) [75].

Using the CRN-MMC approach, we first determined

possible fourfold-coordinated structures for interstitial

clusters of different sizes (I3–I10), starting with various

initial seed configurations for each case. The thermal

stability of the fourfold-coordinated model structures

was checked using TBMD based on highly optimised

semi-empirical potentials developed by Lenosky et al.

[76]. The structures and energetics of the stable clusters

determined by combined CRN-MMC and TBMD

simulations were further refined using first principles

calculations based on DFT within the generalised gradient

approximation of Perdew and Wang (GGA-PW91) [77].

While the CRN-MMC, TBMD or DFT methods alone are

likely limited to sample all possible cluster configurations,

the combined approach has proven itself an effective

procedure 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 planewave

program Vienna ab initio simulation package (VASP) [78].

For DFT-GGA calculations, the supercell lattice constants

were fixed at 5.460 Å, as obtained from careful volume

optimisation. A planewave cut-off energy of 160 eV was

used. Vanderbilt ultrasoft pseudopotentials [79] 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 scaled with

supercell size. For each defect system, all atoms were

fully relaxed using the conjugate gradient method until

residual forces on constituent atoms became smaller than

5 £ 1022 eV/Å.

3. Results and discussion

3.1 Determination of stable fourfold interstitial clusters

For comparison, we first determined the lowest energy

configurations of the mono-, di-, tri- and tetra-interstitial

clusters in their neutral charge states. Our calculations

show the ground state split-k1 1 0l, C1h, C2 and D2d

symmetry structures for I, I2, I3 and I4, respectively, as also

predicted by previous theoretical studies [50,55]. It is

worth emphasising that our CRN-MMC calculations

consistently predict the fourfold-coordinated C2 and D2d

configurations for I3 and I4, respectively, as shown in

Figure 1, regardless of the initial interstitial positions as

long as they are in close proximity. This indicates the

effectiveness of the CRN-MMC approach for determining

fourfold defect structures in which all atoms have fourfold

coordination.

Figure 1 also shows minimum energy structures that

we have identified for I5 through I12 using a combination

of CRN-MMC, TBMD and DFT-GGA calculations.

For each cluster size, we first constructed possible

fourfold-coordinated structures using CRN-MMC simu-

lations, followed by TBMD simulations at high tempera-

tures (.1000 K), to check their thermal stability. Then, we

used DFT-GGA calculations to refine the geometries of

the identified stable clusters and compared their formation

energies to determine the lowest energy configuration

among them. The combined approach has proven

successful in determination of minimum energy configur-

ations for Si self-interstitial clusters (In, n $ 3), particu-

larly when they prefer fourfold coordination [71]. In this

work, we only present the lowest energy state for each

cluster size among several local minima identified from

our extensive search. Other stable structures can be found

elsewhere [71].

Our results show that small interstitial clusters tend to

favour compact structures, but the compact geometry is no

longer favourable when the cluster size exceeds 10

interstitials. All atoms in the hendeca-interstitial [I11;

Figure 1(k)] and dodeca-interstitial [I12; Figure 1(l)]

clusters are fourfold-coordinated and they are elongated

along the [1 1 0] direction. While the I11 cluster exhibits a

somewhat asymmetric shape, the I12 structure is perfectly

symmetric and less strained. The I12 structure has mirror

symmetry with respect to the (1 1 0) plane (perpendicular

to the C2 rotation axis along the [1 1 0] direction). Having

four interstitials in each unit, the core part [see also Figure

6(a)] is characterised by four adjacent six-membered rings

surrounded by five-, six- and seven-membered rings. The

(1 1 0) surface atoms are also fourfold-coordinated and

their bond angles and lengths range from 98.88 to 128.28

and from 2.243 to 2.348 Å, respectively. Both parameters

deviate insignificantly from their respective equilibrium

values of 109.58 and 2.365 Å in crystalline Si. The I12

formation energy is predicted to be 1.60 eV per interstitial,

which is substantially lower than 3.80 eV for the split-

k1 1 0l mono-interstitial.

We also find that the octa-interstitial (I8) cluster

(comprising two stable compact I4 clusters) is very stable.

For the minimum energy I8 configuration, two complete I4

core structures are adjacent along the [1 1 0] direction, as

shown in Figure 1(h). The I4–I4 alignment with C2v

symmetry yields two eight-membered rings in the

interface region, which turns out to lower the induced

strain relative to two isolated I4 core clusters. While there

is an energy variation as the I4–I4 alignment within the Si

lattice changes [71], the predicted ground state structure of

I8 is about 0.71 eV more favourable than the case, where

two I4 clusters are fully separated.

wireframe lattice. Light grey (gold) wireframe represents the
bulk Si lattice. Dark grey spheres represent interstitial atoms and
their highly strained neighbours.

R
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As a consequence of the high thermal stability of the I4

and I8 structures, the penta-interstitial [I5; Figure 1(e)] and

ennea-interstitial (I9) clusters [Figure 1(i)] favour the

I4 þ I and I8 þ I configurations, respectively, where the

additional single interstitial is located near their host I4 or

I8 cluster. For the hexa-interstitial [I6; Figure 1(f)] and

hepta-interstitial (I7) clusters [Figure 1(g)], the combined

I4 þ I2 and I4 þ I3 configurations appear energetically

favoured with energy gains of 1.16 and 0.37 eV,

respectively, over their fully-separated counterparts

(isolated I2, I3 or I4 clusters). Similarly, a stable I8 þ I2

configuration is identified for the deca-interstitial (I10)

cluster, but turns out to be 0.36 eV less favourable than the

stable fourfold-coordinated structure as shown in Figure

1(j). Our calculations also predict the I8 þ I3 [Figure 2(a)]

and I8 þ I4 [Figure 2(b)] structures to be 0.93 and 1.59 eV

less stable than the elongated, fourfold-coordinated I11 and

I12 structures, respectively.

3.2 Compact-to-elongated transition

Figure 3 summarises both the calculated formation energies

of small interstitial clusters and several configurations of

elongated structures. Here, the formation energy per inter-

stitial [Ef(n)] is given by

EfðnÞ ¼ ðEðnþ NÞ2 ð1 þ n=NÞ £ EðNÞÞ=n; ð2Þ

where E(n þ N) and E(N) are the total energies of N-atom

supercells with an In cluster and without defect, respectively.

The predicted Ef values of 3.80, 2.79, 2.06 and 1.85 eV,

respectively, for the I, I2, I3 and I4 clusters are in good

agreement with previous DFT-GGA calculations [50,55].

The predicted formation energies exhibit an oscillating trend

as the cluster size varies, with strong minima at n ¼ 4 and 8,

consistent with inverse modelling experiments [80,81].

Based on these calculations, we discuss the nucleation and

growth of large, extended defects by evaluating three

proposed models.

Prior to our study, the presence of stable, chain-like,

elongated, interstitial clusters Figure 4 for n $ 3 was

reported by Kim et al. [52]. These chain-like configur-

ations are extended by concatenating dumbbell-like split-

k1 1 0l interstitials to the existing core structure. While the

fourfold compact cluster was identified to be more stable

than the chain-like, elongated cluster at n ¼ 4, this study

did not report the existence of larger compact clusters

based on the I4 core that have lower energy configurations

than the chain-like, elongated clusters. At the time, the

existing calculations led to the conclusion that small

compact clusters may evolve into chain-like, elongated

clusters for n < 5–8. This model of the compact-

to-extended structural growth transition mechanism

Figure 2. (Colour online) Compact, minimum energy
configurations with corresponding defect symmetries for (a)
hendeca- and (b) dodeca-interstitial defects in Si. For each defect,
the top and bottom panels show two different views, as indicated.
Light grey (gold) wireframe represents the bulk Si lattice. Dark
grey spheres represent interstitial atoms and their highly strained
neighbours.
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proposed the chain-like, elongated tri-interstitial cluster as

a key component and seed for extended structure growth

[52,55].

Our recent studies using the combined computational

approach have shown that the compact configurations are

comparable or more stable than the chain-like, elongated

clusters for n # 8, as shown in Figure 4. Our results also

suggest that the transition from compact to well-ordered

chain-like configurations would be difficult because the

compact I4 core structure is relatively very stable. Our

TBMD simulation at 1100 K shows that the I4 þ I structure

remains nearly unchanged for 20 ps, whereas the compact

I3 ground state cluster easily collapses when it captures an

additional interstitial and would further reconfigure itself

into the stable I4 core structure. This behaviour suggests

that the stable I4 and I8 compact clusters would kinetically

and/or thermodynamically deter the formation of small

chain-like clusters (n # 10).

For n . 10, the elongated configuration becomes

more stable than the compact shape. The elongated

configuration generally has strained {1 1 0} terminating

surfaces or interfaces. This excess strain energy deters

chain-like, elongated configurations for small n, but the

terminating surface effects are diminished as n increases.

This observation suggests that fourfold compact clusters

may evolve into chain-like, elongated structures for

n < 10 and further growth may occur by the capture of

interstitials at the strained {1 1 0} terminating surfaces.

Another plausible transition growth mechanism may

involve the elongated, fourfold I11 and I12 clusters

identified in our work. In the size regime, where n . 10,

we do not anticipate interconversion between the

elongated, fourfold-coordinated clusters we have pre-

sented and the chain-like, elongated configurations

proposed by Kim et al. because of the well-ordered

structure and high thermal stability exhibited by the

elongated fourfold-coordinated clusters.

Figure 5 (upper right panel) shows an atomic-level strain

distribution profile for the fourfold I12 cluster based on

Figure 3. Calculated formation energies per interstitial (Ef) for
interstitial clusters shown in Figures 1 and 5 (indicated as ‘This
work’) as well as chain-like elongated structures (indicated as
‘Chain-like’) configurations, and {311} core structures as a
function of cluster size (n). For the chain-like case, the atomic
structures of Kim et al. [52] were recalculated within DFT-GGA.
To minimize possible interactions between a defect and its
periodic images, we evaluated the formation energies by scaling
the supercell size as follows (‘This work’): 192 þ n (I1–I2),
400 þ n (I3 –I6), 480 þ n (I7 –I10), 560 þ n (I11 –13), and
672 þ n (I14–I16) atom supercells, where n is the number of
interstitials. Likewise, the following supercells sizes were
used (‘Chain-like’): 400 þ n (I3–I4), 480 þ n (I5–I6), 560 þ n
(I7–I8), and 640 þ n (I9–I10) atom supercells. For n.10, the
chain-like cluster formation energy is forecasted using
Ef(n) ¼ {6.83 þ (n 2 2) £ 1.28}/n, see also Figure 9.

Figure 4. (Colour online) Configuration for the chain-like,
elongated hexa-interstitial defect with C1 symmetry in Si. The
top and bottom panels show two different views, as indicated.
Dark grey (red) balls indicate highly distorted atoms in the (110)
interfaces, grey balls represent interstitial atoms and their highly
strained neighbors, and light grey (gold) wireframe represents the
bulk Si lattice.
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average bond lengths. The colour of each atom is gradient-

shaded according to the average bond length shared with its

four neighbours. Compressive strain is indicated by red,

strain-free is white, and tensile strain appears as blue. Larger

strain is seen near the (1 1 0) interfaces, indicating that they

are more active than the {3 1 1} and {2 3 3} interfaces. Our

TBMD simulations indeed demonstrate that an additional

interstitial placed around the I12 cluster is preferentially

captured at the (1 1 0) interfaces, as defined, to form the I13

cluster. Additionally, Figure 5 reveals the minimum energy

fourfold configurations of the I14, I15 and I16 clusters during

the proposed growth sequence from the I12 configuration.

The I13, I14, I15 and I16 formation energies per interstitial are

predicted to be 1.63, 1.63, 1.60 and 1.50 eV, respectively.

Note that the I16 structure with C2h symmetry is an extension

of I12 with an additional core unit added in the [1 1 0]

direction. By capturing additional interstitials, the interstitial

defect structure grows preferentially along the [1 1 0]

direction. This behaviour suggests that I12 can serve as an

effective nucleation seed for the growth of larger extended

defects.

3.3 Growth to {3 1 1} extended defects

We also examined the possible evolution of small,

fourfold and chain-like, elongated clusters into extended

defects with a {3 1 1} habit plane. In Figure 6, we compare

the I12-like core structure [Figure 6(a)] previously detailed

Figure 5. (Colour online) Minimum energy structures for I12 through I16 with the I12-like core, which exhibit preferred growth along the
[1 1 0] direction when n . 10. Configurations for I12 through I16 are depicted with dark grey balls showing highly distorted atoms and
light grey (gold) wireframe representing the bulk lattice. Additionally, the upper right panel provides an atomic-level strain distribution
profile for the I12 cluster and nearby bulk Si based on average bond length. Each atom is assigned an average bond length based on the four
bonds formed with its nearest neighbours and is gradient-shaded accordingly. The colour spectrum shifts from red to white to blue (RWB)
as the average bond lengths shift from compressive to strain-free to tensile. The RWB spectrum range displayed here covers the Si–Si
DFT equilibrium bond length of 2.36 ^ 0.07 Å.
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in Figure 5, the chain-like, elongated core structure [Figure

6(b)] of Kim et al., and a plausible {3 1 1} core structure

[Figure 6(c)]. In Figure 6, all three defect cores shown are

cross-sections that effectively extend infinitely in the

[1 1 0] direction using periodic boundary conditions of the

supercell method. The {3 1 1} core consists of four six-

membered rings in the middle layer and six five- and six

seven-membered rings in the outer layers, as proposed by

earlier studies [82–84]. Other {3 1 1} core configurations

have also been predicted [52,82–85], but the most

favourable structural sequence is still undetermined. We

feel our conclusions are general enough that our observed

results of the interaction between small interstitial clusters

and the exemplary {3 1 1} structure in Figure 6(c) can be

applied to other plausible {3 1 1} defect structures.

For each repeating unit of the structures shown in

Figure 6, the I12-like and {3 1 1} cores contain four

interstitials, while the chain-like, elongated structure has

only two. The I12-like core has a higher interstitial density

than either the chain-like or {3 1 1} cores. Compared to the

I12-like core, the chain-like core must be twice as long

along [1 1 0] and the {3 1 1} core must be twice as long

along ½3 3 2� to match the number of net embedded

interstitials. The I12-like and {3 1 1} cores both exhibit

a representative fraction of the {3 1 1}-habit plane, but the

chain-like, elongated structure does not. In addition,

transformation from the I12-like to {3 1 1} core is plausible

via structural relaxation along the k2 3 3l direction.

However, it appears unlikely that the chain-like, elongated

core of Figure 6(b) could reconfigure into the {3 1 1} core

of Figure 6(c) because the chain-like configuration

contains two less net interstitials per unit length along

the k1 1 0l direction. The required structural transformation

to convert the chain-like core of Figure 6(b) into the

{3 1 1} core of Figure 6(c) would need the chain-like

configuration to compress by 50% along k1 1 0l while

simultaneously stretching by 100% along k2 3 3l. This type

of physical transformation on an extended scale is

improbable. The less dense {3 1 1} core has a lower Ef

than the I12-like core, which suggests that the {3 1 1} core

is more relaxed than the I12-like core. The predicted

formation energies of the {3 1 1}, I12-like and chain-like,

elongated cores are 1.11, 1.29 and 1.28 eV, respectively,

assuming the cores are infinitely long in the [1 1 0]

direction, as depicted in Figure 6. Our results reinforce

the possibility of a compact-to-elongated transition

mechanism initiated from fourfold-coordinated, elongated

I11 and I12 clusters. This conclusion is consistent with

Figure 6. (Colour online) Three different defect core structures that are infinitely long in the [1 1 0] direction: (a) I12-like (as shown for
the fourfold I12 cluster identified in this work); (b) chain-like and (c) {3 1 1}. For each core, the left and right panels show two different
views, as indicated. Grey balls indicate more distorted atoms than the rest of the light grey (gold) wireframe lattice.
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earlier experimental results, which suggested the inci-

pience of a compact-to-elongated transition for n < 10

[80,81].

We also compared the relative stability of both the I12

[Figure 7(a)] and I16 [Figure 7(b)] clusters with the {3 1 1}

core configuration, since the {3 1 1} core is energetically

more favourable than the I12-like core. As shown in Figure

8(c), the (1 1 0) interfaces can be fourfold-coordinated for

the {3 1 1} core structure, even though each surface

initially contains two dangling bonds. The fourfold

coordination lowers the Ef of I12 by 1.1 eV over the initial

structure with dangling bonds. Using CRN-MMC

simulations, we also confirmed that the fourfold interfaces

can favourably evolve for larger clusters with a {3 1 1}

core configuration; however, we find that the (1 1 0)

interface configuration is more strained for the {3 1 1} core

than for the I12-like core [Figure 8(a)]. Our calculations

predict the {3 1 1} core structures (with Ci symmetry) to be

1.4 and 0.8 eV less favourable than the I12-like core

containing I12 and I16 clusters, respectively.

Figure 9 also compares the relative stability of large

clusters with the I12-like, chain-like and {3 1 1} cores,

which we approximate using

EfðnÞ ¼ {E end
f þ ðn2 n0ÞE c

f }=n; ð3Þ

where E end
f is the {1 1 0} interface energy, Ec

f is the core

energy per interstitial for the semi-infinite elongated

structure, and n0 represents the number of (1 1 0) interface

terminating atoms. For the I12-like and {3 1 1} cores, we use

the core formation energies of Ec
f ¼ 1.29 and 1.11 eV to

estimate the corresponding (1 1 0) interface energies as

Eend
f ¼ 8.74 and 11.62 eV, respectively. Note that both cases

have four (1 1 0) interface atoms (n0 ¼ 4). Similarly, for the

chain-like, elongated core, we obtain Ec
f ¼ 1.28 eV and

Eend
f ¼ 6.83 eV, where n0 ¼ 2 (the chain-like structure has

two (1 1 0) interface atoms). From this result, the {3 1 1} core

structure becomes most favourable for n $ 20 atoms,

while the I12-like core should prevail for n , 20 atoms.

This supports a possible structural relaxation from the

I12-like to {3 1 1} core structure near the n < 20 size regime

as the interstitial cluster grows along the [1 1 0] direction.

Experimentally observed {3 1 1} defects are typically

as long as 1mm along the k1 1 0l direction and range from

1 to 100 nm in width along the k2 3 3l direction. Note that

the k2 3 3l direction is perpendicular to the k1 1 0l and

k3 1 1l directions as shown in Figure 10. This implies that a

{3 1 1} defect gradually expands along the k2 3 3l direction

while it quickly elongates along the k1 1 0l direction as it

incorporates more interstitials during a thermal annealing

process. This is shown schematically in Figure 10. We also

constructed an extended defect with a {3 1 1} habit plane

by adding repeating units to the {3 1 1} core of Figure 6(c)

along the k2 3 3l direction. The predicted Ef per interstitial

is significantly lower than the {3 1 1} core structure in

Figure 8(c) with Ef(1) ¼ 0.89 eV, which is in good

agreement with expectations of 0.7–1.4 eV as reported for

extended {3 1 1} defects in previous studies [86].

Finally, we briefly discuss the predicted growth

behaviour along the k2 3 3l direction based on our

Figure 7. (Colour online) Minimum energy configurations for {3 1 1} core structures of (a) I12 and (b) I16 clusters in Si. For each defect,
the left and right panels show two different views, as indicated. The symmetry of each defect is also indicated. Dark grey (red) balls
indicate highly distorted atoms in the (1 1 0) interfaces, grey balls represent moderately distorted atoms and light grey (gold) wireframe
represents the bulk Si lattice.
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preliminary results. Figure 11(a) exhibits an atomic-level

strain distribution profile throughout the model {3 1 1}

core structure using the same parameters as Figure 5

(upper right panel). According to our analysis, the ð3 3 2Þ

interface is under tensile strain (blue), while the ð1 1 3Þ

interface is under mild compressive strain (pink), which is

consistent with a previous theoretical study [84]. Strain

distributions from all extended defects with a {3 1 1} habit

plane we studied show a similar trend. This indicates that

additional interstitials, which generally induce a localised

compressive strain field, are more likely to aggregate at the

ð3 3 2Þ tensile interface to quench strain rather than at the

ð113Þ compressive interface.

To verify this potential interstitial growth mechanism

influenced by the local strain field, we added additional

interstitials near an extended defect with a {3 1 1} core.

Our CRN-MMC simulations clearly show that the

interstitials preferentially append to the extended defect at

the ð3 3 2Þ interfaces, as shown in Figure 11. In Figure 11(b),

three additional interstitials form a stable tri-interstitial

cluster whose configuration is similar to the ground

state I3 cluster. The appended tri-interstitial cluster is

Figure 8. (Colour online) Minimum energy configurations for
the (1 1 0) edges of (a) the elongated I12-like, (b) chain-like and
(c) {3 1 1} core configurations. Dark grey (red) balls indicate
highly distorted atoms contained in the (1 1 0) interfaces, grey
balls represent moderately distorted atoms and light grey (gold)
wireframe represents the bulk Si lattice.

Figure 9. Predicted formation energies per interstitial of I12-
like, chain-like and {3 1 1} core configuration clusters as a
function of size (n) using EfðnÞ ¼ {Eend

f þ ðn2 n0ÞEc
f }=n, where

Eend
f is the (1 1 0) interface energy; Ec

f is the core energy per
interstitial for the semi-infinite structure; and n0 is the number of
interface atoms. Here, the interface energies were obtained by
numerically fitting DFT-GGA values for the formation energies
of small clusters: I12 and I16 were used for the I12-like and {3 1 1}
cases, while I8, I9 and I10 represented the chain-like, elongated
structures. The predicted values are based on Ec

f ¼ 1.29, 1.28 and
1.11 eV and Eend

f ¼ 8.74, 6.83 and 11.62 eV for the I12-like,
chain-like and {3 1 1} cases, respectively. For the number of
interface atoms, n0 ¼ 4 was used for the I12-like and {3 1 1}
structures, while n0 ¼ 2 was used for the chain-like, elongated
structure.

Figure 10. Block diagram for a typical {3 1 1} extended defect
structure. Characteristic dimensions observed experimentally and
alignment of the defect within the bulk Si lattice is shown. From
the computational results obtained, incremental growth along
k2 3 3l (small block extension) followed by more favourable
growth along k1 1 0l (block arrows) is anticipated.
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compressively strained, as indicated by the bright red

colour. At the ð3 3 2Þ interface, two five-membered rings of

the ground state I3 cluster combine with two seven-

membered rings of the {3 1 1} core, resulting in two six-

membered rings. Likewise, in Figure 11(c), four additional

interstitials form a stable tetra-interstitial cluster that

resembles the ground state I4 cluster. Again, the appended

tetra-interstitial cluster is compressively strained and

appears bright red. At the ð3 3 2Þ interface, two seven-

membered rings of the ground state I4 cluster combine

with two seven-membered rings of the {3 1 1} core,

resulting in two seven-membered rings. As a result, the

hybrid ‘{3 1 1} core þ I3’ and ‘{3 1 1} core þ I4’

structures have binding energies of 1.1 and 1.2 eV with

respect to the separated ‘{3 1 1} core þ I3’ and ‘{3 1 1}

core þ I4’ component structures, respectively, according

to our force field calculations. For comparison, we also

identified the structure and stability of possible I3 and I4

clusters at the ð1 1 3Þ interface plane. Unlike the clusters

appended to the ð3 3 2Þ interfaces, the I3 and I4 clusters do

not yield similar structures to the ground state I3 and I4

clusters, respectively, when formed in the mildly

compressive region along the ð1 1 3Þ interface. As a

consequence, the binding energies of the I3 and I4 clusters

at the ð1 1 3Þ interface were significantly lower than those

at the ð3 3 2Þ interface by 0.6 and 0.5 eV, respectively.

We also evaluated the addition of the small interstitial

clusters near the ð 1 1 0Þ interface of the {3 1 1} defect

structure. We estimated the binding energy of the tetra-

interstitial cluster (when it forms another repeating unit

along the ½1 1 0� direction) at the ð 1 1 0Þ interface as

2.5 eV, which is twice as large as the binding energy found

at the ð3 3 2Þ interface. Given the binding energy results of

our work and the typical ratio of dimensions observed

experimentally for extended {3 1 1} defect structures, it is

reasonable to propose that the defect growth rate along

k1 1 0l is the fastest, followed by the growth rate along

Figure 11. (Colour online) (a) An atomic-level strain
distribution profile throughout the {3 1 1} core structure and
nearby bulk material based on average bond length. Each atom is
assigned an average bond length based on the four bonds formed
with its nearest neighbours and is gradient-shaded accordingly.
The colour spectrum shifts from RWB as the average bond
lengths shift from compressive to strain-free to tensile. The RWB
spectrum range displayed here covers the Si–Si DFT equilibrium

bond length of 2.36 ^ 0.07 Å. Additionally, the constituent rings
of the model {3 1 1} core have been shaded grey to help visualise
the defect cross-section in the bulk. The ‘I’ (interstitial) and ‘E’
(edge) ring annotations reflect the nomenclature of Kohyama and
Takeda [82] to generalise the periodicity seen in {3 1 1} planar
structures. From left to right, this structure would be labelled
‘EIIE’. The ‘I’ repeating unit contains two net interstitials per
period along k1 1 0l. From the strain profile, the structure core is
compressively strained, the {3 1 1} interface planes are under
slight compression, and the {2 3 3} interface planes are under
tensile strain. Minimum energy configurations for (b) ‘{3 1 1}
core þ I3’ and (c) ‘{3 1 1} core þ I4’ structures. In both cases,
the interstitials appended themselves to the tensile {2 3 3}
interface to help minimise excess strain energy. The appended
tri-interstitial and tetra-interstitial configurations (bright red)
show strong resemblance to the ground state I3 and I4 compact
configurations of Figure 1.
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k2 3 3l, while the growth rate along k3 1 1l should be the

slowest.

As depicted by the block diagram in Figure 10, a

possible multi-step mechanism is shown that integrates our

computational results for extended defect growth. First,

newly formed small compact cluster units append to the

{2 3 3} interfaces. Second, these new additional interstitial

building blocks seed rapid chain growth along the k1 1 0l
direction. The eventual result is the extension of the

{3 1 1} defect in the k2 3 3l dimension. We also propose

the possibility of relatively highly strained small compact

clusters playing a critical role as initiators for further

structural relaxation of the already grown {3 1 1} defect,

ultimately leading to the formation of well-relaxed,

extended defects with {3 1 1} habit planes. Further,

investigation is underway to understand the atomic-level

mechanisms in silicon that drive {3 1 1} defect growth in

the k1 1 0l and k2 3 3l directions.

4. Summary

We have determined stable, compact geometries for small

interstitial clusters (n , 10) and demonstrated that stable

I4 and I8 compact clusters would kinetically or/and

thermodynamically inhibit the formation of chain-like,

elongated clusters. When the cluster size exceeds 10

atoms, our calculations show that elongated structures

become more favourable energetically, although they

commonly consist of highly strained {1 1 0} interfaces,

which make them less favourable configurations for

smaller clusters. In particular, the newly discovered

fourfold-coordinated I12 configuration is found to serve

as an effective nucleation centre for larger extended

defects. For the first time, this theoretical work provides

explicit support for earlier experiments, which suggested

the occurrence of the compact-to-elongated transition at

n < 10. In addition, the predicted formation energies per

interstitial generally decrease with cluster size, but also

exhibit an oscillating trend with strong minima at n ¼ 4

and 8, which is consistent with earlier inverse model

studies based on experiment. While the fourfold I12-like

core is energetically less favourable than a typical {3 1 1}

defect core, our theoretical results suggest the possible

occurrence of further structural relaxation from the I12-like

to {3 1 1} core configuration as the cluster grows larger

than n < 20 along the k1 1 0l direction. We also propose

the possible formation of compact interstitial clusters at

the {2 3 3} interfaces of extended {3 1 1} defect structures

driven by minimisation of local strain energy. These

compact clusters formed at the {2 3 3} interfaces can

potentially seed further growth along the k1 1 0l direction,

ultimately leading to incremental growth along k2 3 3l and

more rapid growth along k1 1 0l for extended {3 1 1} defect

structures. Our integrated modelling technique has

many applications ranging from identification of small

interstitial cluster configurations to prediction of the

growth behaviour of extended defect structures.
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