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Self-Interstitial Clustering in Crystalline Silicon
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We have proposed a novel model of a self-interstitial defect in crystalline Si. It contains four Si
interstitials and has the structural features as follows: All silicon atoms are four coordinated, in contrast
to previously proposed models; the defect is characterized by five-, six-, and seven-membered atomic
rings. The total energy, the relaxed atomic configuration, and the electronic structure of the defect have
been determined using the transferable semiempirical tight binding method. [S0031-9007(97)03265-1]

PACS numbers: 71.55.– i, 61.72.Bb, 61.72.Ji
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It is well established that self-interstitial atoms pla
an important role in various dynamic phenomena in
crystal such as self-diffusion [1] and impurity diffusio
[2]. The existence of self-interstitial atoms, howeve
has experimentally been confirmed only when they fo
very extended clusters. This implies that self-interstit
atoms and their complexes give rise to neither act
energy levels inside the band gap nor optical centers. F
thermore, in contrast to lattice vacancies and their co
plexes [3], electron paramagnetic resonance has yie
no convincing structural information about defects of se
interstitial atoms even at low temperature. Therefo
the structures of the primary point defects have alwa
been under debate despite their practical and fundame
importance.

A number of atomic configuration models have be
proposed about a self-interstitial in Si [4,5]: splitk100l,
tetrahedral, octahedral, bond-centered, hexagonal con
rations, and extended configurations [6,7]. Some mod
of self-interstitial clusters have also been proposed [5].
all the models, self-interstitials leave unsaturated bond
apparently higher energy except the model by Jackson
The bonds in this model are, however, distorted unre
istically. On the other hand, the structures of extend
clusters, containing more than hundreds of self-interstitia
have been analyzed in detail [8,9]. From these stud
about stable extended clusters, a consensus has alr
emerged that lattice reconstruction occurs in the interio
Si crystal involving interstitials so as to remove danglin
bonds. These extended agglomerates, which may
exist at the thermodynamical equilibrium, are definite
involved in various dynamic phenomena related to int
stitials, as recently illustrated in Ref. [2]. However, th
lack of information about the structure of self-interstitia
and the interstitial clusters of intermediate size prevents
from understanding the phenomena at the atomic level.
this Letter, we propose a fully reconstructed cluster mo
of four self-interstitials and show that it possesses reas
ably low energy.
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We show that four self-interstitials can be inserted
Si crystal with the four-bond requirement maintaine
The atomic configuration shown in Fig. 1 constitutes t
cluster and its interface with perfect crystal. The clus
is characterized by successive five- and seven-memb
atom rings. The seven-membered rings appear when
structure is embedded in crystal. As shown later,
electronic calculation shows that neither three-coordina
atoms with dangling bonds nor five-coordinated ato
with floating bonds exist.

For computing the electronic structure, a super c
which consists of 720 Si atoms is assumed. Four ad
tional Si atoms are then inserted in the center of the
percell, giving rise to the structure shown in Fig. 1. Sin
the cluster model is fully bonded, we should estimate
only the energy increase at the core of the cluster but

FIG. 1. Top: Relaxed configuration of the four interstiti
cluster I4 in Si. The cluster is clearly seen since the perf
crystal around it is removed. Bottom: A part of the clust
Equivalent atoms are designated by the same characters.
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elastic energy. We expect that the large supercell, c
taining a total of 724 Si atoms, is large enough to o
tain full lattice relaxation in the perfect crystal near t
cluster, thereby evaluating the elastic energy. The lat
constant of the supercell is determined, prior to electro
calculation, by energy-minimization calculations using t
Stillinger-Weber (SW) potential [10]: Edge lengths
the cell are 2.30 nm along thef011g andf011g directions,
and 2.73 nm along thef100g direction. The cell expands
slightly in thef100g direction by 0.03 nm.

The relaxed structure is obtained by minimizing the to
energy of the cell using the transferable semiempirical ti
binding (SETB) method [11,12] with the valence atom
orbital basis. The method is adopted to the situation be
than the more accurate first principle methods, by wh
it is difficult to handle the large supercell. Furthermo
it is noted that the SETB method and the related met
yield the quantitatively similar results of total energies
those obtained by first principle computations in a gr
boundary in Si, which has a similar structural charac
as the cluster, and isolated interstitial in Si as discus
in Refs. [13] and [14]. The total energy is a sum of t
band-structure energyEbs and the repulsive energyErep .
Erep is expressed as a sum of the short-range interato
repulsive potentials. We take the energy at theG point in
the Brillouin zone asEbs, since the supercell is sufficientl
large. It is known [11] that the transferable SETB meth
reproduces energies of variously coordinated structure
Si better than the usual SETB method, since the short-ra
interatomic repulsive potentials are properly corrected
terms of the effective coordination numbers of atom
For self-consistency, an on-site electron repulsion term
included through the form of a Hubbard-like Hamiltonia
with the value ofU [15].

Table I summarizes the computed energies and b
distortions of the interstitial cluster. The energy increa
per self-interstitial of the cluster is estimated to
2.46 eV. This value is much less than that estimated
an isolated self-interstitial, that is, in the range from ab
3 to 7 eV, depending on the assumed interstitial sites s
as the splitk100l, or tetrahedral sites and the method
he sake

TABLE I. Energy value and bond distortions of the relaxed configuration of the interstitial clusterI4. Eis is the total energy per
self-interstitial compared with the perfect crystal. Computations of the planar interstitial clusters are also summarized for t
of comparison. Values in parentheses are obtained using the SW potentials.

Models Eis (eV) Dr (%) Du (degree)

2.46 24.2 to 11.3 222.3 to 124.7I4 (2.10) (25.0 to 11.5) (222.2 to 122.7)
· · · · · · · · ·h100j (0.74) (21.4 to 12.5) (214.0 to 117.4)

h113j
jIIOj

0.68 22.2 to 11.9 220.1 to 123.3

(Refs. [13,19])
(0.88) (22.1 to 11.7) (220.6 to 122.4)

5.0–6.5 (Ref. [16])
A single 4.4–5.9 (Ref. [17]) · · · · · ·

interstitial 3.2–4.7 (Ref. [18])
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computation such as SW potential [16], the tight bindi
[17] and ab initio [18] calculation. The distortions o
bond length and angle against those of perfect crys
Dr andDu are relatively small:24.2% , Dr , 11.3%
and 222.3± , Du , 124.7± as summarized in Fig. 1
and Table I. Bond-length distortions in the cluster a
about two times as large as those of more exten
h113j [9] and h100j planar interstitial defects (Table I)
Accordingly, more extended defects are energetica
favorable, provided a mechanism exists for accumulat
self-interstitials in crystal. In the relaxed configuratio
the cluster belongs to the point groupC2y , the rotational
axis of which is parallel to thek100l direction.

Electronic structure of the cluster in crystalline Si is d
picted in Fig. 2(a). The energy states at theG point in
the Brillouin zone are represented by the horizontal lin
Figure 2(b) shows the electronic structure of perfect cr
tal computed by the same procedure, allowing us to
amine the size of the bulk band gap in this computatio
technique. Here, we assume a supercell of perfect cry
which contains a total of 720 Si atoms and possesses
ideal lattice parameter. The gap size is poorly estima
to be 2.21 eV, even though it is known that the compu
tion technique well reproduces the valence band and
lower part of the conduction band as well as total en
gies and atomic coordinates [11]. The states depicted
the longer horizontal lines in Fig. 2(a) aredefect-localized
statesof the interstitial cluster. In contrast to active impu
rity levels, we shall define them as states whose elec
probability is significantly localized near the cluster; mo
than 75% of the probability of the state is localized insi
the spherical region, located at the center of the superc
whose volume is about 20% of that of the supercell.
defect-localized state (0.37 eV) appears inside the m
mum band gap, and it is occupied by two electrons
the ground state. Another defect-localized state is fou
below the valence-band edgess212.57 eVd. Valence
electrons fill up the states up to 0.37 eV in the grou
state.

Local densities of states (LDOS’s) of atomsa, b, andc
in Fig. 1 are shown in Fig. 3. The dashed line in the profi
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FIG. 2. Electronic structure at theG point in the Brillouin
zone. (a) The interstitial cluster; (b) the perfect crystal. Valu
in parentheses express the degenerate degrees.

of LDOS is due to an atom in perfect crystal. The atom
a, b, andc suffer from larger bond distortions as follows
a: 24.2% , Dr , 21.8%, 212.3± , Du , 111.5±;
b: 23.1% , Dr , 22.9%, 213.4± , Du , 112.1±;
c: 23.1% , Dr , 22.2%, 26.5± , Du , 124.7±.
In addition, these atoms constitute odd membered rin
We are aware that the apparent peak (at about26 eV)
appears due to thes-p3 hybridization in Figs. 3(a), 3(b),
and 3(c), and that two additional peaks in LDOS’
designated by vertical arrows, correspond to the two sta
(0.37 and212.57 eV) described above. The appearan
of peaks both below and above the valence band
never been found in reconstructed grain boundaries a
extended defects in Si [13,14]. In the LDOS’s of othe

FIG. 3. LDOS’s of the atoms labeleda, b, andc in Fig. 1.
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atoms in the supercell, such peculiar two peaks do
appear apparently as we expected.

The origin of the defect-localized states inside the ba
gap can be accounted for in a simple way. After examin
the wave functions of the defect-localized states (0.37
212.57 eV), we noticed that they tend to possess a hig
amplitude than that of the value of homogenized sta
i.e., 1y724, at the atoms only in the center of the superc
that form the bonds shortened by over 0.5%. As is w
known, the smaller lattice constant (or the shorter bo
length) gives rise to the wider valence and conduct
bands [20]. Therefore, the wider energy bands nearby
cluster stick out of the bulk bands, resulting in the defe
localized states inside the bulk band gap. Similarly, t
gap states due to greatly stretched bonds (so called w
bonds) appear in grain boundaries in Si [14]. Therefo
it can be said in general that the gap states can be indu
by great distortions of bond length in Si in the absence
dangling bonds.

Figure 4(a) shows thek100l split interstitial configura-
tion [4], which many researchers believe as the most sta
interstitial configuration in Si and is responsible for the e
tremely fast migration of interstitials. For interpreting th
complicated bond topology of the cluster, it is assumed t
four split interstitials arrange on ah100j plane as shown in
Fig. 4(b). The neighboring interstitial sites are the seco
nearest neighbor (snn) distance away. The three coo
nated atoms, represented by the brighter hatched circ
then form additional bonds, represented by dashed li
[Fig. 4(b)]. This procedure simply leads to the cluster.
bond topology including successive five-membered rin
as in the cluster is also seen in the core model of the±

partial dislocation [21]. The electronic states for the reco
structed dislocation [22] are similar to those for the clust
So the cluster exhibits the common features of defects

FIG. 4. Relation between the interstitial cluster and thek100l
split interstitial. See text.
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the diamond-type crystal. The structure model of a se
interstitial [6] has the similar successive five-member
rings, but is not fully reconstructed.

The migration paths of an isolated interstitial to for
the cluster cannot be clarified yet in a quantitative ma
ner, since, at this moment, sufficiently accurate dynam
computations based on an electronic theory have not
been available for handling several hundreds of ato
Here let us discuss briefly the agglomeration process
the cluster based on an energy calculation [23]. Consid
ing two splitk100l interstitials in the supercell, we find tha
the energy per interstitial is reduced by over 1.0 eV wh
an interstitial site locates within the snn distance of t
other. Among the four possible snn pair configuration
two kinds of configurations, one of which is seen as a p
in Fig. 4(b), gain over 1.3 eV in energy per self-interstitia
A f100g split interstitial gives rise to inhomogeneous di
tortion in the nearby crystal lattice: The compression s
appears above and below it alongf100g and the dilatation
side extends on (100). Each interstitial in the favora
pairs locates at the dilatation side of the other, decre
ing the elastic energy. The agglomeration of three int
stitials onh100j further reduces the energy per interstiti
by over 0.9 eV. Hence, we think that the agglomerati
progresses in succession, causing rebonding [not nece
ily the same way as illustrated in Fig. 4(b)], consequen
reducing energy further, and then the stable reconstru
cluster of four interstitials is formed. When further a
glomeration occurs in this way, then one may expect se
of clusters which contain multiples of four interstitials an
an extended planar defect onh100j as a two dimensiona
extension, according to the mechanism of reducing bo
distortions, mentioned earlier. The extendedh100j planar
structure, originally proposed in diamond [24] and Ge [2
has actually been observed in Ge by high-resolution tra
mission electron microscopy [26]. Hence we think that t
clusters and extended agglomerates are generated s
regardless of their thermodynamical stability when su
cient accumulation of the primary defect is achieved, e
by electron irradiation and ion implantation.

In summary, we have proposed the four self-interstiti
cluster fully reconstructed in Si. The electronic ener
calculation has shown that the cluster can be m
stable than isolated interstitial configurations and that
existence can be examined only by exploring the ba
edges as well as the inside of the valence band. T
work brings useful information for the understanding
self-interstitials not only in Si but other covalent materia
involving interstitial impurities.

This work is partly supported by the Grants-in-Ai
from the Ministry of Education, Science, Culture an
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