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Effect of hydrogen on ground-state structures of small silicon clusters
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We present results for ground-state structures of smgll $2<n=<10) clusters using the Car-Parrinello
molecular dynamics. In particular, we focus on how the addition of a hydrogen atom affects the ground-state
geometry, total energy, and the first excited electronic level gap of, @l@ster. We discuss the nature of
bonding of hydrogen in these clusters. We find that hydrogen bonds with two silicon atoms onji jrSgH
and SiH clusters, while in other clustefse., SiH, SigH, Si;H, SigH, SigH, and SjH) hydrogen is bonded
to only one silicon atom. Also in the case of a compact and closed silicon cluster hydrogen bonds to the cluster
from outside. We find that the first excited electronic level gap pfaBd SjH fluctuates as a function of size
and this may provide a first-principles basis for the short-range potential fluctuations in hydrogenated amor-
phous silicon. Our results show that the addition of a single hydrogen atom can cause large changes in the
electronic structure of a silicon cluster, though the geometry is not much affected. Our calculation of the
lowest-energy fragmentation products of t$iclusters shows that hydrogen is easily removed frogHSi
clusters.
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I. INTRODUCTION (HOMO-LUMO) gaps were not simply related to the size of
the clusters and the localization of electronic states near the
During the last decade clusters have attracted a lot ofjaps was not necessarily silicon like, even though the clus-
attention because of their interesting and novel propettiesters are crystal fragments of silicon passivated by hydrogen.
Of particular interest are the binary clusters of hydrogen andQuantum chemical calculations of 8, clusters were car-
silicon which are thought to be present in hydrogenatedied out by Meleshkeet al!® for n=6-16 andm ranging
amorphous silicond-Si:H), porous silicon, and silicon sur- from 2 to 20. They found that each H atom was bonded with
faces. In addition to the fundamental interest, their study mapnly one silicon atom and localized outside the silicon skel-
throw some light on complex phenomena occurring in thes@ton and that the packing density in the skeleton decreased
systems. Hydrogen plays an important role in these systengs the hydrogen content of the cluster increased. Miyazaki
in phenomena like photoluminescence of porous silicon, poet al*® performed density functional calculations for small
tential fluctuations, and the Staebler-Wronski effect in hydro-hydrogenated silicon clusters of ¢8i, (0<x=<14) and
genated amorphous silicoa-Si:H).~*®To understand these showed that for the sequence;l$j_,+ H,— SigH,, the at-
phenomena it is important to study how the addition of hy-tachment of H occurred not at the site of silicon having dan-
drogen affects the local electronic structure and geometry igling bonds but at the site where the LUMO o8 has a
these systents® Since these systems are very difficult to large amplitude fox=2 and 6. According to this calcula-
handle computationally, some understanding in this regartion, the bonding interaction ofslorbitals of hydrogen at-
can be gained by simpler calculations on small hydrogenatedms with the LUMO of SiH,_, should be the major cause
silicon clusters. With this motivation, we have carried out aof stabilization of the clusters. Their explanation makes it
detailed study of ground-state structures and electronic proglear that hydrogen does not simply attach with silicon to
erties of small S§H clusters (2n=<10) using the Car- saturate the dangling bonds, but it interacts at electronic
Parrinello molecular dynamic6€CPMD), focusing particu- level.
larly on the effects caused by hydrogen. In our study we have Swihart and GirshicK usedab initio molecular orbital
investigated thél) ground-state geometries of,Gi clusters, calculations to investigate structure and energetics of se-
(2) effect of hydrogen on the geometry of a silicon cluster,lected hydrogenated silicon clusters containing six to ten sili-
(3) stability of a silicon cluster due to the addition of hydro- con atoms. The clusters investigated were those that played
gen, (4) first excited electronic level gaps of i and Sj,  the most important role in particle nucleatfoin silane dur-
clusters,(5) bonding nature and position of hydrogen in sili- ing chemical vapor deposition. Shvartsbetgal 22 modeled
con clusters, and6) lowest-energy fragmentation products the dissociation of neutral and positively chargeg@usters
of Si,H and Sj, clusters. in the n<26 range. They used dissociation energies to test
Several calculations have been done for many silicon hythe results of global optimization and fragmentation products
drogen clusters by using various techniques. Using the Caof the clusters. Recently, nonorthogonal tight-binding mo-
Parrinello method, Onida and Andrebhstudied the ground- lecular dynamic§NTBMD) with simulated annealing opti-
state geometry and electronic structure of hydrogemmization method was used to calculate ground-state geom-
passivated crystalline fragments of silicon such adH§g, etries of small $H cluster® (2<n<10) and SjH,, (n
SigH1g, SigHg, SiygH1s, and SigH,,. They found that Si-Si =1,2 andm=2-6) clusteré*?® Using the nonorthogonal
bond lengths were insensitive to size effects, but electronitight-binding method, genetic algorithm optimizations were
properties were strongly affected. They also found thatarried out for SjH,, clusters 6=1,2 andm=2-6)262
highest-occupied and lowest-unoccupied molecular orbitaExperimental studies have been carried out for hydrogenated
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silicon clusters using a quadrupole ion #aphere SiH, " check the upper limit of temperature, some of the clusters
(n=2-10 andx=0-20) were grown from silane gas. From were heated up to 1500 and 2000 K and it was found that the
the mass spectra of these clusters, it was shown how tH@&sulting ground-state structures were the same. The desired
stability of a silicon cluster is affected by hydrogenation. ~temperature was achieved by rescaling atomic velocities and
Our CPMD calculations show that hydrogen does notthe atoms were moved according to the velocity Verlet
cause any drastic change in the geometry of the host silicoflgorithn?® with a time step of 5 a.u. The fictitious mass of
cluster although there is some distortion to the structure. Téhe electron was taken to be 200 a.u. All calculations were
see clearly how the addition of a hydrogen atom affects th@erformed with more than one initial condition. The initial
structure, stability, and electronic properties of the host silistructures for MD calculations were chosen without any pre-
con cluster, we have also done a number of calculations forssumption about the ground-state geometry of the cluster.
host silicon clusters. We have discussed two kinds of stabiliThe starting atomic configurations were chosen arbitrarily
ties: one is geometrical stability and the other is electronicwith a constraint that atoms were neither very far away from
To examine the geometrical stability of a,8luste?®%2we  each other nor too closé:**As mentioned above these clus-
have calculated the difference between the total energy ders were then heated to high temperatures and then equilib-
modified Sj, geometry which is obtained by the removal of fiated for a very long time. At this stage we find that the
hydrogen from a $H cluster and ground-state energy of a geometry of the hot cluster does not have any resemblance to
Sin Cluster_ Th|S energy diﬁerence gives information aboutthe initial structure. At least two such CPMD calculations
the modification of the host silicon geometry due to the adwere performed for each cluster. For some clusters we have
dition of hydrogen. To examine the electronic stability of done a CPMD calculation with three gBi) and four (SiH)
Si,H clusters we have calculated the first excited electroni$tarting atomic configurations and found that the final struc-
level gap for SiH clusters. Comparison of the first excited tures are the same. Furthermore, we performed the CPMD
electronic level gaps of Siclusters and SH clusters shows With steepest descent optimizations on the NTBMD struc-
that hydrogen, in general, brings electronic stability to sili- tUres and found that the resulting geometries either converge

con clusters. We have also calculated the lowest-energy frad® our structures or get stuck in some local minima. The
mentation products of Siand SiH clusters. ground-state structures of .S{2<n=10) clusters obtained

The plan of the paper is as follows. In Sec. Il we give by us using the CPMD are similar to that obtained by previ-
computational details of the present work. In Sec. IIl theOUS calculationd?*°Also our result for the bond length of
ground-state geometries are presented and discussed in dae SiH clustef1.583 A is close to the earlier CPMD restilt
tail. In Sec. IV we discuss the stability, cohesive energies?nd other calculation. This shows that our calculational
total energy differences between clusters, the first excite@rocedure is able to give correct structures.
electronic level gaps, and the lowest-energy fragmentation The first excited electronic level gag (., — €) of a clus-

products of SiH and Sj, clusters. Finally we summarize our t€r is calculated by transferring a small charge from its
results in Sec. V. ground-state configuration to its first excited state and is

given byt
II. COMPUTATIONAL DETAILS €Eit1— €= SE/ aq,

We have used the Car-Parrinello molecular dyna®its  wheresE is the difference between the total energy widen
with simulated annealing optimization technique to find theamount of charge is transferred to the first excited state and
ground-state structures of Sand SjH clusters. The CPMD total energy of the ground state.
method combines the density functional formalism with the
molecular dynamics simulation. This scheme allows us to IIl. GROUND-STATE STRUCTURES
describe the dynamics of ions under the action of forces cal-
culated by the Hellman-Feynman theorem. The pseudopoten- In this section we discuss in detail the ground-state geom-
tials for silicon and hydrogen have been generated using thetries of SiH clusters obtained by the CPM(Ref. 33 with
Bachelet-Hamann-Schier techniqué® The local density simulated annealing and steepest descent optimizations. By
approximation(LDA) of density functional theory has been comparing our ground-state geometry of theHsicluster
used with the Ceperley-Ald& exchange-correlation energy with the Sj, cluster, we have investigated the effect of hy-
functional parametrized by Perdew and Zurer. drogen on the geometry of the host silicon cluster. Further-

The wave functions were expanded in a plane-wave basigiore, we have compared our ground-state geometries of
with 12 Ry energy cutoff and thk=0 point was used for Si,H clusters with earlier calculated geometries qffSiRef.
Brillouin zone sampling. During the simulation, the volume 42) and SjNa (Ref. 43 clusters. We have also made a de-
of the system was kept constant and to avoid interactiotailed comparison of our work with earlier NTBMERef.
between the clusters a big fcc supercell with side length o23) work. It agrees with our geometries of,8i, SikH, Si;H,

35 a.u. was used. To perform simulated annealing, the systeand SiH but the remaining geometries are different from
was taken to high temperaturé200 K in steps of 300 K  our geometries, particularly the position and bonding of hy-
equilibriated for a long timgabout 16 000 stepsand then drogen. In the NTBMD(Ref. 23 results, hydrogen was
slowly cooled down(in the steps of 50 Kto 300 K. Below found to be bonded with more than one silicon in most of the
this temperature the steepest descent optimization was fourausters but in the present case we find this only foHSI

to be more efficient to obtain the ground-state geometry. T&i;H, and SiH clusters. We find that our structures have
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lower energies than those of the NTBMD structures. The

nature of bonding has been investigated by performing 1
charge density calculations. In the following we discuss our 2)
results for each cluster.

A. SiH ()

The ground-state geometry of the,Sicluster is shown in
Fig. 1(a). Two silicon atoms and hydrogen form a triangular
structure. Note that the two silicon atoms are bonded to each
other not only via Si-Si bond but also via Si-H-Si bridge type
bond. The lowest-energy structure of,Si(Ref. 42 and A
SibNa (Ref. 43 are similar to the structure of &i. In the 9"9
Si,H cluster, the Si-Si bond length is 2.131 A and hydrogen O
is equidistant from both silicon atoms with bond length of
1.724 A which is larger than its value of 1.583 A in the Si-H (©)
dimer. The Si-Si bond length in the & cluster is smaller
than the Si dimer bond length of 2.184 A. This implies that
hydrogen pulls both silicon atoms closer and increases bond-

ing between them. Thus, the additional bonding between sili-
con atoms is due to the Si-H-Si bridge bond which is attrac-
tive in nature. Such bridge type bonds are thought to be
present ina:Si-H and play an important role in explaining

the Staebler-Wronski effeét1244

It is interesting to note that hydrogen is bonded with both
silicon atoms although its valence is 1. This is seen clearly
from the valence charge density plotted in Fig. 2, which (€) ()
shows the existence of bonds between hydrogen and the two
silicon atoms. Such overcoordination of hydrogen has also
been observed recently in the SiC systEiwe also see from
this figure that the electrons are more localized near the hy-
drogen atom. This is expected since hydrogen is more elec-
tronegative than silicoff Thus there is a small charge trans-
fer from silicon atoms to hydrogefi.As a result, the Si-H
bond is neither purely covalent nor ionic but is polar
covalent® (8 (h)

B. SikH

The ground-state geometry of;8l is shown in Fig. 1b).
This is a planar structure with twofold symmetry and has
some resemblance with the,Siluster’® Hydrogen in this
cluster is bonded with two silicon atom{@ and 2 and is
equidistant from both atoms with bond lengths of 1.715 A.
Silicon atom No. 3 is also equidistant from silicon atoms 1
and 2. The bond length between silicon atoms 1 and 2 is 6 G)

2.377 A which is more than the Si-Si bond length ipHBi

This indicates that bonding between 1 and 2 silicon atoms is |G, 1. Ground state geometry @) Si,H, (b) SisH, (c) Si,H.
weaker than the Si-Si bond |n2$‘| because of the presence (d) Higher-energy geometry of $il. Ground-state geometry ¢)

of another silicon atom. Comparing this with,Bistructure,  SiH, (f) SigH, (g) Si;H, (h) SigH, (i) SigH, and(j) SijH clusters.

we note that the additional silicon takes diagonal positionSilicon atoms are numbered and the hydrogen atom is shown by a
opposite to hydrogen. We see that although hydrogen doesnall dark circle. A thick line between two atoms indicates a bond
not modify the Sj geometry much, it does modify the bond between the atoms.

lengths. Particularly, the bond length between silicon atoms 1 _

and 2 in SjH is smaller than bond length of 2.613 A in the C. SiH

Sis cluster. Thus, as in @, hydrogen pulls silicon atoms 1 The ground-state geometry of the cluster is shown in Fig.
and 2 closer, which can be attributed to the Si-H-Si bridgel(c). Four silicon atoms form a flat rhombus and the hydro-
bond. We note that the lowest-energy structure ofN&i gen atom is above the plane and bonded with one of the
(Ref. 43 is similar to the present structure, but for thgFSi  silicon atoms. The same structure was shown as the lowest-
cluster the ground-state geometry is differént. energy geometry of the JF cluster’?> The lowest-energy
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etries for the SjNa (Ref. 43 cluster are similar to our low-
energy geometries for $i and the lowest-energy structure
is also the same.

E. SigH

The ground-state geometry ofg8li is shown in Fig. ).
In this structure, four silicon atoms numbered 1, 2, 3, and 5
form a distorted plane and the remaining two atoms num-
bered 4 and 6 are above the plane. The hydrogen atom is
bonded to silicon No. 4 from outside the cluster. Comparing

FIG. 2. Valence charge density of,8i cluster in arbitrary units  this with the ground-state geometry of theg Sref. 30 clus-
plotted in the plane of the cluster. Constant charge density contourt€r, we note that although the plane formed by four silicon
are also shown. Approximate positions of Si and H atoms are indiatoms is same as in the gStluster, the other two silicon
cated by arrows. positions are different; i.e., in the S{Ref. 30 cluster one

silicon atom is above and another is below thg@ane, but

structure of the SNa (Ref. 43 cluster is similar to the in SigH two silicon atoms are above the plane. Comparing
present structure but differs in the coordination of the Nawith the results of $H, clusters:® our geometry of SH
atom. Comparison of this structure with the, Structurd®  falls in the class of a tetrahedral bonding network. We find
shows that the addition of hydrogen does not bring muchhat this is the only cluster among the clusters considered
change to the Sistructure. Comparison with theSilustef®  here where the geometry of the silicon atoms differs from the
shows that this structure does not have any resemblance gsound-state geometry of the host silicon clusfehis
the Si cluster. Based on the idea of local softness and hardshows that hydrogen can cause a transition from one geom-
ness, Galvaet al*° predicted the sites preferred by hard andetry to another geometry. One of the low-energy geometries
soft species in the $icluster. We find that hydrogen goes to Of SigF (Ref. 42 cluster is same as the present structure. But

the position according to their prediction. in the case of gNa (Ref. 43 one of the low-energy struc-
tures has similar geometry but it differs from our structure by

coordination of the Na atom.

D. SiH

The two lowest-energy structures of;8Biare very close )
in energy and differ only by 0.06 eV. The geometry which is F. SiH
higher in energy is shown in Fig.(d). Three of the silicon The ground-state geometry of the structure is shown in
atoms numbered 1, 4, and 5 form a triangular plane angig. 1(g). Silicon atoms in this structure form a closed and
silicon atom No. 2 is above and No. 3 is below the planecompact unit and the cluster has pentagonal symmetry. Five
Hydrogen takes the apex position in the structure and isilicon atoms numbered 1, 7, 6, 4, and 3 make a pentagonal
bonded with only one silicon atom. The geometry of theplane and one silicon atom is above and another is below the
silicon atoms is same as insSiRef. 30 cluster. The lowest- plane. Silicon atoms which are not in the pentagonal plane
energy structure of §H cluster is shown in Fig. (). The  are bonded to all the atoms in the pentagonal plane. Hydro-
geometry of this cluster is similar to thegSilustef® except  gen takes the apex position in the structure and is bonded
that one of the silicon atoms is replaced by hydrogen. Notevith one silicon which is out of the pentagonal plane. It is
that hydrogen in this cluster is attached to two silicon atomsinteresting to note that instead of bonding with four-
which is also the case in $i and SgH clusters. Geometri- coordinated silicon, hydrogen is bonded with five-
cally hydrogen plays the role of silicon in these three cluscoordinated silicon. In SH, SigH, SigH, and Sj;H we
ters; i.e., the geometry of Ji is similar to S§, SkH is  found the same trend of hydrogen preferring to bond with an
similar to Sj, and SiH is similar to Si. We note that a overcoordinated silicon atom. This is surprising since one
two-coordinated silicon atom exists in;SiSi;, and S§ clus-  would have expected it to bond with less-coordinated silicon.
ters and hydrogen replaces this silicon atom to forgHSIi  This may be attributed to a slightly higher electronegativity
SizH, and SiH, respectively. We speculate that this may be aof H compared to Si and, as a result, H prefers to bond with
general feature of SH clusters; i.e., if a two-coordinated silicon atom having a greater number of electrons. This is
silicon atoms exists in a Si; cluster, hydrogen will replace consistent with the earlier calculation on structural evolution
the two-coordinated silicon atom to form a,8i cluster,  of SigH, clusters:® where it was found that hydrogen is not
which will have the same geometry as the_ Sicluster. This  necessarily bonded with a silicon site having dangling bonds,
seems to imply that hydrogen will form a Si-H-Si bridge but with a site where the LUMO amplitude is larger. Com-
type bond between two nearby silicon atoms which are douparison of SiH with the Sj (Refs. 29 and 30cluster shows
bly coordinated. In the context @Si:H this would imply  that hydrogen hardly changes the geometry of theckister,
that hydrogen will form a Si-H-Si bond between two nearbyimplying that the Si cluster is a very stable cluster. The
silicon atoms having two dangling bonds. Comparison withlowest-energy geometry of & (Ref. 42 and one of the
SisF geometry shows that one of the low-energy strucfiires low-energy structures of Sila (Ref. 43 is similar to our
is similar to SiH shown in Fig. 1d). The low-energy geom- ground-state geometry.
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G. SigH

Figure Xh) shows the ground-state geometry ofHbi 51 °
This structure is also made of a compact, closed unit of sili- /o/
con atoms with hydrogen sticking to the structure from out- o—°
side. We see that §il shows some similarity with the il
cluster; i.e., the same pentagonal plane formed by silicon
atoms numbered 4, 3, 1, 7, and 2 exists irHSand one
silicon is above and another is below the pld6eand 5 as
in Si;H. Silicon atom 8 is attached to the triangular plane of
the SiH structure in such a way that it is away from the
hydrogen atom. As in $iH the hydrogen atom is attached to
the silicon atom which is bonded with five silicon atoms.
Figure Xh) shows that SH has two distorted Jiplanes;
silicon atoms numbered 8, 4, 3, and 5 form one distortgd Si Z
plane and 2, 6, 1, and 7 form another. These planes are ng,
parallel but rotated with respect to each other in such a way>,
as to have more than one bond for each silicon atom with theg
atoms in the other plane. Comparing our ground-state geom=Z
etry of SgH with Sig (Ref. 29 geometry, we see that silicon J
atoms have similar geometry except that thg [Banes are
distorted in SjH. 0 2 4 6 8 10

NUMBER OF SILICON ATOMS

ENERGY PER PARTICLE (eV)
~

i

H. SigH FIG. 3. Cohesive energy per atom of,Bicluster vs number of

The ground-state geometry of the cluster is shown in Figsilicon atoms.
1(i). This structure is also compact and closed by silicon
atoms. The structure consists of twog, Planes formed by increases slowly as a function of size. As noted earlier, from
atoms 1, 3, 4, 9 and 5, 8, 2, 7 and silicon No. 6 forms a capthis size (SjH) onwards silicon atoms in the cluster form a
Hydrogen is connected to silicon atom No. 9 which is coor-closed compact unit and some of the silicon atoms have co-
dinated with five silicon atoms. Comparison with the, Si ordination number more than 4.
(Ref. 29 cluster shows that the atoms forming, ianes in We take the first excited electronic level gap of a cluster
SigH do not lie in a plane in Si as the difference between the first excited electronic level
and the highest-occupied level. For closed-shell or subshell
systems this gap will be the same as HOMO-LUMO gap
which is related to the chemical hardness and electronic sta-

The ground-state geometry of this cluster is shown in Figbility of a systent°~>? Though the first excited electronic
1(j). The Sig structural unit in SjgH is similar to the SjH level gap is not equivalent to the HOMO-LUMO gap for
cluster and the additional silicofatom 1 makes a side cap Sj,H clusters, it can be related to electronic stability. A big-
to the SiH cluster[Fig. 1(i)]. Also there are two Qiplanes  ger value of the first excited electronic level gap for a system
rotated with respect to each other as igt6and SiH. Sili-  means that it is difficult to excite electrons from its ground
con atoms 5, 2, 7, and 6 form one plane and 8, 3, 10, and étate and thus the electronic system can sustain its ground
form another plane. In this cluster hydrogen is connected tgtate for larger perturbations. Thus the first excited elec-
the fivefold-coordinated silicon. Comparison with theeSi tronic level gap can be taken as a measure of the electronic
(Ref. 29 cluster shows that hydrogen hardly changes thestability of a system. We have shown the first excited level
geometry of the §j cluster, implying that the §j cluster is  gap as a function of cluster size in Fig. 4 for,Siand Sj,
a very stable cluster. A general feature of clustergHSi clusters. Also shown in the figure are results ofdtual *° for
Si;H, SigH, SigH, and SjH is that silicon atoms in the Sij, clusters which are in good agreement with our results.
cluster form a closed compact unit with hydrogen outsidewe see that the general trend of variation of the first excited

I. SiygH

this structural unit. electronic level gap is quite similar for & and Sj, clusters.
The figure also shows that the addition of hydrogen can
IV. STABILITY OF Si , AND Si,H CLUSTERS c;’:\u?e large changes in the electronic structure of the Si
cluster.
We find that the total energy of Sas well as of SiH From Fig. 4 we see that the gap fluctuates with size,

clusters increases approximately linearly with the cluster sizevhich indicates that the gap strongly depends on the size and
n. The addition of hydrogen to an Scluster reduces the geometry of a cluster. It might be interesting to draw paral-
energy of the cluster by approximately 15 eV. The cohesivdels with short-range potential fluctuations in #®&Si:H sys-
energy per particle versus number of silicon atoms is plottedem which occur at the length length scafe3d .1° It can be

in Fig. 3. As seen clearly from the figure the cohesive energyrgued that an amorphous system can be considered as a
per particle increases rapidly up to thgl$icluster and then loosely connected network of small clusters and thus our
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FIG. 4. First excited state electronic level gap oftbiand Sj FIG. 5. DifferencedE, between the total energy of the modified

clusters vs number of silicon atoms in the cluster. The circles andieometry of §j and the ground-state energy of the 8uster vs the
squares correspond to 8 and Sj clusters, respectively. The tri- number of silicon atoms in the clusters.
angles represent the results of éual. (Ref. 30 for the Sj, cluster.

calculation provides a first-principle basis for the potentialsilicon clusters from outside in several casesiSb Si;gH).
fluctuationst*~8 Furthermore, we see that the first excited To examine this further, we have performed the steepest de-
electronic level gap for §H is, on an average, larger than scent optimization on §H and SjH clusters with hydrogen
that of S, cluster. This is consistent with the observation thatsurrounded by silicon atoms. We find that the hydrogen atom
the band gap of:Si increases on hydrogenatiohFurther,  always comes out of the silicon cluster independent of the
Fig. 4 shows that $H, SiH, SisH, SiH, SikH, and SjgH  cluster size. This is mainly due to the higher electrostatic
clusters are electronically more stable compared #HSi  energy of the cluster when hydrogen is inside the cluster.
SigH, and SiH clusters. Also we see thatSiSk, Sk, Sl Thus our result implies that hydrogen will tend to come out
and Sj, clusters are electronically more stable than othefot crystalline silicon and would like to stay on the surface.
silicon clusters (S, Siy, Sk, and Si clusters, since they  Thjs s consistent with the experimental observation in which
have larger gaps. , » ydrogen is used to produce a homogeneous silicon surface
To_examlne the geometrical stability we have ca_lqulate_c{:y terminating surface silicon dangling bonds to reduce the
the difference between the total energy of the modified Si surface reconstructiol?.
clustgr, which has the same positions of silicon atoms as .in To investigate the fragmentation products qf Sid SjH
the SpH cluster, and the ground-state geometry of the Si glusters, we have calculated the difference between the total

cluster. This energy difference is a measure of how much f a clust hich und f ati d that
silicon cluster distorts from its ground-state geometry due tNergy ot a ciuster which undergoes fragmentation and tha

the addition of a hydrogen atom. The lower value of thisOf IS Possible product clusters. The most probable pathway
difference for a Sj cluster means that the cluster is geometri-for the fragmentation of a part|c_ular clustgr is the one which
cally stable. This total energy difference as a function offas the smallest total energy dlﬁgreﬁéélnce the clusters:
cluster sizen is shown in Fig. 5. The figure shows thaSi  areé small in size, we are assuming that the fragmentation
Si,, Siy, and Sj, clusters are geometrically more stable than'esults in only two product clusters. Our calculations are
Sis, Sis, Sis, Sis, and Sj clusters. On the other hand,Si  only for neutral fragmentation of Sand SjH clusters. Our
Sic, Sis, Sig, and Sj clusters are stabilized by hydrogen and lowest-energy fragmentation products of, $lusters agree
have a greater tendency to adsorb hydrogen. This is consigery well with all primary fragmentation products calculated
tent with the conclusions drawn by comparingtiand Sj, by Shvartsburget al** In Table | we have given the lowest-
ground-state geometries in Sec. I, as,SBiy, Si;, and Sj,  energy fragmentation products of,Hiclusters with the cor-
clusters were least distorted by the addition of hydrogenresponding dissociation energies. We see from the table that
Thus the above discussion shows that, §i;, and Sj,clus- the lowest-energy fragmentation products have hydrogen
ters are the most stable clusters from both viewpoints ofitom as one of the products for all,8i clusters except for
electronic as well as geometrical stability. the SgH cluster. This shows that it is easy to remove hydro-
As pointed out earlier in Sec. lll, hydrogen is attached togen from SjiH clusters.
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TABLE I. Fragmentation pathways of a neutra}iSiclusterinto  similar to the behavior of hydrogen i&Si:H where it has

products Sj and Sj_,H clusters. been found that hydrogen creates local distortions as it
———  moves>® We find that hydrogen has a tendency to come out
Reactant Product Product Dissociation  of compact silicon clusters and prefers to stay out of the
clusters §H  cluster S,  cluster §j_,H  energy in eV sier. This is consistent with the behavior of hydrogen on
SiH Si H 4.60 silicon surfaces?
Si,H Si, H 4.73 The first excitation electronic level gap of the,Siclus-
SigH Sis H 3.97 ters fluctuates as a function of size and this may provide
Si,H Si, H 3.29 a first-principles basis for the short-range potential fluctua-
SicH Sic H 3.38 tions ina-Si:H.**"'® Our calculations show that the addition
SigH Sis H 3.17 of hydrogen can cause large changes in the electronic struc-
Si,H Si, H 257 ture of the host Sicluster. Furthermore, it shows that8j
SigH Si, SiH 3.25 SisH, SisH, Si;H, SigH, and SjH clusters are electronically
SigH Si H 3.04 more stable than @, SigH, and SiH clusters. We find that
SiyoH Siyo H 296 Siy, Siy, Sk, and Sjj clusters are geometrically more stable

than Sk, Sis, Sig, Sig, and Sy clusters, while Si, Sis, Sig,
Si;, and Sjq clusters are electronically more stable thag, Si
V. CONCLUSIONS Siy, Sig and Sj clusters. We have calculated the lowest-

We have presented detailed results for the ground—stat%nergy fragmentation products of,Sind SyH clusters. Our

structures and electronic properties oftbiclusters using results for the fragmentation products of, $iusters agree

Car-Parrinello molecular dynamics simulations. We find that;/ery well with the earlier predictions. The lowest-energy
hydrogen can form a bridge like a Si-H-Si bond connectingt
two silicon atoms. Such bridgelike bonds are thought to b
present ina-Si:H.2>** However, among the clusters consid-

o remove hydrogen from silicon clusters. Comparison of the
eS-izH to the SyH cluster with the corresponding F- and Na-
substituted clusters shows that almost all have similar low-

ered here hydrogen forms a bridgelike bond only ipHSI R : .
. . » 7 . energy geometries implying that the geometrical effects of H,
SizH, and SiH clusters; in others, it is bonded with only one E, and Na on Siclusters are similar,

silicon atom and attached to the cluster from outside. Charge
density calculations show that the Si-H bond in all clustersis It is a pleasure to thank Dr. S. C. Agarwal, Dr. V. A.
polar covalent. In clusters from &$i to SigH, silicon atoms  Singh, Dr. M. K. Harbola, Dr. Y. N. Mohapatra, Dr. A. Ban-
form a compact unit and hydrogen attaches to a silicon atorsil, and Dr. Roy Benedek for helpful discussions and com-
which is overcoordinated. Though hydrogen has a small efments. This work was supported by the Department of Sci-
fect on the geometry of the host silicon cluster, it changegence and Technology, New Delhi via Project No. SP/S2/M-
bond lengths and tries to distort the silicon cluster. This is51/96.

IR. F. Service, Scienc271, 920(1996; A. P. Alivisatos,ibid. 271,  H. M. Branz, Phys. Rev. B9, 5498(1999.
933(1996; G. E. Scuseriaibid. 271, 942(1996; M. F. Jarrold,  '?S. Gallego, J. Avila, M. Martin, X. Blase, A. Taleb, P. Dumas, and
ibid. 252 1085 (1991); N. E. B. Cowern, G. Mannino, P. A. M. C. Asensio, Phys. Rev. B1, 12 628(2000.
Stolk, F. Roozeboom, H. G. A. Huizing, J. G. M. van Berkum, F. 13H. Fritzche, J. Non-Cryst. Solidg, 49 (1971).
Cristiano, A. Claverie, and M. JamiPhys. Rev. Lett82, 4460 g . Agarwal, Indian J. Pure Appl. Phy&4, 597 (1996.
(1999; V. Kumar, K. Esfarjani, and Y. Kawazoe, @lusters and 153, c. Agarwal, Bull. Mater. Scil9, 39 (1996.
Nanometrials edited by Y. Kawazoe, T. Kondow, and K. Ohno, 16A. K. Sinha and S. C. Agarwal, J. Vac. Sci. Technol18 1805
Springer Series in Cluster PhysiSpringer-Verlag, Heidelberg, (2000.

2000, p. 9. 17G. Onida and W. Andreoni, Chem. Phys. L&#3 183(1995.
2R. Prasad and S. R. Shenoy, Phys. Let218 85 (1996. 18\, Meleshko, Yu. Morokov, and V. Schweigert, Chem. Phys. Lett.
3H. Fritzsche, Annu. Rev. Mater. Sdto be publishef 300, 118(1999.
4E. Buda, Ph.D. thesis, SISSA, Trieste, Italy, 1989. 197, Miyazaki, T. Uda, I. Stich, and K. Terakura, Chem. Phys. Lett.
5F. Buda, G. L. Chiarotti, R. Car, and M. Parrinello, Physica B 261, 346(1996.

170, 98 (1997). 20M. T. Swihart and S. L. Girshick, Chem. Phys. Le807, 527
6G. R. Gupte, R. Prasad, V. Kumar, and G. L. Chiarotti, Bull. ~ (1999.

Mater. Sci.20, 429 (1997). 2IM. T. Swihart and S. L. Girshick, J. Phys. Chem.1B3 64
’s. B. Zhang and H. M. Branz, Phys. Rev. L&, 967 (2000). (1999.
8p, A. Fedders, Phys. Rev. ®l, 15 797(2000. 22A. A. Shvartsburg, M. F. Jarrold, B. Liu, Z. Lu, C. Wang, and K.
9B. Tuttle and J. B. Adams, Phys. Rev.53, 12 859(1998. Ho, Phys. Rev. Lett81, 4616(1998.
0B, Tuttle, C. G. Van de Walle, and J. B. Adams, Phys. Re89B  23G. R. Gupte and R. Prasad, Int. J. Mod. PhydB1737(1998.

5493(1999. 24G. R. Gupte and R. Prasad, Int. J. Mod. Phyd231607(1998.

205406-7



D. BALAMURUGAN AND R. PRASAD PHYSICAL REVIEW B 64 205406

2The ratio of computational effort involved in CPMD and NATO Advanced Study Institute, Series B: PhysRenum,

NTBMD calculations is about two orders of magnitude. New York, 1984, p. 111.
5N. Chakraborti, P. Sarathi De, and R. Prasad, Z. MetaBRd508 2R Kishi, Y. Negishi, H. Kawamata, S. Iwata, A. Nakajima, and K.
(1999. Kaya, J. Chem. Phy4.08 8039(1998.
?’R. Prasad and N. Chakraborti, Met. Mater. Procels. 203 43R Kishi, S. Iwata, A. Nakajima, and K. Kaya, J. Chem. Phys.
o (1998 107, 3056(1997.
H. Murakami and T. Kanayama, Appl. Phys. Le@7, 2341 44y gtytzmann, W. B. Jackson, and C. C. Tsai, Phys. Re32,23
o (1995. (1985.
P. Ballone, W. Andreoni, R. Car, and M. Parrinello, Phys. Rev.45A_ Gali, B. Aradi, P. Dak, W. J. Choyke, and N. T. Son, Phys.
Lett. 60, 271 (1988. Rev. Lett.84, 4926(2000.

307 Lu, C. Wang, and K. Ho, Phys. Rev. &l 2329(2000.

On the Pauling scale, the electronegativity of hydrogen and sili-
31K. Raghavachari and V. Logovinsky, Phys. Rev. L&, 2853 g gafivity of hydrog

conis 2.2 and 1.9, respectively. See, for example, Ref. 48.

(1985. 47 . per oy s .
32M. Menon and K. R. Subbaswamy, Phys. RevA4B 12 754 Charge_ transfer .|s difficult to calculate as it is not awell-_d.eflned
(1993. guantity. To estimate roughly the charge transfer from silicon to

hydrogen in SiH first we calculated amount of charge in cube

33R. Car and M. Parrinello, Phys. Rev. Lef5, 2471(1985. !
of length 2.0 a.u with hydrogen at the center of the cube. A

34For a review, see, for example, M. Parrinello, Solid State Com-

mun. 102 107 (1997; D. K. Remler and P. A. Madden, Mol. similar calculation was repeated for a single free H atom. The
Phys.70, 921(1990. difference between the amount of charge in two cases shows
%G. B. Bachelet, D. R. Hamann, and M. Sdely Phys. Rev. 26, approximately 0.25 electron transfer from & hydrogen atom.
4199(1982. “8Arthur Beiser, Perspectives of Modern Physi¢McGraw Hill,
36D, M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566 (1980. New York, 1985, p. 300.
373. P. Perdew and A. Zunger, Phys. Rev2® 5048(1981). “M. Galvan, A. D. Pino, Jr., and J. D. Joannopoulos, Phys. Rev.
383ee, for example, J. M. HailéVlolecular Dynamics Simulation Lett. 70, 21 (1993.
(Wiley, New York, 1992. 0J. Robles and L. J. Bartolotti, J. Am. Chem. Sd@6, 3723
39D, Hohl, R. O. Jones, R. Car, and M. Parrinello, J. Am. Chem. (1984).
Soc.111, 825(1989. °IR. G. Parr and Z. Zhou, Acc. Chem. R&§, 256 (1993.

“OW. D. Allen and H. F. Schaefer Ill, Chem. Phyi08 243(1986.  %?M. K. Harbola, Proc. Natl. Acad. Sci. U.S.89, 1036(1992.
41U. von Barth inThe Electronic Structure of Complex Systems 53G. D. Cody, inSemiconductors and Semimetadslited by J. I.
edited by P. Phariseau and W. M. Temmerman, Vol. 113 of Pankove(Academic Press, New York, 1984/0l. 21B, p. 65.

205406-8



