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Factors responsible for the stability and the existence of a clean energy
gap of a silicon nanocluster
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We present a critical theoretical study of electronic properties of silicon nanoclusters, in particular
the roles played by symmetry, relaxation, and hydrogen passivation on the stability, the gap states
and the energy gap of the system using the order N@O~N!# nonorthogonal tight-binding molecular
dynamics and the local analysis of electronic structure. We find that for an unrelaxed cluster with its
atoms occupying the regular tetrahedral network, the presence of undistorted local bonding
configuration is sufficient for the appearance of a small clean energy gap. However, the energy gap
of the unrelaxed cluster does not start at the highest occupied molecular orbital~HOMO!. In fact,
between the HOMO and the lower edge of the energy gap, localized dangling bond states are found.
With hydrogen passivation, the localized dangling bond states are eliminated, resulting in a wider
and clean energy gap. Relaxation of these hydrogen passivated clusters does not alter either the
structure or the energy gap appreciably. However, if the silicon clusters are allowed to relax first, the
majority of the dangling bonds are eliminated but additional defect states due to bond distortion
appear, making the energy gap dirty. Hydrogen passivation of these relaxed clusters will further
eliminate most of the remnant dangling bonds but no appreciable effect on the defect states
associated with bond distortions will take place, thus still resulting in a dirty gap. For the
hydrogen-passivated SiN nanoclusters with no bond distortion and no overall symmetry, we have
studied the variation of the energy gap as a function of size of the cluster forN in the range of
80,N,6000. The dependence of the energy gap on the size shows similar behavior to that for
silicon nanoclusters with no bond distortion but possessing overall symmetry. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1402672#
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I. INTRODUCTION

The discovery of photoluminescence~PL! in the visible
regime1 from porous silicon has prompted man
experimental2–5 and theoretical investigations,6–12 both be-
cause of the implications of this phenomenon in the fabri
tion of silicon-based optoelectronic devices and the inte
in understanding this phenomenon. The intensive rese
following this discovery seemed to suggest that strong o
cal transitions can be expected only from those Si-based
tems which have an effective reduced dimensionality. Str
tural studies of porous Si showed that porous Si is compo
of Si nanostructures in the forms of columns a
clusters.3,4,13Hence, the ensuing research efforts have pla
emphasis on the electronic and optical properties of sili
nanoclusters. Two mechanisms have been proposed to
plain the observation of enhanced PL. The first suggests
the strong PL in the visible regime is due to the enhancem
of the momentum matrix elements associated with the c
finement of the electronic wave functions14–17 of silicon
nanoparticles. The second suggests that the surface che
composition of silicon nanostructures may also play a k
role in the enhanced PL.18–20 Most recently, experimenta
evidence21 seemed to suggest the blue emission from silic
nanoparticles of 1 nm in diameter that was attributed to

a!Author to whom correspondence should be addressed; electronic
sywu0001@fellini.physics.louisville.edu
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photoexcitation of Si–Si surface states.22,23 In all these
mechanisms, the existence of a clean energy gap pla
pivotal role in determining the efficiency of the lumine
cence. Furthermore, since the PL for the bulk crystalline s
con is in the near infrared regime while it is in the visib
regime for silicon nanoparticles, a great deal of effort h
been devoted to the study of size dependence of the gap
nanoparticles.6–12

In the present work, we focus on issues that are relev
to the fabrication of device-quality silicon nanostructure
We aim to obtain a clear understanding of the physics g
erning the existence of a clean energy gap in silicon na
clusters by studying the role played by hydrogen passivat
relaxation, and symmetry. Previous theoretical studies,
ticularly those pertaining to the size dependence of the
ergy gap, focused on a highly symmetric configuration wh
the surface dangling bonds are completely passivated by
drogen atoms so that the system possesses the regular
hedral bonding configuration as well as an overall symme
But it is difficult experimentally to control the number o
atoms in a silicon nanocluster. Hence, in most cases,
experimentally fabricated samples of silicon nanoclust
will not possess an overall symmetry. Therefore there
two issues that need to be resolved for such general clus
The first issue is related to the question: ‘‘Can a gene
cluster without an overall symmetry exhibit a wide and cle
gap?’’ The other issue is related to the size dependence o
gap of a general cluster. In this work, we will compare t
il:
3 © 2001 American Institute of Physics

 license or copyright, see http://jap.aip.org/jap/copyright.jsp



s
n-
tio
o

is-
o

s?
io

in
y
-

ca
rg

o-

to
n
th
,

p
-

te

n-
tr

-
he
.
ra
e
an
th
ra
d

nc
i
e

io

n-
e
iz
ds
t
ul
ed
or
d

so

ates
ven

d
nt

or
d
il-
en
re

ar-
m-
tem

for

in

of
ag-
of
a

like
a-

n-

d in

4144 J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 Liu, Jayanthi, and Wu
results for nanoclusters with an overall symmetry to tho
with no overall symmetry. We will consider both hydroge
passivated clusters and those with no hydrogen passiva
Finally, we will consider both unrelaxed and relaxed nan
clusters. More specifically, we will address the following
sues:~i! How do we obtain a clean energy gap in the case
silicon nanoclusters?~ii ! What is the nature of the gap state
~iii ! What is the role of relaxation and hydrogen passivat
on the energy gap and gap states?~iv! Is there an intrinsic
relationship between the energy gap and the local bond
configuration?~v! How is a nanocluster with full symmetr
different from a cluster with no overall symmetry with re
gard to the existence of a clean gap?

In this work we have used a combination of theoreti
studies to investigate the structure, the stability, the ene
gap, and the electronic density of states~EDOS! of the nano-
cluster. We use the nonorthogonal tight-binding~NOTB! mo-
lecular dynamics24 to determine the structure of silicon nan
clusters. For sizes of the cluster withn.500, we have used
the order N@O~N!# technique, as developed in Ref. 25,
determine the equilibrium structure. Similarly, to circumve
the difficulties associated with an accurate calculation of
energy gap of a large cluster, we have devised a method
described in the Appendix of this article, that directly com
putes the eigenvalues corresponding to the highest occu
molecular orbital~HOMO! and the lowest unoccupied mo
lecular orbital~LUMO! without having to obtain the entire
eigenvalue spectrum. Finally, the electronic density of sta
is calculated using the real-space Green’s function~RSGF!
technique as developed in Ref. 26.

This article is organized as follows. In Sec. II, we co
sider Si nanoclusters with no overall tetrahedral symme
~e.g., Si200, Si800, and Si2000! and illustrate how the relax
ation of such systems, while leading to the stability of t
system, precludes the formation of a clean energy gap
Sec. III, we consider a silicon nanocluster with overall tet
hedral symmetry~e.g., Si83) and investigate in detail the rol
of hydrogen passivation on the stability, the energy gap,
gap states of such a cluster. In Sec. IV, we consider
hydrogen passivation of clusters with no overall tetrahed
symmetry and compare our results with the case discusse
Sec. III. In Sec. V, the variation of the energy gap as a fu
tion of the size of the hydrogen-passivated nanocluster w
no overall symmetry is given. Finally, in the Appendix, w
present the formalism used in this article for the calculat
of HOMO and LUMO energies of a large cluster.

II. INTERPLAY BETWEEN RELAXATION, STABILITY,
AND ENERGY GAP

A nanocluster, left to itself, will search for a stable co
figuration by relaxation and ‘‘surface’’ reconstruction. Th
process is triggered by the tendency of a cluster to minim
its total energy with the elimination of the dangling bon
associated with the exterior atoms. But it often comes a
price as it causes severe distortion of the bonds, in partic
of the exterior atoms.27 As a result, defect states associat
with bond distortions are expected to appear. Furtherm
relaxation may not completely eliminate the dangling bon
on the surface. Hence there will also be defect states as
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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ated with remnant dangling bonds. Both these defect st
may fall in the gap region, making the gap less clean or e
‘‘dirty.’’

To verify the validity of this picture, we have performe
the full-geometry optimization of Si nanoclusters of differe
sizes using the O~N!–NOTB–molecular dynamics~MD! and
then determined their EDOS. The NOTB Hamiltonian f
silicon used in this work is that of Menon an
Subbaswamy.24 The parameters characterizing this Ham
tonian are summarized in Table I. This Hamiltonian has be
used in the literature and is known to yield reliable structu
for the bulk Si ~diamond phase!,24 Si clusters,24,28 and
Si~100! surface~c432 reconstruction!.29 In this section, we
first consider those silicon clusters whose atoms when
ranged in a regular tetrahedral network do not form a co
plete shell. We have deliberately chosen to study this sys
as we are interested in comparing the energy gap results
clusters not possessing overall tetrahedral symmetry~e.g.,
Si200, Si800, and Si2000! with those having this symmetry
~e.g., Si83). The results of the latter case will be reported
Sec. III.

In our simulations, a stable configuration for a cluster
a given size is considered to have been reached if the m
nitude of the force acting on each atom is on the order
1022 eV/Å and the total energy of the configuration is
minimum. Figure 1 shows the optimized structure for Si2000.
It can be seen that the interior of the cluster has the bulk-
tetrahedral structure. On the ‘‘surface’’ of this cluster, fe

TABLE I. NOTB parameters for silicon–silicon and silicon–hydrogen i
teractions are given. The orbital energies used in the calculation are«s~Si!
5213.55 eV,«p~Si!526.52 eV, and«s~H!528.67 eV. The parameters
characterizing the NOTB Hamiltonian and the notations are describe
Ref. 24.

d0~Å! a(Å 21) K0 x0~eV! s(Å 22)

Si–Si 2.36 1.62 1.7 0.41 2.5
Si–H 1.71 1.76 1.7 0.41 2.5

FIG. 1. Optimized structure of Si2000 as obtained by the O~N!/NOTB-MD
method.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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tures resembling the adatoms in the Si~111!737
reconstruction,30 and dimer rows associated with Si~100!29

have emerged. The general features of the other clus
studied are similar to those characterizing the Si2000 cluster,
namely, the bonding configurations of the interior atoms
bulk-like and the surface features exhibit the characteris
of the most stable surface reconstruction of Si.25 However,
the bonding configurations of exterior atoms show more
vere distortions from the regular tetrahedral network as
size of the cluster decreases.

A survey of the exterior atoms in these clusters~see Fig.
1! shows that most of them are three-fold bonded. Th
most of the dangling bonds associated with the unrela
exterior atoms have been eliminated by the surface rec
struction, specifically the tendency of the Si atoms on
surface to dimerize or the capping of the dangling bonds
adatoms. From Fig. 1, it can be seen that, as a resu
reconstruction such as dimerization or capping, the bond
configurations associated with the exterior atoms are
torted from the regular tetrahedral network, some more
than others.

In Fig. 2, the EDOS of the stable configuration of SN

clusters forN5200, 800, and 2000 are shown, where t
energy of the HOMO for each case is taken to be zero. A
feature, which stands out in all three plots of density
states, is that there is no well-defined energy gap above
HOMO (E50) in the band gap region of a semiconducti
Si system. Instead, defect states due to the remnant dan
bonds and distorted bonding configurations are found in
gap region. This calculation demonstrates that the disapp
ance of a clean gap is the price for achieving the stability
a Si nanocluster on its own. In other words, a ‘‘pure’’ a
stable Si nanocluster will not have a well-defined gap tha
comparable to the gap of a bulk Si.

III. ROLE OF HYDROGEN PASSIVATION ON THE
STABILITY AND THE EXISTENCE OF A CLEAN GAP
FOR A CLUSTER WITH COMPLETE SHELL

Previous theoretical studies on hydrogen-passivatedun-
relaxed Si clusters with an overall symmetry and no loc
bond distortion have shown the existence of a clean

FIG. 2. A comparison of the normalized electronic density of states
relaxed Si200, Si800 and Si2000, respectively. No discernible gap is seen
this case, where the energy of HOMO level is fixed at zero.
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well-defined energy gap and that the gap is blueshifted as
size of the nanocluster is reduced.6 However, the role of
hydrogen passivation in eliminating the defect states has
been analyzed thoroughly in these studies. Also, a deta
analysis of the stability of these structures has not been
vided.

To shed light on these issues, we consider a Si83 cluster
whose atoms occupy complete shells of a regular bulk te
hedral network so that the cluster not only possesses l
tetrahedral bonding configuration but also an overall symm
try. The reason for choosing a small-sized cluster is that
more convenient to analyze its properties in terms of hyd
gen passivation while the underlying physics concerning
drogen passivation is basically the same regardless of
size of the system. In the following, we will investigate th
role played by hydrogen passivation in eliminating the da
gling bonds and stabilizing the system for both unrelax
and relaxed clusters. In considering relaxed clusters, we
make a further distinction between the case when the sili
cluster is first passivated and then relaxed and the on
which the cluster is first relaxed and then passivated.

We start by calculating the EDOS of theunrelaxedSi83

cluster whose structure is identical to the bulk structure,
cluding the bond length~as determined by Menon and Su
baswamy’s NOTB Hamiltonian!.24 For the unrelaxed Si83

cluster, each of the 41 interior atoms has four bonds both
the simple distance criterion as well as by the bond cha
criterion,28 while the remaining 42 exterior atoms have
total 108 dangling bonds. Clearly, Si83 with 108 dangling
bonds is not a stable structure. The DOS for this structur
meant only to serve as a benchmark for comparisons w
other cases. The result of this calculation, together with
density of states corresponding to the cases of unrela
Si83H108 and relaxed Si83H108 clusters, respectively, ar
shown in Fig. 3. The unrelaxed structure of Si83H108 is ob-
tained by attaching a hydrogen atom for each dangling b
along the tetrahedral bonding direction. For the hydrog
passivated Si clusters, the parameters characterizing
Si–H interactions within the NOTB formulation were ob
tained by fitting to the bond length of Si–H and the molec

f

FIG. 3. A comparison of the normalized electronic density of states of
unrelaxed Si83 unrelaxed Si83H108, and relaxed Si83H108, respectively. The
energy of HOMO for each case is set at zero.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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lar orbital energy of SiH4 .31,32 The relevant parameters o
this interaction are also listed in Table I. It should be no
that the DOS plots in this and subsequent figures are alw
displayed with the energy of HOMO for each case set
zero.

A cursory examination of the DOS plots shown in Fig.
reveals the following points:~1! There is a well-defined and
substantial clean gap for the DOS corresponding to the
relaxed~unstable! Si83 cluster. But this gap does not begin
the energy of HOMO (E50). There are two prominen
peaks at the two extremities of the gap. The first peak
immediately above the HOMO (E50) while the second
peak is above the gap. Comparing the appearance of a w
defined gap in the DOS of this unrelaxed Si83 with no gap for
relaxed clusters discussed in Sec. II, one can easily asso
the existence of a clean gap either with the local bond
configuration and/or the overall symmetry of the cluster.~2!
With the passivation of the 108 dangling bonds associa
with the exterior atoms, the gap of the unrelaxed Si83H108

cluster ‘‘opens’’ up substantially with respect to the gap
the unrelaxed Si83. This gap now begins at the energy
HOMO. A comparison of these two density of states leads
an impression that the ‘‘opening’’ of the gap in Si83H108 has
resulted from the elimination of the two broad peaks in
DOS of the unrelaxed Si83, one immediately above the en
ergy of HOMO of Si83 and the other across the gap from t
first peak. Since there is no distortion in the bonding co
figurations of the exterior atoms in the unrelaxed Si83, the
defect states are entirely due to the 108 dangling bonds.
can then conclude that the opening up of the gap is due to
saturation of the dangling bonds by hydrogen passivat
Furthermore, one might even be tempted to attribute the
broad peaks as being associated with the dangling b
states.~3! After we relaxed the hydrogen passivated Si83H108

cluster, we find that there is hardly any change in the ma
part of the gap region of the relaxed Si83H108 as compared to
that of the unrelaxed Si83H108, with only a slight narrowing
of the gap due to a small downward shift of the energy
LUMO. The main features of the density of states of the t
cases~unrelaxed and relaxed Si83H108) are also very similar.
There is, however, some modification in the interior of t
bands with the appearance of features which can be ide
fied with Si–H bonding~see the discussion following Figs.
and 8, respectively!.

To build a complete understanding of the effects of p
sivation, we have carried out a local analysis of the el
tronic structure of the unrelaxed Si83 as well as the unrelaxe
Si83H108 clusters. In the framework of a NOTB approach, t
electronic structure is determined by solving a general eig
value problem

HCl5ElSCl , ~1!

whereCl is the column vector representing the coefficie
of expansion of the wave functionCl with the eigenenergy
El in terms of some localized basis setf ia not explicitly
stated. Herei refers to the atomic site anda the orbitals at
site i. The Hamiltonian matrix elementsH and the overlap-
ping matrix elementsS are defined as
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
d
ys
o

n-

is

ll-

ate
g

d

f

o

e

-

ne
he
n.
o

nd

r

f
o

ti-

-
-

n-

s

Hia, j b5E f ia~r !Hf j b~r !dr , ~2!

Sia, j b5E f ia~r !f j b~r !dr . ~3!

But in the semiempirical NOTB approach, these matrix e
ments are treated as parameterized functions ofRi j 5Rj

2Ri with the relevant parameters fitted to experimental
sults and/or first principles calculations. The details of t
NOTB formulation can be found in Ref. 24.

Within the framework of the NOTB treatment, the ele
tronic DOS can be expressed as25,28

r~E!5 (
l,ia, j b

cia,lcj b,lSj b,iad~E2El!

5 lim
e→0

1

p (
l,ia, j b

ciacj bSia, j b

e

~E2El!21e2
. ~4!

Equation~4! allows one to rewrite the DOS in terms of th
local DOS~LDOS! r i(E) such that

r~E!5(
i

r i~E! ~5!

with

r i~E!5 (
l,a, j b

ciacj bSj b,iad~E2El!. ~6!

The NOTB Hamiltonian used in this study was deve
oped in asp3 framework. For the unrelaxed Si83 cluster,
there are then 83345332 possible states. Subtracting th
108 dangling bond states, there are 224 states with ha
them ~112! being the bonding states and the other half an
bonding states. In the meantime, there are 332 valence e
trons in Si83 and they occupy the lowest 166 states. Out
these 166 states, 112 are the bonding states. This mean
the remaining 1662112554 states must come from the 10
dangling bond states, leaving the other 54 dangling bo
states unoccupied. To understand the characteristics of t
states, we define a quantity

Ai~El1
,El2

!5E
El1

2

El2

1

r i~E!dE, ~7!

where El1

2 5El1
201 and El2

1 5El2
101. This quantity is

the local contributions to the integrated DOS for the eige
states in the energy interval@El1

, El2
]. Hence this quantity

will be referred to as the partially integrated LDOS~PIL-
DOS!. When PILDOS is plotted against the site indexi, it
provides a transparent picture as to whether states in a ce
energy interval are extended throughout the cluster or o
restricted in a certain region of the cluster.~In this work,
atoms are labeled from inside to outside.! In Fig. 4,Ai for the
following energy intervals are shown, namely,Ai(E1 ,E112),
Ai(E113,E166), andAi(E167,E220). It can be seen that theAi

for the first 112 states, i.e.,Ai(E1 ,E112) is almost uniformly
distributed throughout the 83 sites of the unrelaxed Si83 clus-
ter. Hence the first 112 states must be the 112 extended b
ing states. TheAi corresponding to the next 54 state
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ai(E113,E166), is mostly concentrated in the region of the 4
exterior sites, indicating that these 54 states~113–166! must
be the occupied dangling bond states. TheAi for the 54 states
from 167 to 220 is almost entirely localized in the surfa
region of the 42 exterior sites. Hence these 54 states m
correspond to the 54 unoccupied dangling bond states
Fig. 5, theAis for the 54 states from 221 to 274 are shown
three subintervals of 18 states each, namely,Ai(E221,E238),
Ai(E239,E256), andAi(E257,E274). It can be seen that thes
Ai are distributed throughout the 83 sites of the cluster, in
cating that these 54 states must be the extended antibon
states. Thus the first broad peak in the DOS of the unrela
Si83 just above the energy of HOMO~seen in Fig. 3! which
covers the energy range fromE167 to E220 is indeed com-
posed of the dangling bond states~unoccupied! while the
second broad peak above the gap, covering the energy r
from E221 to E274, is composed entirely of extended an
bonding states. In this regard, this second broad peak a
the gap in the DOS of the unrelaxed Si83 cluster can be

FIG. 4. Partially integrated local density of states is plotted for three dif
ent energy intervals~two below and one above the HOMO level! at the sites
of the unrelaxed Si83 cluster.

FIG. 5. Partially integrated local density of states is plotted at the sites o
unrelaxed Si83 cluster for energy eigenvalue index 221–274 in steps of
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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attributed to the downward shift~in energy! of the extended
antibonding states due to the presence of the dangling b
states.

For the unrelaxed Si83H108 where the 108 dangling
bonds of Si83 are saturated by the 108 hydrogen atoms, th
are altogether 83341108315440 states with the 220 low
est states being the bonding states and the remaining
states the antibonding states. There are also 440 electro
this cluster. Hence the 220 bonding states are comple
occupied while the 220 antibonding states are unoccup
The bonding and antibonding states are separated by a
band gap. The picture presented above can be understo
terms of theAis for the unrelaxed Si83H108 shown in Fig. 6
whereAi(E113,E220) andAi(E221,E328) are plotted. It can be
seen that bothAis are distributed uniformly throughout th
83 Si sites of the cluster with only very minor contribution
from the outer 108 hydrogen sites, indicating that~i! these
states are extended throughout the Si cluster and~ii ! the wid-
ening of the gap is due to elimination of the localized da
gling bond states. In Figs. 7 and 8, the LDOSs at two typi
hydrogen sites corresponding to the elimination of two d
gling bonds of a Si atom and those at three typical hydro

-

e
.

FIG. 6. Partially integrated local density of states is plotted at the site
unrelaxed Si83H108 cluster.

FIG. 7. Local density of states at hydrogen sites which typically satu
two dangling bonds associated with an exterior Si atom.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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sites corresponding to elimination of three dangling bonds
a Si atom are shown, respectively. It can be seen that the
absolutely no contribution from the hydrogen site to the ba
edge states of the DOS of the unrelaxed Si83H108 cluster. The
combined picture of Figs. 6, 7, and 8 shows convincin
that the existence of the clean band gap in the DOS of
unrelaxed Si83H108 is entirely due to the Si atoms in th
cluster with no contribution from the surface chemistry
Si–H bonding. In other words, the role of hydrogen is simp
to eliminate the dangling bonds at the surface of Si atom

We have also carried out the relaxation of Si83 cluster to
obtain a stable Si83 structure. The relaxation process inde
eliminated many of the 108 dangling bonds associated w
the unrelaxed Si83. But this occurs at the expense of intr
ducing severe bond distortion for the ‘‘surface’’ atoms, r
sulting in the appearance of bond distorted defect state
the gap~see Fig. 9!. The coexistence of the distorted bon
states and the remnant dangling bond states that are
eliminated by relaxation provides the explanation why
nanoparticles deposited onto a film and aged in vacu
show no PL.33 The relaxed stable Si83 structure~Si83

r ) has
only 22 dangling bonds. We then saturated these 22 dang

FIG. 8. Local density of states at hydrogen sites which typically satu
three dangling bonds associated with an exterior Si atom.

FIG. 9. A comparison of the normalized electronic density of states
unrelaxed Si83 , relaxed Si83 , and relaxed Si83H22 whose remnant dangling
bonds are saturated with hydrogen atoms, respectively.
Downloaded 03 Mar 2005 to 136.165.56.55. Redistribution subject to AIP
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bonds by hydrogen and relaxed the Si83
r H22 configuration. In

Fig. 9, the density of states corresponding to unrelaxed S83,
relaxed Si83, and relaxed Si83

r H22 clusters are shown. It can
be seen that the relaxation of Si83 eliminated the majority of
the dangling bonds and the passivation by hydrogen after
relaxation further reduced the remaining dangling bonds.
the distorted bonding configurations resulting from the s
face reconstruction are mostly still present even for rela
Si83

r H22. Hence hydrogen passivation of relaxed cluster
not expected to yield the best clean gap.

Finally, in Table II, we listed the comparison of the tot
energy for all the cases considered. It can be seen tha
relaxed Si83H108 has the lowest energy~25429 eV! while the
unrelaxed Si83H108 has almost the same energy~25419 eV!.
The two structures are also very similar, indicating that h
drogen passivation before the cluster has the time to rela
the best way to fabricate stable clusters with a clean gap

IV. HYDROGEN PASSIVATION OF CLUSTERS WITH
INCOMPLETE SHELL

As pointed out in Sec. I, it is very difficult to contro
experimentally the number of atoms in a cluster. This sim
means that, in the fabrication process, there is no way to
certain that the cluster will have exactly the desired num
of atoms to complete the shell of, say, a tetrahedral netw
The question must then be raised as to whether a st
hydrogen-passivated cluster possessing a clean gap ca
fabricated. To shed light on this situation, we have cons
ered the hydrogen passivation of the unrelaxed cluster Si200.
The unrelaxed Si200 cluster is constructed in the following
way: The Si atoms are placed on the regular tetrahedral s
But on the last incomplete shell, the Si atoms are distribu
on the tetrahedral site in a random manner. Hence a clu
constructed in this way will have undistorted local bondi
configuration but not an overall symmetry. For the particu
cluster considered, there are 158 dangling bonds assoc
with this unrelaxed configuration. We passivate these d
gling bonds with hydrogen atoms and calculate the DOS
both unrelaxed Si200H158 and relaxed Si200H158 clusters. In
Fig. 10, the density of states for the unrelaxed Si200, unre-
laxed Si200H158, and relaxed Si200H158 are shown. It can be
seen that the unrelaxed Si200 cluster, as in the case of a clus
ter with filled shells~e.g., Si83), possesses a clean gap a
the lower edge of this gap does not begin at HOMO. T
unrelaxed but hydrogen passivated Si200H158 has a much
wider gap than that of the unrelaxed Si200 and this gap begins
at HOMO. Finally, there is hardly any change in the width
the gap between the relaxed and unrelaxed Si200H158 clusters.
We find that results for a cluster with an incomplete shell
analogous to those for a cluster with filled shells~e.g., Si83).

te

f

TABLE II. A comparison of the total energy for the various cases of S83

clusters studied in this work.

Si83 Si83H108 Sir83H22

Unrelaxed Relaxed Unrelaxed Relaxed Relaxed

23724 eV 23785 eV 25419 eV 25429 eV 24113 eV
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The fact that the unrelaxed Si200 possesses a clean gap ind
cates that the existence of the gap only depends on the
bonding configuration rather than the overall symmetry.

The findings shown in Fig. 10 indicate that one m
produce a cluster with a well-defined clean gap by passi
ing an unrelaxed cluster with hydrogen or other appropr
atomic species regardless of the size of the cluster~i.e., num-
ber of atoms in the cluster!. But, the passivation must b
completed before the cluster has the time or the opportu
to relax, or the passivation is carried out through a combi
process of annealing and passivation. Detailed informa
on the time scales in the above-mentioned processes req
a study of the kinetics of hydrogen passivation. In the
sence of such detailed calculations, one can gather evid
from experiments and make some general remarks. I
known that hydrogen passivation of the Si~100! surface at
295 K leads to the formation of 131 surface.34 Carrying
over this analogy to the cluster case, one may speculate
it should be possible to hydrogen passivate an unrelaxed
con cluster around room temperature.

V. THE SIZE DEPENDENCE OF THE GAP FOR A
GENERAL CLUSTER

In this section, we study the size dependence of the
ergy gap for relaxed, hydrogen-passivated Si clusters of
bitrary sizes with no bond distortion. Relaxation ensures t
the cluster is in a stable equilibrium configuration. Sin
there is no longer an overall symmetry associated with s
a general cluster, no symmetry-based consideration ca
used to reduce the computing effort of solving the eigenva
problem and/or determining the DOS~see, for example, Ref
6!. For such a general cluster with a size beyond 1000 ato
the calculation of DOS becomes computationally excess
While the method of RSGF is efficient and convenient
calculate the DOS for large systems with no or reduc
symmetry,26 it is not a convenient tool to determine the e
ergy gap, particularly if one wants to achieve good accur
for the gap. This is because an accurate determination o
gap requires an accurate calculation of the energies of
the HOMO as well as the LUMO. To do this with the metho

FIG. 10. A comparison of the normalized electronic density of states
unrelaxed Si200, unrelaxed Si200H158, and relaxed Si200H158.
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of RSGF, one has to calculate ImG(E1 i e) in the regions of
the band edges at an energy interval sufficiently small co
pared toDEav, the average separation between consecu
eigenvalues. In addition, one has to calculate these quan
for a series of decreasinge ~smaller thanDEav) to assure the
convergence of the result. The whole process, while doa
can be time consuming. Therefore, we have develope
scheme, as described in the Appendix, that directly comp
the eigenvalues corresponding to HOMO and LUMO wit
out having to obtain the entire eigenvalue spectrum. T
method is ideally suited for situations where selected eig
values of a large matrix are required.

Using the method outlined in the Appendix, we ha
carried out a series of very accurate calculations of the
ergy gap for relaxed, hydrogen-passivated SiNHM clusters of
various sizes with no bond distortion. In particular, we ha
performed the energy gap calculation for the following s
of N ~number of Si atoms! and M ~number of H atoms!,
respectively: (N,M )5(200,158),(800,372),(1400,518),
(2000,636),(3000,828),(4000,1012), ~5000,1276!, and
~6000,1354!. Denoting the energy gap of a cluster of diam
eterd53.3685N1/3 ~in Å , see Ref. 35! asEg(d) and that of
the bulk asEg0 ~both in eV!, we have shown in Fig. 11, the
log–log plot of@Eg(d)/Eg0# 21 as a function ofd. We find
that the energy gap as a function of diameter of the clu
can be fitted to an equation of the form

Eg~d!

Eg0
215

24.98

d1.364
, ~8!

indicating a power law behavior for the effect of the quantu
confinement for a general Si cluster as a function of
cluster size. This result is similar to the one reported pre
ously for the size dependence of the energy gap of
hydrogen-passivated Si clusters with complete shell35

namely,

Eg~d!

Eg0
215

88.34/Eg0

d1.37
. ~9!

f
FIG. 11. The energy gap of the hydrogen-passivated silicon cluster
function of the size of the cluster.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



B

si
e
th
n
y
g

bi
o
n
a
x
ap
e
l.
st
n
n

te
r

, w
ga
th
fu
. I
si
ne
re

il

i

s

is
e

ny
for

in
f

u-
lat-
em
re-
we
ge of

c-

36.
ti-

tart

f

4150 J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 Liu, Jayanthi, and Wu
Since the energy gap of bulk Si obtained with the NOT
Hamiltonian24 used in this calculation has a valueEg0

53.16 eV, one can rewrite Eq.~9! to yield

Eg~d!

Eg0
215

27.96

d1.37
. ~10!

A comparison of Eqs.~8! and ~10! indicates that for the
relaxed, hydrogen-passivated Si nanocluster of arbitrary
and with no bond distortions, the size dependence of its
ergy gap follows almost an identical pattern as that for
hydrogen-passivated clusters with full symmetry and
bond distortions. This suggests that the overall symmetr
not a relevant factor in the size dependence of the energy
of a cluster.

VI. SUMMARY

We have identified the factors responsible for the sta
ity and the origin of a clean energy gap of a silicon nan
cluster. We find that the existence of local configuratio
with no bond distortion is the key to the emergence of
energy gap. This is demonstrated by considering unrela
clusters with no bond distortion for which an energy g
exists no matter whether we consider a cluster with full sh
~i.e., overall symmetry! or a cluster with an incomplete shel
However, the energy gap of unrelaxed clusters does not
at HOMO. This is due to the presence of dangling bo
states. We have shown that a silicon cluster with no bo
distortion and with its dangling bonds completely passiva
will possess a wide and clean energy gap. Although the
laxation process can also eliminate dangling bond states
find that this process introduces impurity states in the
associated with the bond distortion of surface atoms in
cluster. These impurity modes cannot be eliminated by
ther saturation of remnant dangling bonds with hydrogen
conclusion, we find that the relaxed hydrogen-passivated
con nanoclusters with no bond distortions have the clea
energy gap and the most stable structure among the diffe
cases studied in this article.
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APPENDIX: A METHOD FOR CALCULATING THE
SELECTED EIGENVALUES OF A LARGE MATRIX

This method for finding selected eigenvalues is bu
around the ideas of real-space Green’s function26 and the
conjugate gradient method.36

Starting from a generalized eigenvalue equation given
Eq. ~1!, it can be shown easily that

G~E!SCl5
1

E2El
Cl , ~A1!

whereG(E) is the~generalized! Green’s function defined by

G~E!5~ES2H !21. ~A2!
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To determine a particular eigenvalueEl0
of the matrix, we

start with an arbitrary vectorC(0) and then generate a serie
of vectorsC(n) iteratively according to the equation

C(n)5G~E!SC(n21), n51,2,3,•••. ~A3!

By writing C(0) as a linear combination of eigenvectorsCl ,
namely,

C(0)5(
l

alCl , ~A4!

it can be seen that

C(n)5(
l

al

~E2El!n
Cl . ~A5!

By choosing the value ofE to lie close toEl0
, a particular

eigenvalue among all the eigenvalues of the matrix, it
possible to determine the value ofEl0

as accurately as on
desires using the formula

El0
5E2 lim

n→`

C(0)TSC(n)

C(0)TSC(n11)
. ~A6!

In principle, this method can be used to calculate a
particular eigenvalue and its corresponding eigenvector
large systems if we take advantage of the RSGF26 method for
calculating G(E). However, the procedure as outlined
Eqs. ~A3! and ~A6! requires the repeated multiplication o
the matrix G(E) on a vector. SinceG(E) is not a sparse
matrix even whenH and S are sparse matrices, the comp
tational effort and computing resources needed for calcu
ing the series ofC(n) can become excessive when the syst
size under consideration is very large and the computing
sources are limited to desktop workstations. Therefore,
have developed an alternative scheme that takes advanta
the sparseness of the matricesH and S. In this scheme, we
avoid the step involving the calculation of the Green’s fun
tion. We invert the expression given in Eq.~A3! such that we
can now determineC(n) from C(n21) by solving the equation

~ES2H !C(n)5SC(n21), ~A7!

using the conjugate gradient method as outlined in Ref.
Once consecutiveC(n)s are determined, they can be subs
tuted into Eq.~A6! to determineEl0

.
In implementing the conjugate gradient scheme, we s

from an arbitrary vectorC0
(n) and chooseA0 andB0 such that

A05B05SC(n21)2~ES2H !C0
(n) ~A8!

from which a sequence of vectorsAi , Bi , and Ci
(n) (n

51,2,3,. . . ) can begenerated by using the following set o
formulas:

Ai 115Ai2a i~ES2H !Bi , ~A9!

Bi 115Ai 111b iBi , ~A10!

Ci 11
(n) 5Ci

(n)1a iBi , ~A11!

where
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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a i5
Ai

TAi

Bi
T~ES2H !Bi

, ~A12!

b i5
Ai 11

T Ai 11

Ai
TAi

. ~A13!

The iterative procedure can be terminated whenAm→0
and when this condition is satisfied, it can be shown t
Cm

(n)→C(n). This is proved below. Using Eqs.~A8!, ~A9! and
~A11!, it can be shown that

~ES2H !Cm
(n)5~ES2H !Cm

(n)1Am

5~ES2H !Cm21
(n) 1Am21

5••• ~A14!

5~ES2H !C0
(n)1A0

5SC(n21).

Using SCn21 as given in Eq.~A7! in the above equation, i
can be seen that indeed

Cm
(n)→C(n) ~A15!

whenAm→0.
The main computational burden in calculating theC(n)

and hence the eigenvalue as given by Eq.~A6! is now shifted
to the calculation (ES2H)Bi , which involves the multipli-
cation of a matrix and a vector. However, this matrix
sparse because bothSandH for most systems of interest ar
sparse in the real-space representation. Because of this
son, the computational effort in evaluating specific eigenv
ues becomes quite tractable even when the dimension o
system matrix is large. In the present work, the largest ma
that we have considered has the dimension 25 354325 354
and the computation was done on a HP J-282~180 MHz!
with 256 MB RAM.
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