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The reactions of an ©molecule with the neutral and positively chargegd(®+3—-16 clusters are
studied with first-principles calculations. Neutral ,(®=4,5,6,7,10,1%# and charged $in
=4,5,6,7,13,1b clusters show higher inertness to, @olecule adsorption, which is in good
agreement with experimental results. Both charge transfer and hybridizations between Si and O play
an important role in the dissociative adsorption of @olecule. We find that the spin triplet-single
conversion of @ molecule is always accompanied with, @issociatively chemisorbed on the,Si
clusters. ©2005 American Institute of PhysidDOI: 10.1063/1.1885465

I. INTRODUCTION reactivity of large Sj(n=10-63 clusters with respect to £
studied with selected ion drift tube techniqlffésrvas found
Silicon clusters have been the subjects of many experito depend on the sizes of the clusters. An oxygen molecule
mental and theoretical investigatiohs; because the size of reacting with silicon clusters, of which the number of atoms
microelectronic devices will approach nanoscale in the nexjs less than 29, takes away two silicon atoms from the clus-
decadé if the current miniaturization trend can continue. ter, and the main products are’Siand two SiO molecules.
These studies have shown that silicon clusters have mugbor the Si(n>35) clusters, the dominant product is,S}
different physical and chemical properties from that of sili- with molecular chemisorption of O1In the transition region
con bulk. Recently, some efforts have been made to builg29< n< 35) between 29 and 35 atoms, a significant amount
silicon nanotubes or nanowi@<! as well as some stable of Si,_;O" is observed, which is due to etching only one
silicon quantum dofé*® based on the silicon clusters for silicon atom to form a single SiO molecule at a time. Re-

their potential applications. It is well known that a stable cently, the stability of silicon cluster ions has been studied by
oxide layer on the surface of the bulk silicon prevents furthero, etching‘,‘z and the results suggest that ;@i

oxidization, however, much less is known about the oxida=4 6,9,13,14,2B and Si(n=18,21,24,25,28 clusters

tion process if the size of the device is reduced to nanometafave very high stability. Generally, the low sticking probabil-
scale. Therefore, it is important to study the silicon clustersty for O, on these clusters indicates less reactivity than that
interacting with an oxygen molecule. of silicon bulk surfaces. However, to our knowledge, the
The structures of silicon clusters, especially for smalltheoretical study on the reaction of silicon cluster withi©®
Siy(n=<7),*****have been well determined. Some of themyery much limited; we are still very far from fully under-
have been confirmed by Ranfdrand infrared’ (IR) spec-  standing the physics and chemistry of the reactions even for
troscopies of matrix-isolated species, and vibrationally resmall silicon clusteré®
solved photoelectron spectroscopy of gas-phase afions. |n this work, we study the reaction of @nolecule with
The geometrical and electronic structures of the larger clustefeutral and positively charged ,Siclusters using first-
(n>8)>3*8711919%have also been studied by theoretical principles calculation; due to the difficulties in searching the
calculations. The shape of the larger(8i>20) clusters has  atomic structures of large clusters, we constrain our calcula-
peeqz 3%b3t1ained by measuring the mobilities for theirtions only forn=3-16. The rest of the paper is organized as
ions™=*""" For the reactivity of low-dimensional silicon follows: In Sec. I, the calculation details are briefly de-
structures, experiments have been performed to examine tRgribed. Section Ill presents the results and discussions. Fi-

reactions of pure silicon clusters or bare surfaces withhally, the summary and conclusions are given in Sec. IV.
ethylene®®32-3¢ acetylene’ water?”*® ammonia®’*°*° and

oxygen>>3"*42respectively. These results showed that the

pure silicon clusters in the range of 2-70 atoms have much: CALCULATION DETAILS

less reactivity than bare bulk silicon surfaces. It has been  present calculations are based on the density-functional

found that Q can etch smaller Jin<6) clusters,” two sili-  theory***> and plane-wave basis <€t with spin-polarized

con atoms at a time, all the way down tg 8t even Si. The generalized gradient approximation&GA),*®*° as imple-
mented in the code ofasp.>® The wave functions are ex-

¥Electronic mail: xggong@fudan.edu.cn panded in a plane-wave basis set with a cutoff energy of
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Initial

FIG. 1. The initial and the final structures for, @act-
ing with Si,(n=3-16 clusters. The gray and black
spheres denote silicon and oxygen atoms, respectively.

400 eV. The interaction of the valence electrons with thethe isolated @, respectively. Then the oxygen molecule is
core is described by projector augmented waRAW) assumed at about 4.0 A away from the silicon cluster for the
potential?l*SzThe atomic positions are optimized by the con-following structure optimization. And we have considered
jugate gradierif (CG) method, with the force convergence various possible reaction pattfsom 6 paths for small clus-
up to 0.01 eV/A. ters to 15 paths for large clustgdsy putting the Q around
We use a big supercell with the size of 17 A to make thethe silicon cluster with different sites and differen Grien-
interactions between the cluster and its periodic images nedations. By comparing the total energies of these optimized
ligible. For the charged clusters, a method proposed by Maelusters, the final products of 8, clusters for the barrier-
kov and Payn%4 is used to reduce the electrostatic interac-less reaction of @on Si, are obtained.
tions between the cluster and its periodic images. Due to the
large supercell, only thE point is used for the summation of [lIl. RESULTS AND DISCUSSIONS
the Brillouin zone of the simulation cell. . . e
The accuracy of the plane-wave basis set and the PAV@' The properties of Si -, and Si;,(n=3-16) clusters
potential is checked by calculating the ground-state proper- First of all, the ground-state structures of both neutral
ties of Sj and Q dimers. Both Si and Q dimers are in  Si,(n=3-16 clusters and their cations have been studied.
spin-triplet state; the calculated bond lengths are 2.27 anBigure 1 shows all the calculated structures. We find that a
1.23 A, respectively, which are in good agreement with ex-C,, triangle for Si, a D,, rhombus for Sj, a Dg, trigonal,
perimental resultS of 2.25 and 1.21 A for a sidimer and Dy, tetragonal, ands, pentagonal bipyramids for £iSig,
an O, molecule, respectively. and S}, respectively, agree well with previous theoretical
In order to get SjO, structures, first, we have optimized results>>®*°Present results show thatgSSig, Sijo, Siy,
the structures of the neutral and charged silicon clusters an8li;,, Sij3, Sij4, and Sjs areC,,, C,,, Cs,, Cs, C,,,, Cg, C,, and
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FIG. 2. The initial and the final reacted structures for
O, on Sj(n=3-16 clusters. The gray and black
spheres denote silicon and oxygen atoms, respectively.

D4, symmetries, respectively, which are in close agreement Figure 3a) illustrates the binding energies of the neutral
with the previous calculatiors'® However, the optimized and charged clusters, which approach to the binding energy
structure of Sjg has a very low symmetry, similar to tl®,,  of 4.63 eV of the crystalline SP As presented in Fig.(B),
structure obtained by Liuet al® but the present low- the ionization potential$lPS), which are calculated by the
symmetry structure is slightly more stable. From Fig. 1, oneenergy difference between,&ind Sf, decrease with increas-
can find that, within the small size range, the structures ofng the size of the clusters. Two visible jumps can be ob-
Si+1(n<6) can be derived from that of the Stlusters by served an=7 andn=10, which is an indication of higher
adding one atom along the long edge site, i.e., edge-cappirgtability. Figure 8c) is the second-order difference of ener-
growth mode. While for large §i7<n<12) clusters, the gies, E,,;—2E,+E,_;, indicating that the Siclusters with
face-capping growth mode is preferred. For even larger clusa=4, 7, 10, 12, 15 and the Stlusters witn=4, 6, 7, 11, 13,
ters Sj(n>12), the growth format becomes more compli- 15 are relatively more stable than their size neighbors. The
cated. different relative stability between the neutral clusters and

Present calculations show that most of the (1I8i their cations can be qualitatively attributed to two reasons.
=3-16 cation clustergsee Fig. 2 keep almost the same One could be that the charging has changed the electronic
symmetry as that of the corresponding neutral clusteeg  shell of the neutral clusters, thus the relative stability of these
Fig. 1). However, some difference between the structures o€lusters can be changed. Another reason might be the change
neutral and cation §iclusters has been observed. Fof(8i of geometry structures for some cations, such g¥nSi
=8,13,15 clusters, the obtained structures are obviously=8,13,15 clusters. The clusters with high stability obtained
different from that of the neutral counterparts. The averagén our calculations are in good agreement with the results of
nearest bond length of these cations is larger than that of theoth experimental collision-induced dissociation fragm7ents
neutral counterparts. and mass spectra analyé?s.
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FIG. 3. The calculated properties for,%ind Sf(n=3-186 clusters.(a) The
binding energies per silicon atof,/n(eV), (b) The ionization potentials
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FIG. 4. (a) Adsorption energyeq(eV) for O, on Sj, and Sﬁ;’) clusters;(b)
HOMO-LUMO gapEg.4eV) for Si, and the reacted products,S}, clusters.

(IP9 of Si, clusters, andc) the second-order difference of the binding chemisorption with the adsorption energies more than

energies.

B. The reactions of O , with Si ,(n=3-16) clusters

We have calculated the adsorption energies of th@.Si
clusters, E4=-[E(Si,O,) —E(Si,) —E(O,)], where E(Si,0,),
E(Si,), andE(O,) are the total energies of &), cluster, the
Siy, and Q, respectively. In fact, one can ugq to qualita-

6.0 eV. In general, the adsorption of,@n larger Sj(n
>10) clusters has larger adsorption energy. It is interesting
to point out that the large clusters usually have small IPs, as
shown in Fig. 8b).

The adsorption sites of oxygen molecule are strongly
correlated to the growth modes of silicon clusters. Since the
small Sj(n<7) clusters follow the edge-capping growth

tively describe the reactivity of Qon the clusters. The cal- Mmode, the favorite adsorption sites fop @acting with Sj,
culatedE4 has a strong dependence on the silicon clusteBis, and Si are just for the axis of the Oparallel to the long
size, as shown in Fig.(d) and Table I. The present results edges of these clusters. While in large clusters where the
show that an @molecule can be physically adsorbed o Si face-capping growth mode is preferred, the adsorption sites
and Sj clusters with the adsorption energy less than 0.2 eVfor O, are the face sites.

meanwhile the structures of the reacted clusters are not af- Both the electronic and geometrical structures of Si

fected by the adsorption of Olt is also shown that ©can
be molecularly chemisorbed on boths;Zind Si, clusters

clusters have been changed afterdissociative adsorption.
As shown in Fig. 4b) and Table |, we compare the highest

with about 2.2-eV adsorption energy which is much largeroccupied molecular orbital-lowest unoccupied molecular or-
than the physical adsorption energy of 0.2 eV as mentionebital (HOMO-LUMO) energy gaps of the Siclusters with
above. While on all other clusters,,@refers a dissociative that of the corresponding reacted productgOgi It is clear

TABLE I. Some calculated properties for,@dsorption on Siand Sf(n=3-16. E4 (eV), EL (eV), E2 (eV),

gap gap

andESi_o (A) are adsorption energy, the energy gaOMO-LUMO) for bare Sj and Sf clusters, the energy
gaps for the final products ®,(Si;O,) in Fig. 1 (Fig. 2), and the average nearest bond lengths of the Si-O

bonds, respectively.

Ed (eV) Eéap (eV) ESap (eV) RSi—O (A)
Sizen  Si,+0, Sit+0, Si, Sit Si,0, Sit0, Si,0, SiF0,

n=3 7.063 6.942 0.96 0.60 1.64 0.20 1.52 1.61

4 0.059 0.023 1.04 0.60 0.40 0.58 -
5 2.188 2.364 2.01 0.40 0.47 0.50 1.72 1.75
6 6.152 3.211 2.13 0.57 2.38 0.61 1.53 1.69

7 0.171 0.242 2.12 0.48 0.65 0.34
8 5.460 6.509 0.54 0.31 1.05 0.39 1.53 1.60
9 6.241 7.315 1.95 0.27 1.47 0.26 1.63 1.67
10 2.191 6.151 2.12 0.40 2.00 0.37 1.73 1.76
11 6.764 6.314 1.12 0.25 1.47 0.23 1.62 1.67
12 9.462 5.700 2.21 0.26 0.63 0.23 1.69 1.61
13 8.685 4.397 1.04 0.27 1.12 0.23 1.67 1.53
14 7.119 7.266 1.78 0.26 1.16 0.19 1.67 1.66
15 7.526 4.348 2.21 0.28 1.70 0.23 1.68 1.53
16 7.836 7.870 1.30 0.19 1.40 0.51 1.67 1.66
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Reaction Coordinate FIG. 6. Reaction coordinates for dissociative chemisorption omOlecule
on Sg cluster. The analysis of local electronic structure indicates that the net
1y - @ charge per oxygen atom is about 0.01, 0.31, and 8.i63he initial statg(l),
,,,,,, ... intermediate statéT), and final statgF), respectively.Rq_q (A) is the
0 ¥ .. . . . ( ) . .
@ %X distance between the two oxygen atoms. Spin-triplet to spin-singlet transi-
S gt : @X tion occurred in the transitional state will,_o, around 1.46 A.
N \
2 Y
§ -2f 4
3 s X barrier of 0.35 eV has been found from the MEP obtained by
Fl E NEB method’ [Fig. 5(b)] for O, dissociating on Sicluster.
5 -4+ x To understand the process of how an oxygen molecule
st TR XXX (F) oxidizes the silicon cluster, we have shown the reaction co-
) ®) ordinates of Q@ on the S} cluster in Fig. 6. With Q ap-

proaching to the cluster, the bond of 3 elongated step by
step, from 1.23 A in the initial state to 4.56 A in the final

product where the ©has been dissociated. The local struc-
ture close to the adsorption sites of oxygen atoms is strongly
distorted, the bond between two silicon atoms is broken,
Swvhile the other part of the structure does not change signifi-
cantly.

Both charge transfer from silicon cluster tg @nd the
orbital hybridizations between the oxygen and the cluster
that almost all the structures of the,ire changed after O states may play an important role in the process ofd3-
adsorption except fon=10, 13, 16. For almost all of the sociation. The present results show that, befosadi@socia-
larger Sj(n>7) clusters, after having reacted with,ahe  tion, the charge transfer is about &3or each oxygen atom,
local geometrical structures of the silicon atoms binding withand the interatomic distance between two oxygen atoms is
oxygen atoms are changed substantially, as shown in Fig. less than 1.5 A. While in the final product ofgSh, each
Analysis of the nature of HOMO shows that HOMO are oxygen is charged more than Ge6The Coulomb repulsive
essentially contributed by Si atoms, and the occupied statefsrce weakens the bonding of these two oxygen atoms. From
of O atoms are well below the Fermi energy. the density of statéDOS) presented in Fig. 7, one can find

It is interesting to understand why ,Sand Sj clusters that in the initial state, there is almost no hybridization be-
are of high inertness with respect to the @dsorption. We tween Q and silicon atoms in the cluster, as @ about 4 A
find that all Si atoms in the $icluster are in thes?p® con-  away from the cluster. However, in the intermediate states
figuration. Therefore, ©can hardly react with Sidirectly  (see Fig. J, the p orbital hybridizations between the oxygen
since a reaction barrier must be overcome. To calculate thistom and the silicon atom can be clearly seen. The DOS of
barrier, we have searched the minimum-energy pstBP)  the final state also clearly indicates the strong hybridization
for O, dissociation on Sicluster using nudged elastic band of Si—O bondgFig. 7). On the other hand, the formation of
(NEB) theory’ [see Fig. %a)], obtaining a barrier of Si—O bonds is energetically favorable since the Si-O bond is
0.45 eV. The inert character of Stluster to Q adsorption  stronger than the O-O bond.
was also studied by Lét al. with full potential linear muffin- We have noticed that the spin-triplet state of iBust be
tin orbital (FP-LMTO) molecular-dynamics methdd, but changed to spin singlet before it is dissociated in the reac-
they estimated the barrier height to be as high as 0.8 eMjon. As shown in Fig. 7, in the initial state,,Qs in the
much higher than the present result, which might be due tepin-triplet state. In the intermediate state with the bond
different theoretical methods or the different MEP path. Thdength of G, about 1.46—1.50 A, the local spin state of O
high inertness of Sicluster may be owing to its high sym- has been changed to spin-singlet state. In the final state,
metry of the pentagonal bipyramids. As have been discussesbme Si-Si bonds have been broken, some Si atoms are re-
above, the edge-capping growth mode ends justaiBich  bonded with oxygen atoms, and the cluster is entirely in the
is energetically more stable than its neighbors in the sespin-singlet state. This is also true for all the i clusters
guence of the number of atoms in the clusters. An energwith O, dissociated. However, if the Lis molecularly

FIG. 5. The minimum-energy patiMEPS9 obtained by NEB method for
O, dissociative chemisorption on Scluster (@) and Sj cluster (b): the
initial adsorption configuratioril), the transition staté€T), and the final
products staté€F). The energies of the initial states have been set as th
reference for both 30, and S}O,. About 0.45 and 0.35 eV barriers are
found for O, dissociatively to adsorb on Sand S}, respectively.
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Initial Transition Final compared with their neighboring clusters, both,%ind Si;
~ Total ' ' ' ' clusters show less reactivity, i.e., higher stability. In fact, the
high stability of S[; had already been found by Bergeron
and Castlemaff but up to now, the reason for the high sta-
bility is still unclear. Our results indicate that,@nolecule
. . can only be chemically adsorbed on one or two sites ¢p Si
cluster; this suggests that the inertness df Sluster with
bbb s | ETATEE S respect to @ could be a geometric reason, i.e., the less pos-
sibility for O, molecule to stick on the surface of the cluster
. in the experimeri with the presence of a constant flow of
— Si-p helium carrier gas.

IV. SUMMARY

, . , ‘ . . The neutral Sjand charged ${n=3-16 clusters react-
O-p ing with O, have been studied with first-principles spin-

Electronic density of States (Arbitrary Units)

A& \ b polarized GGA calculations. The atomic structures and the
I reaction coordinates for a few clusters are obtained. We find
that O, can be physically adsorbed on,%ind Sy, molecu-
10 5 00 5 o-10 5 o larly adsorbed on $iand S, and dissociatively adsorbed
Energy (eV) on all other studied Si clusters; however, the large clusters

are generally more reactive. The charge transfer from silicon
10 e o S o s ot i st clustr (0 01ygen s el s he hybrdizaton between the S
sr::atte(’T), and re’acted product staF;E) in Fig. 6, respectively. Strong hy- and O qrbltals may play an important rF"e in the d|ssom§1t|ve
bridizations between oxygen and silicon cluster in the intermediate state an@dsorption of Q. For O,, the local spin state conversion
the final reacted product can be observed. from triplet to singlet as a key step for the dissociative ad-
sorption is also observed. The neutra}, Slusters withn
chemisorbed, the spin-triplet state will not be changed. As alF4,5,6,7,10,14, and theharged §j clusters with n
these calculations have only shown the ground-state proper4,5,6,7,13,15how the high inertness character as to O
ties, we did not pay much attention on how the spin flipped adsorption.
In fact, if the spin-conserving condition is considered, a bar-
rier should be overcome for the,@issociation even on the ACKNOWLEDGMENTS
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