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Global Optimization of H-Passivated Si Clusters with a Genetic Algorithm
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We have developed a genetic algorithm (GA) for the global geometry optimization of fully and partially
H-passivated Si clusters. Since it is not obvious how many H atoms will bind to a Si cluster, one important
feature of our GA is that it can automatically select between different amounts of H passivation. The GA
uses the AM1 semiempirical method for the fast calculation of individual locally optimized geometries for
use in the GA evolution process. Although the AM1 method produces reasongthj@@imized geometries,

we perform a more accurate energy ranking of the low energy structures generated by the GA with B3LYP
density functional theory and MP2 calculations. We use the GA to determine the low energy structures for
the clusters S§Hm, with m= 4, 8, 12, 16, 20, and §H.o. The Si, framework evolves from compact structures

to more open structures with increasing numbers of H atoms and we fips ®ssentially fully passivated

with 16 H atoms. Adding H atoms causes substantial changes ineaBnework once all the Si atoms are

four coordinate. We also find the Si framework in the global geometry of the fully H passivated clusters such
as SigH1s and SisHzo to adopt the structure of a bulk Si lattice fragment providing B3LYP and MP2 energy
calculations are performed.

Introduction the silicon hydride clusters. We choose the GA approach
. . . because it can also identify many of the low energy cluster
S|I|gon nanqpartlcles have gttracted a.lot pf Interest b?C""usestructures while seeking the global minimum. Furthermore, the
of their potential use as material for fabricating electronic and stochastic nature of the GA is temperature independent and

elect_roptlcal dewcesf. A number of theoretical a_nd experimental avoids the problem of a geometry getting trapped into a specific
studies have investigated the stable geometries for small andIOCaI minimum which can occur with simulated annealing as
medium sized Si only clustets1? Some type of surface ; ;

) . . e the molecular system is coolirig.
passivated particle will be needed if Si nanoclusters are to be The GA explores a large number of different cluster

used in a robust commercial device. In this paper we theoreti- ¢ ) d iall - onal
cally investigate the stable geometries formed by H-passiva’redCon ormations and consequentially requires a computationa
method which can evaluate the total energy of specific cluster

Si clusters. While it seems most likely for a completely dlv. H q K btained |
passivated nanocluster that the atoms in the underlying Si clusteldeometry rapidly. Ho and co-workers obtained energy values

should form a diamond lattice-like arrangement, it is not obvious viaa TB-DFT methoql N th_e|r |m_plementat|on of a GA to find
how many H atoms are required to completely passivate a Sithe structures of medium-sized silicon clust@érBresently these

cluster or indeed whether the diamond like structure for a Si TB-DFT methods are only parametrized for use with a single

framework actually does correspond to the most stable geometry.£/€ment. Due to the binary nature of thet§i clusters we
Estimation of the number of H atoms binding to a Si cluster is Perform our energy evaluations with the semiempirical AM1

24 ifi i
further complicated when the possibility of structures containing methoct® Once the GA gelects a speglflc cluster cor!formano.n
rings of Si atoms or the formation of relatively unstable Si-Si the A.‘Ml energy ca!cqlatlpns are relatively fast enapl[ng a rapid
multiple bonds is considered. Even a medium-sized cluster candradient based optimization to the nearest local minimum. The
have a huge number of stable local geometries and an exhaustivé‘M1 energy he_ls the Important feature Of. a sphd quantum
search for the global structure minimum is extremely hard to mechanical basis so that no additional empirical information is

perform. Several groups have theoretically explored some of required to identify which atom pairs in the cluster CO”.‘bi”e to
the possible structures for snidlito medium sized17 silicon ;orm.bondsthg a Hhatqr:\] na SSHV cluster has th(; option of
hydride clusters. We report here a genetic algorithm (GA) we dormlng_ a bon h_Wﬁ beltd era ;] a}om orl another Il'l atom
have developed as a strategy to find the global energy minimum epending on which bond gives the lower cluster total energy.
corresponding to the most stable structure for varioys!,Si AS a consequence, when a Siclusteris cpmpletely H-passivated,
clusters. The GA is a global optimization strategy inspired by an;: renlwalnlng excess H atoms can pair up to form hydrogen
the Darwinian evolution process. Since 1990, GAs have beenM0'€CUIES. . S .
widely used to search for the global minimum of atomic clusters ~ Simulated annealing optimization also involves a large
and molecular agglomeratés!822 Some of the previous number of energy function evaluations and Meleshko et al.
workers have used simulated annealing methods coupled withselected the semiempirical MINDO/3 method for their proce-
either plane wave DFT15 or semiempirical MINDO/3 [16] durel® The computer times needed for either MINDO/3 or AM1
calculations as an alternative global optimization strategy for calculations are comparable, but experience by us and &tiers
suggest that AM1 is presently the semiempirical method which

* To whom correspondence should be addressed. Phone: 808-956-57879i1ves the most reliable optimum geometries and relative total
Fax: 808-956-5908. E-mail: johnh@hawaii.edu. energies for Si containing compounds. However, since we obtain
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several different geometries close in AM1 energy in a GA run offspring, where the fithess is a measure of the energetic stability
on a specific SHy cluster, we also examine the relative energy for an individual optimized cluster geometry. The GA selects
ordering of a small subset of the low AM1 energy structures new cluster conformations which are likely to have lower
by performing ab initio second-order MgliePlesset (MP2) and  optimized energies than structures in previous generations. The
density-functional theory with the B3LYP functional (B3LYP) population size of the GA is set ¢, which is the total number
calculations using the optimized AM1 geometries as starting of Si and H atoms in the cluster to be globally optimized. Our
structures. experience finds that a variabileis needed to prevent premature

In the next section we describe in more detail the GA and GA convergence for the larger clusters and to avoid low
the methods used for evaluating the cluster total energy. In theconvergence efficiency for the smaller clusters. We genétate
third section we first present results for application of the GA initial structures of the H-passivated Si clusters by first putting
to a series of $§Hm clusters and show how the cluster geometry the Si atoms into a cubic box randomly, and then we randomly
evolves as the gj cluster becomes completely passivated with arrange H atoms outside the box. That is, we generate initial
H. We then discuss the efficiency of the GA. In the final part structures with the assumption that the stable structures of the
of the results section we describe the global optimization of H-passivated Si cluster will tend to have H atoms on the surface
SiisHo0 and the formation of a diamond lattice structure for the instead of inside. However, to reduce this bias, we also allow
Si atoms. Concluding remarks are given in the final section of a small number of H atoms inside the box nearby the borderline.

the paper. Then we optimize the geometry of the abad\Mestructures by
the AM1 method to create our ancestor population. The fitness
Computational Method fi of theith initial individual cluster is based on a Boltzman

To find the more stable isomers for aJgj cluster requires ~ distribution:

a large number of total energies at different cluster geometries C_BE
to be evaluated. Standard AM1 semiempirical energy calcula- f = exr( i) )
tions* are used in the GA to facilitate a computationally fast : NRT

comparison of the relative stability of various optimizeghgi

geometries. We define the cluster binding energy B the where BEis the optimized AM1 cluster binding energy, add
ith structure as is a constant, whose value is set to be the lowest energy obtained

from the initial N ancestorsC is used to rescale the fitnefs
BE, = E, W~ XEg, — YE, (1) into a rather small range. The value Gfwill not affect the
x probability of one parent being selecteRIT is set to 0.2 eV/
] o atom, which corresponds to a temperature of 2300 K. Roulette
whereEs;, is the total energy of the optimized cluster geometry  sejection is used to seletrandom parent couples for the next
andEs; andEy are the®P and®S ground-state energies of the  generation. The probabilify; of theith geometry being selected

Si and H atoms, respectively. _ is determined by the normalized fitness of that cluster:
Although AM1 is time-efficient for the GA, it could not be

relied on to accurately order the stability of different cluster fi
isomers close in energy. Hence, we pick up the best several P =f /z (3)
structures found by our GA, and then further optimize them by |
ab initio second-order MgllerPlesset (MPZ) and density-
functional theory using the B3LYP functional (B3LY#) The same individual cluster geometry can be selected more
calculations. As suggested by Raghavachari and RoRflthe than once during the roulette selection. Each resulting parent is
MP2 and B3LYP geometry optimizations were performed using then randomly rotated about their center of mass. From previous
the Hay-Wadt effective core potential (ECP) and valence basis work on atomic clusters we adopt three possible mating
set for S#° augmented with al functior?® and the Dunning- methods. One approach is to take the arithmetic mean of the
Hay basis for H! The AM1 and MP2 calculations were Cartesian coordinates from two parent geomefidé8.The
performed using the GAMESS prografhand the B3LYP second method is to take a fragment of Si atoms from one parent
calculations were performed with Gaussian®®Raghavachari and replace it with the fragment of the other parent with the
and Rohfling show the HW-ECP and basis set at the MP4 level same number of atoms, and also cut a fragment of H atoms
does an excellent job of reproducing the results obtained with from one parent and replace it with a fragment of H atoms in
all electron calculations on Si only clustéfsln the present the other parent with the same number of atéd#¥8.The last
work we find calculations at the MP2 and MP4 levels to give method is to cut each parent into halves and then recombine
essentially the same energy order for thet$i and SigHi6 one-half from each parent to generate the offsp#fibhe first
series of clusters: where some energy reordering does occurand second mating processes produce drastic mutations, while
for some of the high energy ©H;¢ structures which are within ~ the third method retains much of the local structures of both
2 kcal/mol of each of other. Kger and Sax have recently found parents?? The probabilities used for selecting the first, second
the 6-31G** B3LYP functional, as well as other functionals, and third methods are 25%, 25%, and 50%, respectively. After
to give reasonable geometries and relative energies for differentthe mating processN offspring are generated and fully
isomers of SiH, and SjH,.3* We find the HW-ECP and basis  optimized again by the AM1 method. We replace the least stable
with the B3LYP functional to reproduce the Kyger and Sax structure of its parent population with a new offspring if it has
calculations. As a consistency check on the ab initio calculations, relatively lower energy. A number of different convergence
we report the results of both B3LYP and MP2 calculations strategies have been propogeéiTo enable an equal treatment
instead of performing the much more computationally demand- on the different sized clusters we found it best to take the GA
ing MP4 calculations. A complete tabulation of the final cluster as being converged when the lowest energy structure remains
geometries and relative energies are available from the authorsthe same for the lastNB continuous generations. The final
The GA works by randomly selecting and mating the more structures we tabulate correspond to the lowest optimized
fit individuals in a generation to produce next generation of energies found during an entire GA run.
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Figure 1. Representative optimized cluster structures obtained with the AM1, B3LYP and MP2 methods. The structures até: @J18j (b)
ShoHs f-1, and (c) SigH2o d-10(5) dissociated into §His and a H molecule. The three bond lengths are listed in the order AM1, (B3LYP), and
[MP2] in angstroms.

Results and Discussion
We start this section by examining the effectiveness of the g
GA at identifying chemically reasonable low energy structures i(/
of Si clusters. We applied the GA to a series oS, clusters, : V‘
a-10

with m = 4, 8, 12, 16 and 20. Clearly the Si framework will
only be partially passivated by H whemis small, but it is less
clear how many H atoms are needed to ensure all the Si atoms
in a cluster are tetrahedrally coordinated and fully saturated with !
four bonds. The determination of the number of H atoms needed
is further complicated by the Si atoms in the cluster being able
to form ring structures or perhaps ever=Si double bonds.
One goal of the present work is not just to develop a method £5 g3 h-6 2 j-4
Which.finds. thg most stable structures of binary clusters with Figure 2. Ten lowest AM1 energy structures fongi.. The numbers
specific stoichiometries, but also to show that our GA approach |ape| the B3LYP and MP2 energy rankings as explained in the text.
can determine how many H atoms are preferred in a cluster.
Following the discussion of the §Hm results and the effective- A of each other and a line only approximately indicates that a
ness of the GA for investigating passivation of Si clusters, we bond is actually formed between a pair of atoms. Below we
extend our calculations to thei@iloo cluster. The Siframework  present in more detail the different structural features found for
in SizsH20 can be arranged as a diamond lattice-like fragment, the various SigHr, clusters in turn.
where this fragment has 20 Si dangling bonds which can be  SijgH,. Figure 2 shows the 10 structures with lowest AM1
saturated with the 20 H atoms. We apply the GA tgl%io to energy obtained by the GA for gH4 and their rankings with
determine whether the diamond like structure is the most stablethe B3LYP and MP2 methods. The;§i, cluster attempts to
structure for this cluster. form compact structures presumably so as to reduce the number
The key structural results for the series ofcBiy, clusters of Si atoms not tetrahedrally coordinated. Each H atom binds
are presented in Figures—6. Since we do obtain different  to a different Si atom and each of these hydrogenated Si atoms
relative stabilities by the semiempirical and nonempirical are tetrahedrally coordinated with 3 additional neighboring Si
calculations each structure in the figures is labeled by c atoms. The 3 most stable AML1 structures a-10, b-8(9), and c-7(8)
where c is an alphabetical character ordering the AM1 structuresdiffer in energy by less than 0.5 kcal/mol. Structures a-10,
by decreasing binding energy and X is a number indicating the b-8(9), and c-7(8) are the only structures we find that contain
relative binding energy as calculated by the B3LYP functional. two Si atoms which are only doubly coordinated. The MP2 and
Generally we found the binding energy order calculated by MP2 B3LYP calculations show these structures to be the least stable
follows the B3LYP ordering, but in the cases where they do of those shown in Figure 2. The Si parameters used by the AM1
differ we add the MP2 order in parentheses to th&structure method were obtained from a set compounds where the Si atom
label. Thus structure d-9(7) of SH,4 in Figure 2 is the fourth is generally coordinated by four other atofAsand the AM1
AM1, ninth B3LYP, and seventh MP2 lowest energy structure. parameters most likely are not optimally designed to reliably
The figures show the B3LYP optimized geometries obtained treat low coordinate Si atoms. The present calculations suggest
by starting with coordinates from the AM1 optimized structure that AM1 overestimates the stability of a biradical localized on
produced by the GA. Despite the problems with the relative on the 2 coordinate Si atoms. Figure 1 shows the AM1, B3LYP,
energy ordering, the geometries obtained with the AM1, MP2 and MP2 methods produce the same basic optimized a-10
and B3LYP for a particular structure all exhibit the same general geometry, even though B3LYP and MP2 compute a-10 to be
features. To illustrate the degree of typical similarity we show 56.2 and 82.3 kcal/mol, respectively, higher in energy than the
in Figure 1 AM1, MP2, and B3LYP structures obtained for the e-1 structure. Structure e-1 is the most stable structure calculated
a-10 SigH4, f-1 SijoHs, and d-11 SigHyo clusters. It is worth by B3LYP and MP2. Energetically structures €34 differ by
noting that the lines connecting pairs of Si atoms are drawn by 3.4 kcal/mol in the AM1 calculations, while the B3LYP and
the graphics program only when the two atoms are within 2.45 MP2 calculations produce differences of 24.6 and 28.6 kcal/

b-8(% c-7(8)
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SiioH12. There are now enough H atoms in thegHi, clusters
mol, respectively. Geometrically structures e-1 and j-4 have a shown in Figure 4 to ensure all of the Si atoms are four
similar Sip skeleton made up of 5 Siings but with different coordinate. Figure 4 also shows all of the structures to have
H atom arrangements. A second type ofipSiramework five rings of Si atoms: this number of rings must be formed if
containing one Siring is found for the i-2, g-3, f-5, and h-6  each of the Si atoms is four coordinate and no multiple i
structures. Presumably thesSing is more strained than the  bonds are formed. Typically eight of the Si atoms bind with a
larger rings causing the i-2 structure to be 4.0 (B3LYP) and single H atom and the two remaining Si atoms form SiH
3.8 (MP2) kcal/mol less stable than e-1. The three-memberedalthough in the higher energy structures g-8(9) and e-9(8) a SiH
rings in i-2 and g-3 have one of the Si atoms H passivated, group is formed and one Si atom is tetrahedrally coordinated
whereas f-5 and h-6 have two of the Si atoms H passivated by 4 other Si atoms. Presumably because the Si coordination is
further enhancing the $ring strain. Even though j-4 does not  now complete the low energy structures obtained by AM1 match
contain any three-membered Si rings, it maybe less stable thanbetter with the B3LYP and MP2 energy ordering. The two
e-1 because two of the three coordinate Si atoms bind to threelowest energy structures b-1 and a-2 appear to have a Si
H-passivated Si atoms thereby producing 2 isolated dangling framework quite different to those previously found for the
bonds; in all the other structures every three-coordinate Si atomSiygH, and SigHs clusters and they differ in energy by 2.7, 1.3
is adjacent to at least another three-coordinate Si atom. and 0.7 kcal/mol at the AM1, MP2 and B3LYP levels,

SiioHs. Figure 3 shows the 10 most stable structures obtained respectively. The next structure c-3(4) is 1.4 (AM1), 7.4
for the SigHs cluster using the AM1 energy and the GA. The (B3LYP), and 10.2 (MP2) kcal/mol above the second lowest
four extra H atoms continue to complete the tetrahedral energy structures and has a Si skeleton easily derived by adding
coordination favored by Si and in a number of structures the Si H atoms to structures c-2 or d-3 found fongbls. Structure
skeleton from SigH,4 is retained. For example, structures b-6, d-4(3) is only 2.5 (AM1), 0.8 (B3LYP) and-0.03 kcal/mol
c-2, and d-3(4) in Figure 3 have the samegy$iamework as (MP2) above c-3(4) and corresponds to an opening of the Si
for e-1 of SigHa, while the SjgHs structures f-1, a-4(3), h-5,  ring of the SigHg f-1 structure. New Sp skeletons are also
g-7, and e-8 have the same Si skeleton found fegtRii-2 found for the f-5, h-6 and i-7 structures. Structures e-9(8) and
structure. In all of the $§Hg structures, Si only binds to one H  g-8(9) have the same Sramework but place the Sigroup
atom and Figure 3 suggests the two remaining unpassivated Sat different positions and have their largest energy difference
atoms are always 3 coordinate. The AM1 energy variation for of 0.8 kcal/mol at the AM1 level. We also find the numbers of
the different SjoHg structures is much larger than found for smaller three- and four-member Si rings in Figure 4 are less
Si;oH4 and ranges over 8.6 kcal/mol for structures a-4(3) to f-1. than those of in the less H-passivated Si clusters suggesting
At the B3LYP and MP2 levels we find f-1 to be the most stable there is now less strain on the;Sframework.
structure. We think this structure is favored because the two SijgH16. In Figure 5 we show the 20 §Hie structures
unpassivated Si atoms can get within 2.7 A of each other along corresponding to the 20 lowest AM1 optimized energies we
the four membered ring diagonal and form a weakSiibond. obtain with the GA. Since the j-1 structure had the lowest
A comparison of the AM1, B3LYP and MP2 structures for f-1 B3LYP and MP2 energy among the first 10 AM1 structures
are given in Figure 1. The bond lengths predicted by the B3LYP we display 10 additional structures so as to ensure that other
and MP2 methods are very similar with a deviation of less than low energy structures, such as m-2(4), are not overlooked. The
0.02 A, while the AM1 distances are within 0.1 A of the ab H atoms in the SiH1s clusters continue to aid forming four
initio values. A comparison of the f-1 structure with theSi coordinate Si atoms. Consistent with the formation of 4 new
a-10 structure shows the-Ssi bond lengths of $iHs are longer Si—H bond, each of the Si frameworks in Figure 5, apart from
due to more H passivation, and they are closer to the c-19 and I-20, now contain only three rings of Si atoms and as
experimental 2.3517 A SiSi distance in a diamond lattice a consequence the Si framework is substantially different to
structure®® F-1 is 2.5 (B3LYP) and 5.3 (MP2) kcal/mol more that found in SjgHi,. Unfortunately, the AM1 energy values
stable than c-2, and both structures have the 2 unpassivated Séxhibit a much narrower range of energy variation, all of the
diagonally opposite each other in a four membered ring. structures in Figure 5 are within 5.8 kcal/mol of each other.
However, in contrast to what was found forébls, f-1 appears The structure with lowest B3LYP and MP2 energy, j-1, is
to be stabilized by a three membered ring of Biatoms relative particularly interesting because the Si framework adopts a
to c-2. The next higher energy structures a-4(3) and d-3(4) diamond lattice-like arrangement suggesting the H-passivated
resemble f-1 and c-2, respectively, but with the unpassivated Si clusters do prefer a diamond like structure for the Si atoms.
Si atoms at different locations. The MP2 energy favors the three- Structures m-2(4), b-3(2), and a-4(3) are 5.1, 5.5, and 5.7 kcal/
member ring and has a-4(3) 1.6 kcal/mol more stable than d-3(4)mol at the B3LYP level and 4.5, 2.8, and 3.2 kcal/mol at the
whereas B3LYP gives 2.6 kcal/mol for the reverse stability. MP2 level less stable than the j-1 structure. It is also interesting
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Figure 5. Twenty lowest AM1 energy structures for;&ie.

g-13 t-16
that the GA manages to find two enantiomers, clusters d and e
which are mirror images of each other.

Figure 5 also contains two structures with 4 rings of Si atoms, isomers of a tetrasilyl cyclopentasilane. It is difficult to
¢-19 and 1-20, which corresponds to a separatgHsi cluster determine which isomer is the most stable since the 4 structures
and H molecule. Thus, the GA is giving the first indication  are within 0.8 (B3LYP) and 0.5 (MP2) kcal/mol of each other.
that the Sjo framework is starting to become saturated when The next 12 higher nonempirical energies correspond to
there are 16 H atoms. Energetically c-19 is computed to be 24.6structures containing a $H1g cluster and one Hmolecule. At
(B3LYP) and 15.8 kcal/mol (MP2) less stable than the most the B3LYP level structures f-5(7) and t-16 range from 9.3 to
stable B3LYP structure j-1. The binding energy expression given 15.2 kcal/mol above the i-1(4) lowest energy structure, while
by eq 1 effectively becomes for the c-19 and I-20 structures  at the MP2 level d-10(5) through t-16 are only 59.7 kcal/

'Figure 6. Twenty lowest AM1 energy structures for;&io.

BE = Eg; 4, + En, — 10Eg — 16E, @)

Equation 4 suggests that if:gil14 was the preferred passivation
product over SiiHie at 0 K, then the magnitude of the BE for

mol above the n-4(1) structure. For comparison, the AM1 energy

varies only 5.3 kcal/mol for all 20 structures. Figure 1 shows

the geometry calculated by AM1, B3LYP and MP2 for the d-10-
(5) structure in more detail and again confirms the B3LYP and
MP2 methods predict very similar geometries, while AM1

¢-19 should be larger than for the j-1 structure. That is, our GA exhibits larger geometric differences but preserves the main

strategy automatically identifies whether a lowefo8j,, m <
16, passivated cluster is a more stable structure. Th#lQi

structural features. From the B3LYP and MP2 energies we can
conclude that SpH2o is the more stable passivated structure at

cluster shown in Figure 5 for c-19 should represent the lowest 0 K. At 298 K we estimate via AM1 frequency calculations an

energy structure possible for;&i;4, although since c-19 and

entropic contribution favoring Hoss when the $iHisand H

[-20 have the highest B3LYP and MP2 energies in the 20 energies are within 11 kcal/mol of they&i,o electronic energy.

structures shown we may not be sampling enough of thelGi
low energy structures to correctly identify the most stablgHzj

Thus we anticipate a relatively low temperature should cause
SijgH20 to lose B and produce $iHis.

cluster. At higher temperatures, the larger combined entropy The four remaining structures g-17(18), a-18(17), e-19 and

of SiigH14 and H should eventually favor their formation. An

k-20 in Figure 6 consist of a §Hie cluster and two Kl

estimate for the entropic contribution can be obtained from molecules. The energetic cost @ K of forming these two

scaled AM1 frequency calculatioRIn general, we do not find

hydrogen molecules ranges from 22.2 to 26.7 kcal/mol for

the preferred passivation product to be significantly altered when B3LYP and 13.2 to 16.5 kcal/mol for MP2 and we can again

we include AML1 zero point energy corrections in eq 4. However,
at 298 K we estimate from the vibrational calculations that
SiioH14 and H will only be preferred when their total BE is
less than 6 kcal/mol above the i BE. Since both the
B3LYP and MP2 calculations give a BE for c-19 considerably
larger that 6 kcal/mol than the j-1 structure we concludet&i
has the preferred passivation.

SizoH20. Figure 6 shows the 20 lowest AM1 structures found
for SijgH20. At the B3LYP and MP2 levels the 4 most stable
SiioH20 structures given in Figure 6 correspond to different

conclude that the passivation in &1 is less favored relative

to SihoHzo. Interestingly, following the same relative AM1
binding energy ordering, the SiH1¢ structures in a-18(17) and
g-17(18) in Figure 6 match with the structures e-14(9) and g-11-
(16), respectively, shown in Figure 5. However, theo3ies
clusters shown in the e-19 and k-20 structures in Figure 6 do
not match with any of the structures shown in Figure 5. This
result demonstrates that the GA in its search for a global
minimum does not exhaustively find all of the other low energy
structures possible for a particular cluster type. Entropic
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structures in each generation. After generation 70 only small
energy changes occur for lowest and highest energy structures
and we take the GA to be converged when the lowest energy
structure does not change over the neXtgenerations, where
N is the total number of atoms in the cluster. The average
number of generations needed to reach convergence for the
‘ SitoHm, m= 4, 8, 12, 16, 20, clusters was 8319, 93+ 18,
-1860 . ‘ ‘ 93+ 9, 136+ 22, and 15526, respectively. Since we take
0 50 100 150 the population of a generation &k the average total number
Generation Number of AM1 geometry optimizations performed was 1162259,
Figure 7. GA evolution for SigH1s. The graph shows how the cluster E680i 316, 2039+ 197, 3527+ ,578' anq 4650 769, form
binding energy of the lowest (dark line) and highest (light line) energy — 4. 8, 12, 16, and 20. Thus, with our implementation of the
individual in each population varies with generation number. GA, the number of structures evaluated approximately grows
only as~QO(N?), although this growth still requires the energy
contributions at 298 K, estimated via AM1 frequency calcula- eyaluation in the GA to be computed rapidly with some simple
tions stabilize the $iHis formation by about 20 kcal/mol  fynction such as provided by the AM1 semiempirical method.
relative to SjoHzo suggesting that giHie is the preferred  The present work shows that the semiempirical AM1 method
passivation of the $j cluster at higher temperatures. to be useful for ranking energetically the different structures
SiigHm Structure Evolution. To summarize, the giframe-  generated by the GA. Unfortunately, the close spacing of the
work changes from compact cages when only partially passi- (51| AM1 energies for different structures requires that B3LYP
vated by H atoms to more open structures wher 12, 16, or MP2 geometry optimizations are also performed to more
and 20 with all the Si atoms becoming four coordinate. ,ccyrately rank the final structures obtained by the GA. Indeed,
Substantial changes in they&ramework occur between g1, one potential drawback to present approach is that the GA
and SidHis because of the Si ring opening which must take gearches for the structure with lowest AM1 energy, while the
place if the structures are to accept additional H atoms. Miyazaki more physically correct structure might have significantly higher
et al. .fo_und a sm_mlar evolution of compact to open structures zpjq energy and might not be detected when the higher level
in their investigation of $H, clusters with O< m < 1415 Our B3LYP and MP2 calculations are performed. Nonetheless, the
GA results also suggest that @ K the Sio framework to be A appears to be doing a good job of providing a relatively
fully passivated with 16 H atoms, although we do find that g5 set of low energy candidate structures for further energy
S'1°H2°, can form tetr.asnyll cyclopentasnang ISOMErs. The analysis by MP2 or B3LYP calculations. Our experience so far
formaﬂqn of these $¢’H?° ISOMErs IS con5|stent' with ,the suggests this set from the GA contains structures which can
Miyazaki et al. results which f_|nd . PO”Tp'ete fa“?"y OB give rise to the MP2 or the B3LYP global minimum. Obviously
clusters to be stable. Ent_rop|c contributions at h|gher eMPer- this claim can only be disproved if another optimization method
atures appear to favor i1 as the preferred passivation of produced even lower energy structures. The inability to directly
the S clusters. Unfortunately, the large number of energy perform B3LYP or MP2 calculations in the GA is most clearly
evaluations needed by the GA means that it is only practical to demonstrated by noting that the actual B3LYP and MP2

es“m.atf. the elntrc;tplc .ztati'.l'z.at'on of .gllfferlng d%mtountts Otf H calculations on the 10 or 20 lowest AM1 energy structures found
passivation only after identifying possible candidate structures by the GA utilized more computer time than all of the AM1

at 0 K. calculations performed in a GA run. Apart from when structures

f rEtfrf]ng\./el_r']eST Oi t?e(j(%t—:r::ert]lct;ﬂxltgotrrl]thné;hte %bove re?ulltts | are close in energy, we find the B3LYP and MP2 methods both
or the Storim clusters demonstrate the 0 be a usetul too give very similar cluster geometries and rankings suggesting

for Ipcatlng severa! of thelloyv Energy 1Somers possible for a that we could just use one of the methods for an accurate
particular cluster without biasing the calculations toward some -

. . .~ structure analysis.
preconceived notion of what the most stable structure might ) .
be. The GA serves to dramatically reduce the number of energy | "€ ~O(N?) growth of the number of functions evaluated
function evaluations while randomly evaluating many of the Ccoupled with the increased computational demands of AM1
more stable isomers of a cluster. To test the consistency of Our.calcula'uon::, on larger clusters requires that other tricks be used
GA algorithm, we performed two additional GA runs on each " the GA searc_h for the global structure of Iarger cIl_Jsters.
specific SiH, cluster using different randomly chosen starting Below we describe the results of the GA applied t@/34o.
structures. We found all three GA runs to give the same lowest The best and safest scheme we have found so far for improved
energy structures for the S clusters, withm = 4, 8, 12, performance is to reduce t_)oth the SCF density convergence
16, while for the SigHz0 and SisHzo slightly different lowest thre_shold to 10% au and g_ragller_]t convergence thr(_eshold to310
energy structures were produced but all with 3 kcal/mol of each @ in the geometry optimization when generating the initial
other. In Figure 7 we show the search evolution in one of our Population of SisHzo structures. We find this significantly
typical GA runs on the S$iHss cluster, we find similar evolution shorter)s t.h.e total CPU time \(wthou_t sacrificing the gen.erallty
patterns for all the other Si cluster described in this paper. The @nd reliability of the GA. The final $iHo structures described
dark line gives the binding energy for the.@l:s structure with below were produced from 278 generations consisting of 34
lowest energy, the lighter line gives the binding energy for the Structures. We are presently investigating other strategies for
structure with highest energy in the population, the 26-th more efficient application of the GA to larger passivated Si
structure. In the first 25 generations, the binding energy of the clusters.
most stable structure drops rapidly +61846.2 kcal/mol and SizaH20. An important consideration in the study of nano-
then is only slowly lowered in energy during the remaining materials is what size particle will cause the bulk like structure
generations. The energy of the 26th structure in the population and electronic properties to be manifested. Silicon in passivated
decreases much more slowly, and this is a consequence of theSiHy clusters can in principle readily form a diamond like
mating and mutation process continuing to form unstable lattice. For example, Figure 8 shows the optimized geometry
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is not among the structures obtained by the GA in Figure 9.
The GA structure with the lowest B3LYP and MP2 energies is
s-1 and this structure is 5.4 (B3LYP) and 2.6 (MP2) kcal/mol
above the diamond like structure in Figure 9. Remarkably
structure s-1 is very similar to the diamond structure apart from
a five, instead of a six, member Si ring being formed and the
addition of SiH; to the five-membered ring. Structures j-2 and
h-3 exhibit much larger structural differences from the diamond
structure but they both differ by less than 0.7 kcal/mol from
the s-1 MP2 and B3LYP energies. Thus our calculations show
Figure 8. The SisH2o cluster where the Si framework has a diamond that the GA is not able to guarantee finding the global minimum
lattice-like structure. structure evaluated with a B3LYP or MP2 energy. Nonetheless,
it is reassuring that none of the structures in Figure 9 have
B3LYP or MP2 energies lower than the corresponding energy
found for the diamond structure shown in Figure 8. The GA
may in fact be finding the global minimum relative to the AM1
energy, and the reason we are not finding the nonempirical
global minimum structure is that we may not be including
enough low energy individuals in the GA before satisfying the
convergence criterion. Finally, since we are not finding any
B3LYP or MP2 energies below the diamond like structure the
present results are consistent with the diamond like structure
shown in Figure 8 as most likely being the global minimum at
the B3LYP and MP2 levels. These relative B3LYP and MP2
energies support the idea that the most stable structure of small
H passivated Si clusters is the one where the Si framework
adopts a diamond lattice-like structure.

Conclusion

We have developed a genetic algorithm (GA) using optimized
AM1 semiempirical energies to find the lowest energy structures
of SiiHy binary clusters. Coupling the GA with the AM1 energy
makes the procedure flexible enough to treat different levels of

p-7(10) q-13(14) r-10(15) s-1 -4(6) H passivation for the Si framework in the cluster. The AM1
Figure 9. Twenty lowest AM1 energy structures for:$io. calculations are inexpensive to perform and, despite being
parametrized largely using compounds consisting of four
obtained at the AM1, MP2 and B3LYP levels for the S coordinate Si atoms, provide a reasonable starting guess for the

cluster, where the Si atoms were given an initial geometry with partially and fully H-passivated Si clusters. However, quite
a diamond lattice-like arrangement. The average nearest-different energy rankings are obtained with the presumably more
neighbor Si-Si distance at 2.374 0.009 (AM1), 2.324+ 0.003 physically realistic ab initio calculations. We have found that
(B3LYP), and 2.312+ 0.001 A (MP2) are reasonably close to €ither B3LYP or MP2 calculations, starting from the optimized
the experimental 2.3517 A distance in bulk38and all of the AM1 coordinates, can be used to produce very similar structure
Si atoms are tetrahedrally coordinated. However, the final rankings.
structure obtained in an energy gradient based geometry We have applied the GA to the series of clustergti with
optimization is dependent on the initial atom coordinates, and m= 4, 8, 12, 16 and 20. With increasing numbers of H atoms
the final structure obtained is usually the local minimum closest the low energy structures evolve from compagb 8ages with
to the starting geometry. If there was anotheut$io structure some of the Si atoms not fully coordinated to more open
at lower energy, a standard gradient based geometry optimizatiorstructures with all of the Si atoms tetrahedrally coordinated.
would not find it unless an appropriate starting geometry was To accommodate more H atoms when all the Si atoms are four
given. The GA, on the other hand, does not have a single startingcoordinate requires Si ring openings and substantial changes in
geometry nor is it bound to a particular valley on the potential the Si framework to take place. At the B3LYP and MP2 levels
energy hypersurface. The GA, in principle, should find the we find the global minimum structure for g6 to have a Si
structure corresponding to a true global minimum. framework with a diamond lattice-like structure. We also find
Thus as a final test of the GA, using the AM1 energy function, evidence that $j is essentially completely passivated with 16
we have attempted to determine whether the diamond like Si H atoms, although the GA also indicates that different tetrasilyl
structure shown in Figure 8 is the most stable structure for cyclopentasilane isomers can be formed byot&ip at low
SiisHz0. We use the refined method outlined in the previous temperature.
subsection. The resulting 20 lowest AM1 energy structures we  As a further test for how big a &y cluster is needed to
obtain for SisHzo from the GA are shown in Figure 9. The GA  produce a bulk like Si lattice we also applied a refined GA,
is clearly successful as it finds 20 structures all with AM1 with reduced AM1 SCF and optimization tolerances for the
energies less than that obtained for the diamond structure ininitial generation, to the $jHyo cluster. In separate AM1,
Figure 8. Similar to our results for theigil, clusters, we get B3LYP and MP2 calculations we determined the optimized
different AM1, B3LYP, and MP2 energy rankings for the geometry and energy for the,3,o cluster arranged to have a
structures. Unfortunately, the Figure 8 diamond like structure diamond lattice-like structure. The GA found 20 AM1 structures
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all with energies lower than and different from the possible  (16) Meleshko, V.; Morokov, Y.; Schweigert, Chem. Phys. Letl.999
SiraHzo diamond lattice-like structure. However, the energies 399 1188- N Giehick. S, Lohem. P 068 307 52
of the B3LYP and MP2 optimized geometries obtained by  (17) Swihart, M. T, Girshick, S. LChem. Phys. Let1999 307, 527.
. . (18) Niesse, J. A.; Mayne, H. R. Chem. Phys1996 105 4700.
starting from the AM1 structures were all above the respective : . )
. . . (19) Luo, Y. H.; Zhao, J.; Qiu, S.; Wang, ®hys. Re. B 1999 59,
B3LYP or MP2 energies computed for the diamond lattice 14903
structure. Thus the present calculations are consistent with a (20) Iwamatsu, M. JChem. Phys200Q 112, 10976.
relatively small SjHy cluster forming a diamond lattice-like (21) Rata, I.; Shvartsburg, A. A.; Horoi, M.; Frauenheim, T.; Siu, K.

structure as the global minimum at the B3LYP and MP2 energy W- M.; Jackson, K. APhys. Re. Lett. 200Q 85, 546.
levels. (22) Deaven, D. M.; Ho, K. MPhys. Re. Lett. 1995 75, 288.
(23) Judson, R. S.; Colvin, M. E.; Meza, J. C.; Huffer, A.; Gutierrez,

D. Intl. J. of. Quantum Cheni992 44, 277.
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