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We study geometric and electronic structures of Si negative clusters and their capability of contain
ing impurities using total-energy electronic-structure calculations in the density functional theory. 
We find the magic numbers of the negative clusters are 6 (hexavacancy) and 10 (decavacancy) 
within the accuracy of density functional theory. We also find these negative clusters are capable 
of containing impurities such as hydrogen and oxygen, and form some complexes. Comparison of 
calculated local vibration modes with experiments allows us to identify these clusters. 
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1. INTRODUCTION 

Vacancies in Si affect crucially the properties of 
host material, and play roles in a variety of as
pects. The electronic and structural properties 
of single vacancy V 1 ( monovacancy) and dou
ble vacancy V 2 ( divacancy) have been identi
fied both from experiments1•2> and theoretical 
calculations3>. However, the identification for va
cancy aggregates has been less pursued compared 
with the case of V1 and V2. Since these ag
gregates can be regarded as negative clusters in 
materials, they are expected to have stable sizes 
and structures (magic numbers). The magic num
bers of these clusters have been predicted theoret
ically by Chadi and Chang based on a simple dan
gling bond counting model4). However, electronic 
structures of the negative clusters have not been 
revealed. In addition, the negative clusters can 
serve as a container of impurities and become de
cisive to the properties. Recently, in Si+ ions im
planted Si, hydrogen molecule which is considered 
to come in the vacancy aggregate was observed by 
a Raman experiment5>: the vibration frequencies 
of H2 is in between the frequency of H2 in the gas 
phase and at the interstitial site. It is thus likely 
that the negative cluster interacts with impurities 
and form some complexes. 

In the present work, we investigate geomet
ric and electronic structures of Si negative clus
ters based on the total-energy electronic-structure 
calculation using the local density approximation 
(LDA) or the generalized gradient approximation 
( GG A) in the framework of density functional the
ory. The magic numbers of the negative clusters 
are found to be 6 (hexavacancy) and 10 ( decava
cancy) within the accuracy of density functional 
theory. We find peculiar features in effects of lat
tice relaxation and electronic structures of these 
stable clusters. We also find that negative clus
ters are capable of containing impurities such as 
hydrogen and oxygen. Comparisons of calculated 
local vibration modes and infrared(IR) absorption 
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or Raman scattering experiments are made in or
der to identifying these complexes. 

2. CALCULATION METHOD 

All calculations have been performed using 
the LDA6

) or the GGA7> in density func
tional theory8>. We use norm-conserving 
pseudopotential9) for Si and H atoms, and ul
trasoft pseudopotential10) for 0 atoms. The 
conjugate-gradient minimization technique is ap
plied both for ionic and electronic degrees of 
freedom11 >. The vacancy in an otherwise perfect 
crystal is simulated by a supercell. We find that 
the 64-site supercell is enough for the small va
cancy Vn (n$7) and the 216-site supercell is nec
essary for the large vacancy (n;:::8) to obtain suf
ficiently accurate form<Ltion energies. We use the 
r-point sampling in the Brillouin zone integration, 
and the plane-wave basis set with a cutoff energy 
of typically 14Ry12). Geometries are fully opti
mized for all atoms until the remaining force on 
each atom is less than 0.004 RyjA. 

3. RESULTS AND DISCUSSION 
3.1 Structures of the negative clusters 

We first investigate the geometric and elec
tronic structures of pristine negative clusters. The 
stable sizes and structures of the negative clus
ters V n are assessed by using its formation energy 
E,(n). When we consider a dissociation reaction, 

(1) 

the dissociation energy D(n)::E,(n-1)+EJ(l)
E f ( n) is a measure of the stability of V n. The 
value of D(n) defined above becomes large pos
itive for the stable negative clusters. Figure 1 
shows calculated D(n) as a function of the size 
of the negative clusters. It is clear that D(n) 
becomes positively large: The closed hexagonal
shape VG (Fig. 2(a)) and the adamantine-shape 
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Figure 1: Calculated dissociation energy D( n) 
as a function of the size of the negative clus
ter V n obtained by the LDA with the 64-site 
supercell (circles), or by the GGA with either 
the 64- (solid squares) or the 216-site (open 
squares) supercell. Lines are guides for eyes. 

V 10 (Fig. 2(b)) are stable Si negative clusters, 
indicating that 6 and 10 are the magic numbers. 

Lattice relaxation of neigh boring atoms and the 
electronic structure of for stable V 6 are unusual. 
In V6, as shown in Fig. 2(a), each 2 nearest
neighbor atoms belonging to one vacant site are 
distorted to form a pair. The length of the bond 
due to the paring is 2.86 A(20 %longer than the 
bulk bond length ) in the GGA with the 216-site 
supercell. This paring distortion, which keeps the 
threefold symmetry of the unrelaxed V 6, makes 12 
dangling bond states become 6 bonding and 6 an
tibonding states of the paired rebonds. Analysis 
of the calculated wave functions leads to a conclu
sion that the bonding states are resonant in the 
valence bands and that 4 antibonding states ap
pear in the energy gap with 0.3 "" 0.1 eV below 
the conduction band bottom. 

In the optimized geometry of V10, as shown 
in Fig. 2(b), 12 of 16 nearest neighbors are re
bonded. The bond length is 2.80 A in the GGA 
with the 216-site supercell. Yet even after relax
ation there remain 4 nearest neighbor Si atoms 
which are separated by 7.93 A from each other. 
We find that this causes dangling bonds, which 
induce a single deep level (a1 state) and an al
most triply degenerate level (t2 state) at 0.16 eV 
and 0.29 eV, respectively, above the top of va
lence band. It is of interest that the Td symmetry 
of the unrelaxed V 10 is almost kept even after the 
relaxation: we are unable to recognize symmetry
lowering ( Jahn-Teller) distortions in the present 
calculation, although the triply degenerated level 
is (partially) occupied by 2 electrons for neutral 
charge state. Due to the substantial separation of 
these dangling bonds in V10, it seems that little 
electronic energy is gained by J ahn-Teller distor
tion. This peculiar electronic structure in V 10 im
plies a possibility of spin polarization instead of 

(a) (b) 

Figure 2: Atomic configurations of surround
ing atoms of vacant site for relaxed (a) v6 and 
(b) V 1o. White and black circles represent 
Si atoms and vacant sites, respectively. Four 
nearest neighbor atoms each of which does not 
have any atom to form a pair are represented 
by the shaded circles. 

Jahn-Teller distortion. 
Thus, we investigate the geometric and elec

tronic structures of V 10 taking account of the 
spin polarization of electrons. We find that for 
the most stable structure (the formation energy is 
12.27 eV) the electron spin is polarized: the num
ber of polarized spin is 4.0. The energy of spin 
unpolarized structure is higher than this most sta
ble structure by 0.44 eV. We also investigated the 
feasibility of charged V 10· Fig. 3 shows the calcu
lated formation energies as a function of electron 
chemical potential /-Le. Here, zero of /-Le is taken 
to be the energy of the top of the valence band. 
We find that the neutral V10 is stable for low P,e 
(J-Le ::; 0.27 eV), and a transition from the neu
tral V 10 to the doubly negative decavacancy Vfo 
occurs when J-Le exceeds 0.27 eV. In V~0 , the num
ber of polarized spin is 2.0. The Vi0 is found to 
be stable in the range of 0.27 ::; /-Le ::; 0.67 eV. 
The quadruply negative decavacancy \10 is sta
ble when /-Le exceeds 0.67 eV. However, the elec
tron spins are unpolarized in this vacancy. Nei
ther singly positive decavacancy Vt0 , singly nega
tive decavacancy V!o, nor triply negative decava
cancy V~0 is stable at any point in the band 
gap. This indicates that the V10 has a negative-U 
character3l. 

3.2 Hydrogen incorporation 

Next, we consider hydrogen incorporation of the 
vacancies. We c.alculate the energy gain of the 
reaction where all the dangling bonds of the va
cancies are terminated by hydrogen atoms: 

where H2(Td) indicates the hydrogen molecule at 
the Td site. It is found that this reaction is 
exothermic (The reaction energies are found to 
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Figure 3: Calculated formation energy of V 10 

as a function of electron chemical potential /-le. 
The vertical dashed lines indicate the transi
tion levels. The stable charge state for each 
Jle is emphasized. 

be 4.3,-..,19.8 eV for n=1· · ·,6,10). We also con
sider the trapping of the hydrogen molecule by 
the hydrogenated vacancies: 

It is found that this reaction is also exothermic: 
The gained energies are found to be 0.15,....,1.1 
eV for n=1· · ·,6,10. We then expect that hydro
gen molecules trapped in hydrogen decorated va
cancies are actually observed under some condi
tion and thus calculate vibration frequencies of 
the molecules. In the calculation, anharmonic ef
fects are fully considered by the 4-th order poly
nomial expansion. Table I shows the calculated 
bond length and stretching frequencies of an H2 
in these hydrogen decorated vacancies. It is found 
that the anharmonic parts are extremely impor
tant for hydrogen-related normal modes. From 
the calculated frequencies of H2 it is confirmed 
that the peak13) at 3618 cm-1 is due to H2 at 
Td. In V 1 and V 2, we find the systematic increase 
on frequencies with increasing size of the hydro
gen decorated vacancy. However, the frequency of 
an H2 in V6H12 already saturates. Moreover, it 
is reasonable to conclude that the newly observed 
peak5) at 3822 cm- 1 is due to the H2 trapped in 
the hydrogen decorated divacancy V2H6. In this 
case, the H2 molecule is not at the center of va
cant sites. It is dislodged from one of the vacant 
sites along (001) direction by 2.4 A. The molecu
lar axis is almost parallel to (110) direction (Fig. 
4). 

3.3 Oxygen incorporation 

Finally, we consider oxygen incorporation of 
the vacancies. We determine the stable struc
tures oxygen incorporated vacancies up to hexava
cancy V 6 assuming that interstitial oxygen atom 

Table 1: Calculated bond lengths d (A) and 
vibration frequencies w (cm -l) of H2 molecule 
at various locations. The anharmonic correc
tion is shown in the parentheses. 

Vacuum 
Td interstitial 
VH4 
V2H6 
V6H12 
VwH16 
Experiment 
aReference 13. 
bReference 5. 
cReference 14. 

0. 739 4077 ( -380) 
0.767 3475(-185) 
0.761 3583 (-260) 
0.746 3834 (-379) 
0.738 4008 (-444) 
0.739 4042 (-393) 

a3618, b3822, c4158 

oi diffuse in the crystal and then incorporated in 
the formally generated vacancy: We calculate the 
binding energy Ebind for the reaction of oxygen 
incorporation, 

V nOm+ Oi _.. VnOm+l + Ebind· (4) 

Table 11 shows the energy gains upon oxygen in
corporation for V n (3 ::; n::; 6). In most case, it is 
found that an oxygen atom favors being trapped 
in the vacancy rather than being at the intersti
tial site. In each oxygen incorporated vacancies, 
an oxygen atom bridges two Si atoms which are 
nearest neighbors of the vacant sites. For the 
sable structures of oxygen incorporated vacancies, 
since V 6 is a stable negative cluster in Si, we pre
dict that V606 where each oxygen atom is bonded 
with a pair of Si neighbors of each vacant site is a 
stable oxygen incorporated negative cluster: each 
of 6 oxygen atoms bridges two nearest neighbor Si 
atoms of each vacant site 'in VG. 

It is expected that the local vibration modes 
of stable oxygen incorporated vacancies are ob
served in IR absorption or Raman scattering ex
periments. We calculate vibration frequencies of 
V 606 by diagonalizing the dynamical matrix. The 
calculated vibration frequencies indicate the pos
sibility that the V 6 06 is identified by means of IR 
or Raman experiments: the six higher frequen
cies of V 6 06 lying at 893,....,895 cm - 1, which corre
spond to asymmetric stretching vibration modes 
in which each oxygen atom vibrates almost paral
lel to (110) direction, are very close to the value 
of V101 at 894 cm-1' but lower frequencies of 
V606 lying at 581,....,584 cm-1, which correspond 
to symmetric stretching type vibration modes, are 
higher than the value of V 101 at 541 cm - 115). We 
find that the difference in frequencies of symmet
ric type modes is interpreted by the interaction 
with the other oxygen atoms as well as the Si-0-Si 
bond angle: the charge redistribution around oxy
gen atom which presumably enhances the strength 
of Si-0-Si bond, and the decrease of the bond an
gle, may induce upward shift of frequencies. In 
V 60 6, we see that the upward shift of frequencies 
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Figure 4: Atomic configuration of the H2 
molecule trapped in hydrogen decorated diva
cancy V 2H6. Large and small circles represent 
Si and H atoms, respectively. The H2 molecule 
is located 2.4 A above the vacant site (left va
cant site in this atomic configuration). 

Table 2: Calculated binding energies Ebind for 
oxygen incorporation of V n (3:s;n:s;6). 

Reactants ----> Product Ebind {eV} 
v3 + 0; ----> v3ol 1.62 
V301 + 0; ----> V302 1.79 
V302 + 0; ----> V303 1.84 
V303 + 0; ___. V304 0.51 
v4 + 0; ----> V401 1.88 
V401 + 0; ----> V402 1.69 
V402 + 0; ----> V403 1.79 
V403 + 0; ___. V404 1.96 
V404 + 0; ----> V40s 0.60 
Vs + 0; ___. Vs01 2.68 
Vs04 + 0; ----> Vs Os 1.45 
v6 + 0; ___. V601 1.86 
V 60s + 0; --> V606 1.50 

for symmetric type modes mainly come from the 
Si-0-Si bond angle (145° for V606, and 153° for 
V101). 

4. SUMMARY 

We have investigated the stable sizes and struc
tures, and hydrogen and oxygen incorporation of 
the negative Si clusters. We have found the pecu
liar features of the electronic structure for stable 
negative clusters, which involve the relaxation of 
surrounding atoms generated by the negative clus
ter. We have also found that hydrogen and oxygen 
are capable of being contained in these negative 
clusters, and these clusters exhibit peculiar vibra
tion spectra. 
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