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The influence of the ligands H, GHOH, and F on the preferred geometric structure of passivated silicon
nanoclusters was investigated by ab initio density functional calculatiofk;&ias enough ligands to allow

the silicon core to form the bulk Si like structure often anticipated to be present in silicon nanopatrticles. Our
calculations confirm that H and GHigands do favor being uniformly spread over the Si core to form the
expected passivated nanoparticle structures. However, we find the more electronegative F or OH ligands to
more strongly favor forming Si.groups thereby causing the bulk Si like analog to be appreciably higher in
energy. Similar structural trends were also found when comparing the relative energigiSit 4 against

LSiSiLs with the same series of ligands L. The calculations suggest that to theoretically understand the
properties, such as the bright photoluminescence, of passivated Si nanoclusters is going to require a model
which takes into account the appropriate structural features of the particle.

Introduction nanocluster favoring a bulk Si like core is provided by the recent

In the past two decades, there has been tremendous interedigport of the experimental synthesis and structure determination
in the optical properties of silicon nanoclusters. Unlike bulk Of Sila-adamantanga molecule which contains a;gicluster

Si, which is an indirect gap semiconductor, porousitially core with a bulk Si like structure capped by 12 methyl and 4
and then Si nanoclustértater were found to exhibit a bright ~ trimethyl silyl groups. However, the purpose of this paper is to
photoluminescence which has the promise of being developedPresent the results from our recent calculations which show that
into a Si-based optoelectronic device. The origin of the bright the most stable geometric arrangement of Si atoms in a
photoluminescence is still not completely understood and variousnanocluster are dependent on the ligand which is used to
models have been proposed ranging from quantum confinementassivate the cluster surface. This is an important observation
in the nanometer sized Si crystalli®ésto the role played by because the optical properties of the Si nanocluster should be
some type of surface defettPresumably, in a practical dependent on the Si core structure. We obtain the low-energy
optoelectronic device, the nanometer sized particles present incluster structures using a global optimization strategy which we
both porous Si and Si nanoclusters need to be passivated byhave recently developed for clusters witht§P19 and SiF,!*
some air stable ligand. Wolkin et al. found that the energy of stoichiometries. The advantage of the global optimization
the photoluminescence of H-passivated porous Si rapidly procedure is that many different cluster structures are systemati-
undergoes red shifts of up to 1 eV on exposure to oxygen. cally investigated without utilizing any preconceived notions
One difficulty with any attempt at theoretical modeling the about the anticipated most stable cluster structure. Our approach
photoluminescence is the challenge of experimentally measuringcontrasts with local geometry optimization procedures which
the exact atomic composition and arrangement of the atomsuse a bulk Si like structure as the initial guess. The local
forming the Si nanocluster. As a consequence, some of thegeometry optimization will almost certainly converge to a local
recent high level quantum mechanical-based calculations on Siminimum with the same the bulk Si like structure but now with
nanoclusters passivated by different surface atoms essentiallthe internuclear distances optimized, even when other cluster
assume that the Store to be a fragment of a bulk Si latticelike  stryctures exist which are appreciably lower in energy.

7 g :
structure®” Perhaps some support for the likelihood of the Si Below, we present the relative energies computed using ab
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Figure 1. Locally optimized SjoL 16 Structures with L= H, CHs;, OH, F. The U clusters contains a&tore with a bulk Si like arrangements and
is the SigH16 global minimum. Clusters V and W can be derived from U by the shift &fSiL, to a=SiL to form a=Si—SiLs group.

ligands L= H, CHs, OH, F. We choose the relatively small in controlling structure nor to indicate the likely structures for
Siiol 16 cluster because it is computationally tractable for high silicon clusters passivated by a bidentate ligands such as oxygen
level quantum chemistry calculations while being large enough atoms.

that the Sjp core can exhibit representative features of a bulk ~ The paper is organized as follows. The next section outlines
Si like structure. All of the U structures in Figure 1 contain a the computational method. Results and discussion of the various
Sijg core with bulk Si like structure where each Si atom is low-energy SiL4and Siol 16 Structures are presented in section
tetrahedrally coordinated by either three or two other Si atoms 3. Concluding remarks are given in final section of the paper.
and one or two ligands L. As expected, our earlier work

confirmed that structure U is the 1§ global minimum® 10 Computational Method

Previously, we have also found global minima with bulk Silike  Ap initio density functional calculations were performed on
structures for SiHzo and SigHz4 where the number of H atoms  ¢jysters with SiL4 and Sigl 1 Stoichiometries with [= H, CH,
included in these clusters ensure that each Si atom is tetrahepH, and F. The SiLg cluster structures considered in this
drally coordinated by four neighboring atofi¥ Not surpris-  manuscript were selected from the three lowest energy structures
ingly, we found very different global minima for the 1§14, U, V, and W shown in Figure 1 found in the global optimization
SiiaH1e, and SigHz. series with stoichiometries where two H  of Sj;gH;¢*1%and from the four lowest energy structures A, B,
atoms are removed from the clusters which have the bulk Si c, and D shown in Figure 2 determined in theoBis global

like structure. Each Si still prefers being coordinated by four optimization!* The cluster global optimizations (CGA) were
neighbors, but this can only be accomplished by rearranging performed using a genetic algorithm which operates directly
the Si core so it no longer has the bulk Si like strucf#®.  on the Cartesian coordinates of the atoms composing the
When we tried to extend the &l global optimization strategy  clusters. An initial population of typically 100 clusters is

to SiFy clusters, we found that &F6 preferred to form structure  randomly generated and locally optimized. The fitter, lower
A shown in Figure 2 which is very different from the bulk Si  energy, clusters are then mated to produce an offspring
like structure Ut Our calculations suggested that this new population of locally optimized structures. The CGA effectively
structural type is preferred because the highly electronegativelets good structural features present in a cluster to be passed
F atoms like to form terminal SgFgroups rather than be evenly  onto succeeding generations until the global minimum is found.
distributed over the available surface sites on thg &ire. On Since the CGA requires a very large number of energy
the basis of an electronegativity argument, azQidssivating calculations, the CGA uses a reparametrized AM1 semiempirical
ligand should be expected to produce clusters with Si core method for prescreening the relative energies of thiel,Sind
structures similar to those found for thet3j clusters, whereas  Si,F, clusters prior to performing any ab initio calculations.

the high O atom electronegativity means the OH ligand should  The actual SilL 16 Structures and relative energies reported
favor low-energy structures with Si cores similar to those found here were obtained by starting from a previously optimized
for the SioFi6 clusters. Unfortunately, the present calculations SijgH16 or ShoFie structuréd=11 and replacing either all of the
are not able to provide any insight into the role of ligand size H or all of the F atoms with a new ligand+ H, CHs, OH, F
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Figure 2. Locally optimized Sigl 16 structures with L= H, CHs, OH, F derived from the low-energy structures found in the global optimization
of SiioFie. Structures A-C consist of a Sicore and 2 Sik groups, and structure D has & $ore and three Sig.groups.

and performing a local geometry optimization using B3LYP/ always maintained. For each of the specifigo$iameworks,
6-31G(d) density functional calculatiot3s* computed by the we found the different $§(CHs)16 Starting geometries always
PC GAMESS computer progra#f16 The SigHis and SioFie converged to the same local minimum in the geometry
optimized structures and relative energies are essentially theoptimization. Whereas, the local optimization of thgy®H)¢
same as those we obtained previously using a slightly different clusters for each specific $iframework produced several
basis set. ! Finding the lowest energy structures for theeSi  different local minima with different H-bonding networks
(OH)16 and Sio(CHgs)ss clusters is more challenging than for  petween neighboring OH groups on the clusters. The present
ShoHie and SioF16 owing to the OH and Cklligands being  calculations are consistent with our previous global optimization
able to form several different conformers on the same@ire results: the lowest energy @i cluster (structure U) having
framework. For this reason, five initial geometries for theySi a bulk Si like structure and the §F1s global minimum being
(OH)16 and Sio(CHa)as clusters were generated for eachoSi  one of the three close in energy A, B, or C structures containing
core type by replacing either all of the H or all of the F atoms  smg)| S}, or Si, rings®-1* Obviously, it is much less certain

in the optimized SiHis and SidFas clusters with OH or Chl whether we have obtained the lowest energy structures fer Si
groups where the SiOH or one of SiCH planes were orientated (CHs)16 and Si(OH)6, and one goal of our future work is to

at a randomly selected angle relative to the cluster framework. develop a global optimization technigque which can correctly
Frequency calculations at the B3LYP/6-31G(d) level were yoq¢ these types of clusters. The resulting optimizad§j
performed to verl_fy_that the geometry optimizations _converged cluster structures and their relative energies are discussed in
to a true local minimum, and we include the vibrational zero more detail below. However, it appears the major structural
point energy (ZPE) in the resulting cluster relative energies. differences which occur wh,en H or GHare the cluster
Some second-order perturbation theory (MP2) calculations Werepassivating ligand versus the more electronegative OH and F
performed on the g4 clusters to check that the B.BLYP/G' ligands are essentially illustrated by comparing the relative
31G(d) calculations gave consistent relative energies for the energies of the locally optimizeds8i=SiL, and LsSi—SiL

different clusters. geometries, and these are discussed first.
SipL 4. Figure 3 shows the structures of locally optimized L
Si=SiL, and LsSi—SiL, and Table 1 lists their relative energies,

In all of these local geometry optimizations with the different where for each ligand type L the lowest energy structure in Table
ligands, we found that the same basig,$obre framework was 1 is taken to have the zero reference energy. Since one purpose

Results and Discussion
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Figure 3. Locally optimized SiF, structures with L= H, CHs, OH, F.

TABLE 1: Relative B3LYP (MP2) energies with B3LYP TABLE 2: Sijol 16 B3LYP/6-31G(d) relative energies
ZPE corrections for L,SiSiL, and L3SiSiL where all energies including ZPE corrections in kcal/mol where the zero energy
are in kcal/mol is taken with respect to either the U or the A cluster
SiHs Si(CHe)a Si(OH): SiFs depending on which structure has lowest energy
LSS, 00 0.0 7.9(11.6) 6.8 (11.4) Shoic  ShoCHgie  ShoOHue  ShoFis
LsSiSiL 47(6.9) 45(47) 0.0 0.0 U 0.0 0.0 31.7 29.6
\% 4.3 0.8 12.5 12.7
of these calculations is to simulate the major structural features W 4.5 0.8 12.2 11.9
found in Sigl1e clusters, we have not considered structures, A 13.3 0.5 0.0 0.0
such as wher a L atom bridges the 2 Si atoms, which are also (E; gg g'g _15'51 11'16
known to be low in energy for the &i, stoichiometry but not D 259 116 35 6.1

in the larger cluster§-18As a validation for the B3LYP energy

values used to estimate the relative energies of the differentfom ejther the U or the A SiLis cluster which has lowest
structural types, we include in parenthesis in Table 1 the energiesgnergy. Consistent with our global optimization studiééthe
obtained using MP2/6-31G(d) calculations augmented with |5yest energy SiHis cluster U has a bulk Si like structure
B3LYP zero point energy corrections. Thext$i and SiFs where each of the foueSiH groups form three SiSi bonds

relative energies are also consistent with our earlier calcula- i the six available=SiH, groups. The next two low-energy
tions't and. in work by others1® performeq using larger ba§|s V and W structures are related to thadSi;s global minimum
sets and higher quality CCSD(T) calculat!ons. Our calculations by a shift of a=SiH, unit to one of the available:SiH positions
show that L= H or Ch; favor the formation of the ethylene to form =Si—SiHs. In structure V, a=SiH, is transferred to an

gﬂf"gg .LZS'TS'LZ whereas|L= I?fH or Ifhr(?sult n thle bs:; adjacent=SiH, while in W the=SiH, is transferred to &SiH
S!L t?1VIrtl\?v OSV.Ve; eneagy. T "f[‘. t?ufr € ysnedanadoqgst d on the opposite side of the cluster. The resultingcsie in V
alncz),n IZ na(r)e Ial?brzﬁmos?r?m?ur;g v)\l/i(g rr;am(r)r?et’rari]s f'(;'rsmeea:j ’and W must have some strain due to the reduction in some of
Pl q h SY yis! - the Si atoms ring sizes, and consequently theHsi energy in
Valencia et al. have also found that F favors forming similar c 2
- . . . both clusters is raised by around 4 kcal/mol.
asymmetrical structures in theHi_xF« series of molecules

using B3LYP/6-31%+G(d,P) calculationd? They compute 'Likewise, Table 2 shows cluster A to be the lowest energy
SiF,H—SiHs, SiFs—SiHs, and SiESIFH, to be 7, 10, and 3 kcal/  ShoFie cluster in agreement with our previous global optimiza-
mol more stable than SiFH SiFH,, SiFH—SiFH,, and SiEH— tion resultst! Indeed, for SigF¢, cluster A is 30 kcal/mol lower

SiF,H, respectively. The electrostatic stabilization gained from N €nergy than the bulk Si like cluster U and this demonstrates
interacting with the highly polar SiF bond is probably the driving that in the SigFs¢ cluster there is a very strong preference for
force for why a second or third F atom prefers to bind to a Si forming SiFs groups. All of the different low-energy structures
atom which is already bonded to at least one other F atom. Thecan be related to the bulk Si like structure U through the same
two Sk(OH), optimized structures are influenced by both the type of transfer process=SiF, + =SiF — =Si—SiF; as
O atom electronegativity and by steric effects do@tH bond described for structures V and W above. Structure A contains
network formed between OH groups located either on the sametwo of these Sikgroups and a remaining ¢Store which can
Si atom or on neighboring Si atoms. Presumably, like foFSi no longer form a bulk Si like framework. The gain in energy
the large O electronegativity results in the (HSISIOH obtained by forming the two SiFgroups in cluster A must
structure being the most stable. However, as a consequence ofutweigh the energy expense of forming five and even four
the ligands H bonding to each other (HSISIOH has an membered Si rings in the $tore. Structures B and C have the
eclipsed conformer, whereas the L on the two different Si atoms same Sj core as cluster A but have the $igroups located at
in all the other LSiSIL structures are staggered relative to each different=SiF positions. Hence, the A, B, and C structures are
other. all very close in energy, but because of using the 6-31G(d) basis
Siigl 16 The ZPE corrected B3LYP/6-31G(d) relative energies in the present calculations, we obtain the B and C relative
for the Siglis clusters with the different ligands L are energies reversed from our previous restiltBy considering
summarized in Table 2. The zero reference in Table 2 is takenthe SigHi6 A, B, and C relative energies in Table 2, the ring
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strain in the §j core must be around 10 kcal/mol. Clusters A, random orientations of the GHyroups. Surprisingly, we find
B, and C have the two SiFgroups bound to a Si atom which the energy spread for the;&CHs)16 Structures U, V, W, A, B,
binds with three other Si atoms in thegSiore. Structure D and C to be only 2.6 kcal/mol and much smaller than we have
contains three Siggroups but with two of the groups bound to  found for any of the other ligands. We speculate that this is
the same Si atom, and consequently, it hasseclBister core. because there is some steric crowding between nearest neigh-
Thus, the Sicore in cluster D must consist of smaller Si ring boring CH; ligands in the U structure which gets relieved with
sizes than in A-C thereby raising the §jF6 relative energy the presence of one Si(G}d group in structures V and W and
by 5 kcal/mol. Nonetheless, structure D is still a lot lower in the two Si(CH)s groups in the A-C structures. The reduction
energy than the bulk Si like structure U. Further evidence that in the CH; steric crowding compensates for Si ring strain present
when F is used as passivating ligand for Si clusters there will in the Sy and Sk cores. The ring strain energy of;Siore in
be a strong preference for forming Siroups is shown by the  the D Sio(CHs)16 cluster must be much higher and is not
relative energies for the §Fss clusters V and W which have ~ compensated by forming three Si()klgroups. Our results for
only one=SiSiF; unit but which are both still much lower in  the Sio(CHs)16 Cluster are interesting in view of the recent report
energy than cluster U. This suggests that in larger clusters aof the synthesis and structure of sila-adamantafiee close
bulk Si like core could exist provided it is passivated bysSiF energy spacings for the different &CHs)16 structures suggest
groups rather than simply F atoms. that there may be several different sila-adamantane conformers
The Sio(OH)ss clusters show very similar relative energy Cl0S€ in energy. The amount of steric crowding between CH
trends as the §iFis clusters. However, the identification 19ands will increase on larger Si nanoclusters because of their
of the lowest energy S(OH)s conformer is made more surface being flatter than for the ;icore. Thus_, the sila-
difficult by the OH ligands being able to for a H bond adamantane structdrmay be a consequence of trying to reduce
network on the cluster surface. As noted above, we locally the Ch steric crowding by having C#and Si(CH)s groups

optimized each $iOH)ss cluster type by starting from the ~ &round the Sp core.
corresponding $iF16 cluster and replacing each F atom

with an OH group chosen to have some random orientation. In Conclusions

the local optimizations, we found several different H-bonding
networks between the OH groups being formed on the Si cluster
surface which range in energy by as muchaa8 kcal/mol.
change. The %i(OH);¢ relative energies listed in Table 2 are
taken from the OH orientation which produces the lowest
energy. Not all of the OH ligands in ${OH);6 are close enough

to a neighboring OH group to be able toriva H bond, but as
expected, the lowest energy conformer for each cluster type
always has the most H bonds. Obviously, the present strategy
does not guarantee finding the;&DH)16 global minimum or
even if we have found the lowest energy OH conformation
for each Sio(OH)s6 structural type. Perhaps as a consequence
of a more favorable H-bond network cluster C has the lowest
energy structure being 1.5 kcal/mol lower in energy than cluster
A. Similarly, structure D, which has three Si(Offroups and
probably the most strained ;Store, is still able to form
enough H bonds to produce a structure which is lower in
energy than cluster B. The trend that the relative energies of
clusters A-D are less than clusters V and W and that structure
U has highest energy for both the;&DH)1s and the SigFie
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