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We have performed systematic ab initio calculations to study the structures and stabiligDptBisters
(n=1-12) in order to understand the oxidation process in silicon systems. Our calculation results show that
oxidation pattern of the small silicon cluster, with continuous addition of O atoms, extends from one side to
the entire Si cluster. Si atoms are found to be separated from the pure Si cluster one-by-one by insertion of
oxygen into the S+O bonds. From fragmentation energy analyses, it is found that the Si-rich clusters usually
dissociate into a smaller pure Si clusters;(Sk, Sk, or Sb), plus oxide fragments such as SiO;@, Si;Os3,

Sis04, and SiOs. We have also studied the structures of the ioni©Si (n = 1—12) clusters and found that

most of ionic clusters have different lowest-energy structures in comparison with the neutral clusters. Our
calculation results suggest that transformatiog©gi(a) + O — SigOn+17(a) should be easier.

I. Introduction and 28) have very large stabilityRecently, the experimental
study on the oxidation of the Si nanostructures has also been

Because of the importance of silicon oxide materials in . o . ;
performed, suggesting that the reactivity of oxygen with Si

science and technology and the important role of silicon oxide : . . -
in the recent chemical vapor deposition growth of silicon nanostruqturgs IS relgtlyely low, and imposes some restriction
nanowires and nanostructures, silicon oxide clusters have®" the oxidation (_)f Si f'lmgj_ ) o
attracted more and more attention both from experimé&rital On the theory side, ab initio calculations of smalG with
and theoreticd'5 studies in recent years. n < 5 clusters have been carried out to study the structures and
Using photoelectron spectroscopy, small anionic silicon oxide Potential energy surfaces of small silicon oxide clusters in great
clusters such as &, (n = 1—6) has been investigated by Wang detail. Qhellkowsky and co-workgrs have - investigated the
and co-workers2 Their results provide very useful information ~geometric structures and electronic properties of neutral and
on the electronic properties and structure assignment of thesecharged SOy (n = 3, 4, and 5) cluster$Their computational
small SO, clusters. Experimental studies of reaction of silicon results suggested that buckled rings are more stable than planar
clusters with oxygen have been performed by Creasy et al. andones for SiOs and SiOs. Lu and co-workers have studied
by Jarrold et ab Creasy and co-worke¥studied the reactions systematically the structures and fragmentation stabilities of
of cationic silicon clusters containing up to six atoms with SimOn (M= 1-5,n = 1—-(2m + 1)) clusters? In their work,
oxygen. Their study shows that the small cationic silicon clusters energetically favorable structures of silicon oxide clusters were
were etched away by the oxidation reaction, two silicon atoms Proposed and the fragmentation pathways of small silicon oxide
at a time, all the way down to Si or Si*. Jarrold and co- clusters were also analyzed, showing that SiO is the most
workers studied the chemical reactions of medium-sized ionic @bundant species in the fragmentation products, consistent with

silicon clusters, S$it (n = 10-65) with oxygerf Their the experiment result$:1” Recently, ab initio calculations of
experimental results suggested that for clusters containing fewerla/ger silicon oxide clusters with O/Si ratios of 2:1(Si) and
than 29 atoms, the main products were found to he,Siand 1:1 (SiOn) have also been reporté#,?° while the studies of

the silicon cluster results in the loss of two Si atoms in two Mation on the most stable motif of silicon dioxide clusters, the

SIiO radicals. Bergeron and Castleman Jr. has also studied thestudies of medium-sized silicon monoxide clustéespecially

stability of silicon cluster ions by ©etching, suggesting that ~@imed at understanding the nucleation mechanism in the growth

Si,t (n=4, 6, 9, 13, 14, and 23) and,Si(n = 18, 21, 24, 25, of silicon-based nanostructures at the atomic level.

Most of the previous studies (except for ref 10) were focused

:Cor_fesponding authors. ) ) on O-rich silicon oxide clusters while information about the
Institute of Functional Material Chemistry, Northeast Normal Univer- Si-rich clusters which is important for understanding the growth
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ing only up to five Si atoms is still too small to provide clear
information on the oxidation process and the comparison
between Si-rich and O-rich clusters.

In this paper, we have performed a systematic study to
investigate the structure and stability ofgSj (n = 1—12)
neutral and ionic clusters. Our purposes are 3-folds: (i) To
compare the structures ofgS, clusters at different O/Si ratios,
and to investigate the oxidation process of small silicon oxide
clusters with continuous addition of O atoms. (ii) To estimate
the relative stability of $0, clusters according to binding
energies and fragmentation energies. (iii) To study the structures
of ionic SkOy clusters and compare with the neutral ones. To
our knowledge, there have been much less theoretical studies
on the small ionic silicon oxide clusters. However, in experi-
ments charged clusters are usually involved.

Il. Computational Methods

Our calculations were performed using the GAUSSIAN 03
packageét at the level of first-principles density functional theory
(DFT) with generalized gradient approximation (GGA) of
B3LYP functionaf? for the exchange-correlation energy and
with the 6-311G(2d) basis set. The cluster structures were
optimized without any symmetry constraints. Lowest-energy
structures of SO, (N = 1—-12) clusters were located from as
many as possible initial structures constructed based on chemical
bonding estimation and our experience in the previous study of
SimOn (M = 1-5, n = 1—-(2m + 1)) clusters. Such a time-
exhaustive search is doable for small clusters. To confirm the
stability of lowest-energy structures, frequency analyses of
neutral S§O, (n = 1—12) clusters were also examined.

I1l. Results and Discussion

For each SO, (n = 1-12) cluster, three lowest-energy
isomers are shown in Figure 1. The structural difference between
Si-rich and O-rich clusters can be seen from the plot as we will
discuss in the following. Variation of structure motif with O/Si
ratio for the silicon oxides g0, (n = 1—12) provide useful
information for understanding the oxidation pattern of small
silicon clusters.

A. Structures. Si-Rich Clusters S§O;-s. As shown in Figure
1, the lowest-energy isomer we obtained foyCscluster is the
isomer S§O(a) in which the O forms a bridge with two Si atoms
in the Sg cluster. Such a structure is more stable tharrtiée=
O structure of isomeb as well as another O bridge structure
of isomerc. Note that in SO, no Si atom has been separated
from the Sg cluster. For SO, cluster, the best structure we
obtained is the isomer §&d,(a), which contains a Si@unit
arched to the most stable structure of a pugeister. Higher-
energy isomeb consists of a Qiand a SiO, unit sharing a Si
atom, and isomec contains a SO, unit. Note that in SO,
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one Si atom has been separated from the pure Si cluster by the  SisO12 (a) (0.0) SigOnz2 (b) (0.401) SigO2 () (0.538)
insertion of two oxygen atoms. The lowest-energy structure for Figure 1. Structures of three lower-energy isomers for neutrgDSi
SigO3 is a very stable structure consisted of @ &id a SiO3 (n = 1-12) clusters, calculated at B3LYP/6-311G(2d).

fragments sharing a Si atom. The, &hd StOs ring structures

have been shown to be the units with special stability, and as aSi atoms have been separated from the origingcister by
result, their combination leads to a very stable structug®sSi four oxygen atoms. For &Ds, the lowest-energy structure;Sk-

(a). Two Si atoms in $03 have been separated from the pure (@) is a two-ring structure containing a pure; 8nit located at

Si cluster by the oxidation of three oxygen atoms. FQOSI one end, the rest of Si atoms are oxidized. From this systematic
the lowest-energy structure is an assembly of,ea8d a SiO, study, it can be seen that oxidation of small Si cluster proceeds
unit with a common Si atom connecting these two units. In our from one end of the cluster and extends to entire clusters as the
previous study, the double-O bridged structure g®gis shown O/Si ratio approaches 1. We also found that simultaneous
to be the most stable geometry. Here we see that the lower-etching from both side of the &cluster such as b4(c) and
energy blocks of silicon clusters and silicon oxide clusters can other tested structures not shown in Figure 1 are less favorable.
get together to form an energetically stable structure. Here, two There exists a clear boundary between the oxidized and the non-
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oxidized parts, and the pure Si cluster does exist until the O ]
atom number reaches approximately the Si atom number, i.e., »
at about O/Sk 1:1 ratio.

Sis0s and S§07. SigOn clusters with O/Si ratios close to 1 -
are the transition stage from Si-rich to O-rich systems. Our S0 @O0
calculation results show that¢8ls favors a two-ring structure, .Q.
and SOy trends to take a three-ring framework. As we have
shown in our previous study,the SiO, ring is the largest cﬁ:é
monocycle SO, ring that can be stabilized. Fors8is, a two- i
ring structure is already energetically more favorable than the Sigtog By
single-ring structure. Monoxide clusters such agOgihave c@z{o
attracted more attention recently since they are believed to have 53
smaller HOMO-LUMO gap and larger reactivity, thus may
play an important role in the growth of silicon nanomaterfls.
Our calculation results show that thesGj clusters with O:Si )&
ratio close to 1 are indeed less stable in view of their smaller m
binding energies and smaller fragmentation energies which will
be discussed below.

O-Rich Clusters $0g-1,. For the SiOg cluster, the lowest-
energy structure we obtained is an assembly of tw@5iings
and one SiO; ring with two shared Si atoms at the points of
intersections. This structure is more stable tha®gisomerb
where the SO, ring bridges two SiO; rings, or isomec where
SibO, is located inside three §D, rings. With an O atom
addition to S4Og, the stable structure of &g cluster has a
framework of one S0O3 ring at the center connected by three
SibO, ligands. This structure is more stable than isonteand
¢, where a chain of two or three & rings is formed,
suggesting that the double-O bridgedSi,O,—) structure is
less favorable due to its large strain energy. FrogDgito
SigO11 to SkO12, the lowest-energy structures are all double-
oxygen-bridged {Si,O,—) structures, similar to the cases of
smaller dioxide clusters 0., for n = 2—5. Even with a large
strain energy, the 8D, building block is still more favorable
than the structure with dangling=SD bond. This result suggests
that for silicon oxide systems, Si atoms prefer to interact with
neighboring O atoms to form tetrahedsaB hybrid bonds other
than planar sphybrid bonds. It should be pointed out that
although the double-oxygen-bridged $i,0,—) structures are
favorable for smaller silicon dioxide clusters,Sj, (n = 2—6),

a 2D ring structure formed by the 8}, will become more stable
when silicon oxide clusters getting bigdér.

lonic Clusters SO,t and S§O,. On the basis of the
structures of the neutral &, clusters, we have performed

further calculations to study the structures of cationic and anionic
clusters SiO,t and SO, (n = 1-12). To search for the C@,
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favorable structures of the ionic clusters, several lower-energy
isomers of each size of neutralkSj clusters were selected as
initial structures and then optimized by ab initio calculations
with the addition of one positive or one negative charge. Three
lower-energy structures for each size of the cationic and anionic

clusters, shown in the ordey b, andc, are plotted in Figure 2 "@
and Figure 3, respectively. For the ionic Si-rich clusters, their

lowest-energy structures are mostly different from those of the
corresponding neutral clusters. For thgCsheutral and ionic
clusters, SO~ (a) (Figure 3) is similar to $0(a) (Figure 1),
while SkO*(a) (Figure 2) is similar to $O(c) (Figure 1). The
lowest-energy structuresg8i;(a) and SO, (a) were resulted
from SiO,(b) and S§Ox(c), respectively, both are different from
the SiO,(a) structure. For $0s*, the most stable structures
are similar to the neutral structuresSi(a), except that the i
fragment in YOz (a) is buckled other than planar. We can see
that the S§Os(a) structure with a combination of Sand SO3
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Figure 2. Structures of three lower-energy isomers for cationi©OSi

units is very stable even with adding or losing one electron. (n = 1-12) clusters, calculated at B3LYP/6-311G(2d).
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(n = 1-12) clusters, calculated at B3LYP/6-311G(2d).
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Figure 4. Binding energies per O atom by eqs 3 for SikOn°*(a) (n
= 1-12) clusters, calculated at B3LYP/6-311G(2d).

For S0y ionic clusters, the lowest-energy structuregOat-

() and S04~ (a) correspond to $04(b). SikO4*(c), optimized
from SikO4(a) with Si, and a double-oxygen bridged units, are
less stable. $0s%(a) is similar to S§Os(a), but SsOs(a)
corresponds to §Ds(b). For SEOs and SO ionic clusters,
SisOs™(a) and S§Os(a) were obtained from a neutral isomer
with a similar structure and 8Dg(b), respectively, and gD;"-

(a) and S§O;~(a) from SkO;(b). We can see that the anionic
SisOs~ and SgO;~ structures are much more distorted compared
with the corresponding neutral isomers.

SiskOg™ has a stable structure corresponding tgOg(c).
SisOs~ has a lowest-energy structure similar to the neutral
structure SiOg(a). For over-O-rich clusters, &Dg t0 SOz,
all the ionic clusters, either cationic or anionic ones, have lowest-
energy structures different from the corresponding neutral
clusters. Therefore, the structures of over-O-rich clusteg®oSi
to SkOs», are less stable upon adding or losing one electron.

B. Oxidation Motif of Silicon Oxide Clusters. The survey
of Sig0.2* lowest-energy structures witlranging from 1 to
12 displays a feature of oxidation pattern in the small silicon
oxide clusters. The oxidation starts from one end of silicon
clusters and etches Si atoms continuously going through to the
other end of clusters. Two-way oxidation process with pure Si
fragment located at the center is less favorable, e.gQ4&))
and other tested structures which are higher in energy and not
shown in Figures +3. For Si-rich clusters, the lowest-energy
structures are composed of two fragments: one pure silicon
fragment (e.g., 8i Siy, and Sj units) and the other silicon oxide
fragment (e.g., $0,, Sis0O3, S04, etc.), with a clear boundary
between the two units. When the O/Si ratio in the cluster reaches
1 or slightly larger, e.g., g0s, and S§O, almost all Si atoms
in the cluster are oxidized. Small silicon oxide clusters with
the O/Si~ 1:1 ratio can be considered as a transition point
between Si-rich and O-rich clusters. Among the O-rich clusters,
the lowest-energy structures have similar disklike motif fgOgi
and S§Og, however with adding one more O atom, there is an
apparent motif transition from the disklike structure to the
double-oxygen-bridged rod structure in order to accommodate
more O atoms.

From the studies of the ionic clustersGi*, we found that
the addition of O atoms to cationic clusterg&i™(a) can readily
lead to the next most stable structuregXzi;™(a), i.e., SEOn*-

(a) + O — SigOn+1" (a). Therefore, the cationic silicon oxide
clusters would be oxidized more efficient than neutral and
anionic clusters.
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2.0 Y : - . ; y » . . . TABLE 1: Fragmentation Energies Efagmentation Of SigOn (N
= 1-12) Neutral Clusterst
1.5 7 fragmentation Etragmentation

1.0k il clusters channels (inev)
SisO— Sis+ SIO 1.518
. 0.5} 1 Sis+ SipO 3.644
> SieOz‘* SI4+ sizoz 2.367
@ 0.0 . Si0+ SisO 2.662
o 0.0 1 Siz+ SisOs 2.625
™ a0 -k S0 S0+ 56 s

i e I3 1303 .
—4- cationic SisOs— S, + SiOs 2.433
-1.5¢ = anionic 1 SO + SikOs 2.532
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Figure 5. Second order differences in total energies by eq 4 for the SieOs g:oc)++5|ssloé 421%2
lowest-energy structures ofg®,2*(a) (n = 2—11) clusters, calculated SicO— sior Si553 ° 3139
C. Binding Energy and Fragmentation Energy. The SiO, + SisOs 4.495
relative stability of SO, SikO,t, and SO~ (n = 2—12) Sic011— SiO + SisOi 3.656
clusters as a function of the O/Si ratio were investigated via sio §i822+§i589 4.482
i i i i iG 12— 0+ i5 10 4.491
the analysis of binding energies per oxygen atésfO), and S0 + SO, 4846

second difference of total energidsE, which are defined by
a Fragmentation energies by eq 5 calculated at B3LYP/6-311G(2d).
E,(0) = [E(Sip) + W2E(0,) — E(SiO)In (1)

E," (0) =[E(Sig") + n/2E(O,) — E(Si0,)/In  (2) E 4

E, (0)=[E(Sis ) + n/2E(O,) — E(Sit0, )l/In  (3) g? i
A’E(Sig0,%%) = L:SE il
E(Si0, % %) + E(Si0,,,° %) — 2E(Si,0.>%) (4) g il

Lo

In a_lddmon, fragmentation energies for neutradGgi clusters, 0123 456 78 910111213
defined by Number of O atoms

. . . . Figure 6. Fragmentation energies ofsBiy(a) clusters ( = 1—12) by
EfragmentatiohS160n) = E(Sis0)) + E(SicO)) — E(Sig0,), (5) eq 5, calculated at B3LYP/6-311G(2d).

were also calculated. be further dissociate into SiO pieces as we have shown
Figure 4 and Figure 5 show th&,(O) andA2E curves with previously® The abundance SiO species in fragmentation of
respect to the number of O atoms. We see from Figure 4 thatsilicon oxide clusters is in consistent with the experimental
the binding energ¥(O) reaches the maximum at= 8, where resultst®17 For S0y, the easiest fragmentation pathway is
O/Si ratio is about 1.3. Further increasing the number of O atoms SigO12 — SiO, + SisO10, producing a Si@molecule. Itis clear
in the cluster aften = 8 are not energetically favorable - from the calculated results of fragmentation energies (Figure
(O). In particular, the cationic clusters are less stable than the6) that S§Os—7 and SO possess the smallest fragmentation
anionic clusters fon larger than 8. The special stability 0f;6% energy, and thus can dissociate easily from thermodynamic
can be also seen from the curve of second differences in totalviewpoint.
energies A%E) of Figure 5 which also shows a peak at@ It is interesting to note that for Si-rich clusters, e.ge(Ri»
and one at $0g". In addition, SiOz and S§Os are also shown and S§04-s, the fragmentation products usually contain small
to have a large stability, as seen from Figure 4 and Figure 5. pure Si clusters. gD3 can first dissociate into §b, + SiO, of
Therefore, the Si-rich §D; and S§Os, and the O-rich $0g which SO, can further dissociate into St Si,0,.1° Therefore,
clusters seem to be relatively stable clusters among the unsaturfor the Si-rich clusters (80:-s), there always exists a small Si
ated S§Oy clusters. In contrast, &g and its ionic species are  fragment in the products of fragmentations. Such species of
less stable as compared to their neighbors as we can see fronsmall Sp, Sis, Siy, and Si clusters dissociated from the Si-rich
the Ey(O) curve of Figure 4 and?E curve of Figure 5,. clusters may play a role in the growth of Si nanostructures in
We have also calculated the fragmentation energiess@},Si  chemical vapor deposition method.
for various dissociation pathways. The results are shown in  D. Electronic Properties. Figure 7 shows the HOM©
Table 1 and Figure 6. For §&, SiOs, and S§O;-11 clusters, LUMO gaps of the neutral 8D, clusters. For Si-rich cluster,
the most favorable pathway isg® — SiO + SisOp—1. On the the HOMO-LUMO gap scatters around 3 eV. Among the Si-
other hand, S0,, Sik0s, SisOs, and SO can dissociate into  rich clusters, $03; has the smallest HOMOLUMO gap of
Sig + SiO2, Siz + Siz0s, Sk + SisOs, and 2503, respectively. 2.54 eV, while S§O4 has a larger gap of 3.98 eV. For the@j,
Besides SiO, other abundant oxide products in fragmentationsSisOs, and S§Og clusters with large stability in energy as
are SiO, SiO,, SikOs, SikOs, SixOs, and SiOs—10, Which can discussed above, the HOM@Q.UMO gap of SOz and S§Os
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Figure 7. HOMO—-LUMO gaps at B3LYP/6-311G(2d) for neutral
SisOn(@) (n = 1—12) clusters.

are much different from that of &Ds, the former have the
smaller gap and would be reactive, while the latter with the
larger gap would be less reactive. For the clusters with O/Si
close to 1, SOs and S§Og have small HOMG-LUMO gaps,

but there is a large increase in HOMQUMO gap from S§Og

to SikO;. For the O-rich clusters, the HOM&.UMO gaps are
larger with increasing O/Si ratio, and get at a maximum value
at the end of O/SiE 2:1 ratio cluster $012. From SgOg to
SigO11, the HOMGO-LUMO gaps get a large increase from@4

to SkOg and from S§O;1 to SikOs2.

In silicon oxide systems, interaction between Si and O atoms

will cause large charge transfer."Miien population analysis
has been performed for some of theGi clusters, and the

Zang et al.

the neutral Si-rich clusters, there is almost no charge transfer
within the pure Si fragment, but there is large charge transfer
within the silicon oxide fragment. For the ionic clustersGit,

the positive or negative charge is shown to be mainly carried
by Si atoms fom = 2—10, but carried by both the boundary Si
and O atoms fon = 11 and 12. From Figure 1 and Figure 2,
the lowest-energy structures of the cationic clusteg®Sican
often easily transform into the most favorable structures of
neutral clusters §0n+1, €.9., SiOn™ (@) + O — SigOn+1(a) for

n 1, 2, 4, and 9. According to the NMiken charge
distributions, it is found that the position of the added O atom
is likely at the Si atom with the largest positive charge.

IV. Conclusions

A systematic study of 30, clusters f = 1—12) has been
carried out at the DFT-B3LYP/6-311G(2d) level. Throughout
an extensive search of lowest-energy structures, it has been
found that for Si-rich clusters, the structural framework tends
to consist of a pure Si fragment combined with an oxidized
fragment. At O/Ske 1:1 ratio, the Si atoms in the smaller silicon
oxide clusters are almost completely oxidized. FrogOgito
SisO10, there exists an apparent structural motif transition from
a disklike structure to a double-oxygen-bridged rod structure
to accommodate more O atoms.

The ionic clusters 30, have also been studied. The lowest-
energy structures of the ionic clusters are mostly different from
the lowest-energy structures of neutral clusters, except for the

results are shown in Figure 8. It is shown that there is a large Si-rich cluster O3 and the over-O-rich clustersg®y—12. The

charge transfer due to-SO bonding, and Si atom in the clusters

cationic S§O,™ clusters can easily transform continuously from

with 4-coordination by O atoms will possess largest charge. For one to another, i.e., &,"(a) + O — SigOn+17(a).

=0.97 1.57-0.97

Figure 8. Muilliken charges of $0335,12and their corresponding ionic structures. Big and small balls denote Si and O atoms, respectively.
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From the binding energies and the second differences in total  (4) Jarrold, M. F.; Ray U.; Creegan, K. M. Chem. Phys199Q 93,

; ; ; ; 224,
energies analysis, §&; and S§Os are found to be stable species (5) Bergeron, D. E.: Castleman, A. W., Jr.Chem. Phy2002 117,
9

among Si-rich clusters, andgBig acts as a stable species among 3519
the O-rich unsaturated clusters. Fragmentation study shows that  (6) Torres, R.; Martin, MAppl. Surf. Sci2002 193 149.
there usually exists a smaller pure Si cluster in the fragmentation _(7) Nath, K. G.; Shimoyama, I.; Sekiguchi, T.; Baba, Appl. Surf.

o - SCi.2004 234, 234.
products for the Si-rich clusters. Another phenomenon we notice (8) Torres, R.; Martin, MAppl. Surf. Sci2002 193 149.

is that the O/Si= 1:1 ratio cluster ($0s) is the most unstable (9) Chelikowsky, J. RPhys. Re. B 1998 57, 3333.
species which has the smallest second order difference in total (10) Lu, W. C.; Wang, C. Z.; Nguyen, V.; Schmidt, M. W.; Gordon,

energy and the smallest fragmentation energy, and can be'" ("G el s, “Siinie s’k Sulinger, . . phys. crem

considered as a transition point from the Si-rich to the O-rich 1994 100 1098. T o ' '

clusters for SO, (n = 1—12) clusters. (12) Nayak, S. K.; Rao, B. K.; Khanna, S. N.; JenaJPChem. Phys.
1998 109, 1245.
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