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Magic numbers for vacancy aggregation in crystalline Si
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The stability of small n-atom vacancy clusters ¥, in Si is examined for #n <12. The most stable
structures occur for ringlike V¢ and “adamantine cage” V|, clusters and the least stable ones for Vs
and V; clusters. Electron-paramagnetic-resonance measurements are shown to provide strong sup-
port for the assignment of ¥, to the dominant P, paramagnetic center in neutron- or ion-

bombarded Si.

I. INTRODUCTION

Vacancies are the dominant intrinsic defects in many
materials at high temperatures. Vacancies can also be
created under nonequilibrium conditions by irradiation
with high-energy photons, electrons, neutrons, or ions.
Electron-paramagnetic-resonance (EPR) measurements
and their analyses have been instrumental in identifying
the nature of vacancy complexes in many semiconduc-
tors.! Silicon has been one of the most extensively stud-
ied systems' ~® and many of the structural and electronic
properties of its vacancy complexes have been deduced
from analyses of EPR data.” In the last few years a num-
ber of self-consistent calculations®~'? on the elemental
single-vacancy defect in Si have produced a clearer pic-
ture of the energetics, structural, and electronic proper-
ties of this defect. Not as much theoretical work has
been done on multiple defects such as vacancy clusters.

This paper addresses primarily the problem of the
structure and energetics of multivacancy structures in
bulk crystalline Si. The vacancy-vacancy binding energy
as a function of the size and shape of a vacancy cluster
V, is estimated and it is shown that particularly stable
configurations consisting of six- and ten-vacancy aggre-
gates can be obtained. A ten-atom vacancy cluster, in-
stead of a nonplanar pentavacancy cluster,® is proposed
to be the source of the P, paramagnetic center in ion-
bombarded Si.

The question of the extra stability of vacancy aggre-
gates V, at special “magic” numbers is very similar to
that for Si, clusters,'* where photofragmentation spec-
tra'* show peaks in the yield for well-defined values of n.
The most important difference between the two problems
is that the crystalline structure of the lattice imposes
severe restrictions on the shape of a ¥, cluster, whereas
the structure of a Si, cluster need not have any resem-
blance to structural units in the bulk. This feature
tremendously simplifies the problem for vacancies. Since
bond energies in Si are much larger than typical atomic
relaxation energies, the minimum-energy configuration
for a multivacancy structure is generally the one that
leads to the lowest number of dangling bonds. The
consequences of this approach are examined in the fol-
lowing.
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II. TOTAL ENERGY OF VACANCY CLUSTERS

The electronic and structural properties of an isolated
vacancy have been examined in detail via ab initio self-
consistent techniques.>~!2 The calculations show that
the charge state of the vacancy depends on the position of
the Fermi energy Ef inside the gap.®~!! The neutral va-
cancy is the lowest in energy when E is more than 0.1
eV above the bulk valence-band maximum and the V'?+ is
the stable charge state at lower values of Ex. The V~
state becomes stable for E very close to the conduction-
band minimum.!! Here we consider only neutral vacan-
cies. Ignoring lattice-relaxation effects for the moment,
the formation energy E of a V,, vacancy cluster is approx-
imately equal to

E ~3NppEpong (1)

where Npjg is the total number of dangling bonds created
by V, and E, 4 ~2.35 eV is the energy of a Si—Si bond.
The factor ; in Eq. (1) appears because every two dan-
gling bonds can be considered to result from one broken
Si—Si bond. For the case of an isolated neutral vacancy,
the formation energy is therefore approximately equal to
the cohesive energy of Si or 4.7 eV. This is close to the
results of self-consistent calculations which show a for-
mation energy of ~5+0.5 eV.!! A calculation based on
the empirical tight-binding method'’ with a single vacan-
cy in a 64-atom 22X 2 cubic cell gives a value of 4.94
eV for the vacancy-formation energy. These results show
that, at least for the case of the monovacancy, Eq. (1)
gives a formation energy which is within 6% of more ac-
curate estimates.

We now consider the binding of two neutral vacancies
to form a divacancy. The number of dangling bonds for a
divacancy is 6, as compared to 8 for two isolated vacan-
cies. This indicates, therefore, a binding energy of E, 4
for the divacancy. In general, for an n-atom vacancy
cluster with Npg dangling bonds, the total binding ener-
gy (Ep) relative to n isolated vacancies is

EE(n)= (4n _NDB)Ebond . (2)

1
2
Because of the neglect of atomic relaxations, Eq. (2) gen-
erally overestimates the binding energy of vacancies. If
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the relaxation energy is assumed to be proportional to the
number of broken bonds, then Egz(n) has the same form
as that given in Eq. (2) but with E, 4 replaced by E 4
where (Ey .4 — E gonq ) is @ measure of the relaxation ener-
gy. The calculated 0.6-eV relaxation energy for a mono-
vacancy'® indicates that E¥ 4 ~Ey.q—0.3 V. Relaxa-
tion effects make a small correction, therefore, to the en-
ergetics of vacancy formation in Si and, to a first-order
approximation, this correction can be accounted for by a
simple 13% renormalization of the bond energy E.q4-

The binding energy Egz(n) in Eq. (2) tends to increase
with the number of vacancies, n. If the vacancies make a
chainlike structure with no closed loops of atoms, then
the addition of each vacancy to the chain increases the
number of dangling bonds, Npg, by 2. The attachment of
an isolated vacancy with four broken bonds to a chain re-
sults, therefore, in a net reduction of the dangling-bond
number. From Eq. (1) the total energy of a chain with
Npg=2n +2 dangling bonds varies with n as

En)=(n+1)Ey,q » (3)
and from Eq. (2) the binding energy varies as
EB(n)z(n_l)Ebond . (4)

No magic numbers signaling uniquely stable structures
occur in this situation. The binding energy of an isolated
vacancy to a chain is independent of the number of va-
cancies already in that chain, so there is no preference for
any particular V,. An equivalent way of stating this is
that the energy difference A, defined as

A,=E(n)—E(n—1) (5)

is a constant independent of n for a chain of vacancies.
The situation becomes very different when the vacancies
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FIG. 1. Some vacancy clusters V, with n =5, 6, 8, 9, and 10
are shown in (a)-(d). The most stable clusters for n <12 are V
and ¥V, and the least stable ones are V5 and V3. There are
many energetically degenerate configurations for V5 and V.

Vg Cluster

£

Vg Cluster

are allowed to assume configurations which close on
themselves, e.g., rings in two dimensions or closed sur-
faces in three dimensions. In crystalline Si such
configurations are not possible for n <6 (see Fig. 1). A
peak in A, as a function of n is not by itself sufficient to
assure the stability of a cluster. The stability also de-

pends'® on the sign of the second-order energy difference
£, defined as
gn = An +1 _An
=(E, ,+E,_|)—2E, . (6)
When §, is positive, the dissociation reaction

2V, =V, +V,_, is energetically unfavorable; when it
is negative or zero the reaction is either exothermic or
does not cost any energy.

ITII. RESULTS

The number of dangling bonds, Npg, the total energy
E for vacancy formation, the average binding energy per
vacancy, Eg(n)/n, and the energy difference &, are
shown in Table I for n <12 (with all energies given in
units of E,4). It can be seen that the most stable struc-
tures with {=1 occur for the n =6 and 10 clusters shown
in Fig. 1, while the least stable ones with {= —1 occur
for the n =5 and 8 clusters. The other clusters have
&, =0 and are not particularly stable against dissociation.
The average binding energy per vacancy has a small peak
at n =10, providing further evidence for the extra stabili-
ty of the “adamantine cage” structure!” for the ¥, clus-
ter. The instability of V5 and V; result from the fact that
in each case the addition of a single vacancy to these clus-
ters leads to the creation of a closed loop with no increase
in the number of dangling bonds. The extra stability of

TABLE I. The number of dangling bonds, Npg(n), forma-
tion energy E(n), average binding energy per vacancy,
Eg(n)/n, and second-order energy difference §, defined by Eq.
(6) as a function of cluster size n is shown. All energies are in
units of Ey,,q~2.35 eV in Si. The most stable clusters with
&n=+1 occur for n =6 and 10 (see Fig. 1) and the least stable

ones with {, = — 1 occur for n =5 and 8.
Cluster
size Npg(n) E(n) Eg(n)/n &n
1 4 2
2 6 3 1 0
3 8 4 Z 0
4 10 5 3 0
5 12 6 1 —1
6 12 6 1.00 +1
7 14 7 1.00 0
8 16 8 1.00 -1
9 16 8 1.11 0
10 16 8 1.20 +1
11 18 9 1.18 0
12 20 10 1.17
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Vo can be attributed to the formation of two extra six-
membered loops upon the addition of a vacancy to the V¥,
cluster (see Fig. 1). For each ¥V, in Table I and in Fig. 1
the configuration with the smallest number of broken
bonds has been used. In some cases (e.g., for V5 and ¥V3)
there are more than one such configuration. The ¥V,
cluster corresponds to a small microvoid. Its stability re-
sults from the large degree of edge sharing between six-
fold loops of broken bonds. A preliminary study indi-
cates that the next larger magic number at n =14 also
consists of adamantine units, in this case two face-sharing
cages.

The relatively large sizes of the most stable vacancy
clusters raises the question of whether such structures
can possibly occur in the bulk as a result of vacancy-
vacancy collisions. The single vacancy is known to
diffuse very rapidly in the bulk.® The divacancy, howev-
er, is thought to be immobile because of the large activa-
tion barrier involved in the bond breakings needed to
move it. At low concentrations and temperatures, there-
fore, single vacancies will either move to the surface or
combine to form divacancies. Larger-sized vacancy clus-
ters can, however, occur as a result of bombardment by
high-energy ions or neutrons. The dominant P,
paramagnetic center in neutron-irradiated Si has been at-
tributed to vacancies. Lee and Corbett® have suggested
that the nonplanar V5 vacancy cluster shown in Fig. 1(a)
is the source of this center in Si. Their detailed analysis
of electron-paramagnetic-resonance data’ in neutron irra-
diated Si indicate that the defect has the following prop-
erties: (i) It has equal numbers of V- or A-shaped missing
links along the [110] and [110] directions and is, there-
fore, nonplanar, (ii) its g tensor is very nearly [111] axially
symmetric, and (iii) it is stable at temperatures up to
450°C as compared to 250 °C for tetravacancy and 350°C
for divacancy defects. These conditions on the P, center
are better satisfied by the V', adamantine structure than
the nonplanar pentavacancy geometry. In particular, ¥,

has equal numbers of V and inverted-V links along the
[110] and [110] axes, and unlike the ¥ cluster it is [111]
axially symmetric. In addition, as discussed above five-
and eight-atom vacancy clusters are expected to be the
least stable aggregates and likely to dissociate at
moderately high temperatures. The average binding en-
ergy per vacancy of 1.2E, 4 for V,, is significantly
larger than 0.80E, .4 for V5 and 0.75E,,,4 for ¥,, pro-
viding a more satisfactory explanation of its unusual sta-
bility at higher temperatures.

IV. CONCLUSIONS

In conclusion, the stability of vacancy aggregates in
crystalline Si (c-Si) was examined. Six- and ten-atom va-
cancy clusters are found to be particularly stable and V,
is proposed to be the source of the P, paramagnetic
center in neutron-irradiated Si. The stability of vacancy
clusters ¥, as a function of n should be very different in
amorphous Si (a-Si) as compared to the crystalline case.
This is related to the different ring statistics in a-Si. It is
commonly believed that a-Si contains a large number of
five- and sevenfold rings of bonds in addition to the usual
sixfold rings of ¢c-Si. Pentavacancies may be, therefore, as
common as V¢ in ion-bombarded a-Si. Another area
where magic numbers similar to that for vacancies may
be expected is in dilute 4,_, B, alloys, where x <<1. If
the B—B bonding is stronger than the A-B bonding,
then the tendency of the B atoms to aggregate (which is
opposed by the entropy of mixing) is further enhanced by
the formation of magic-sized clusters.
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