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Ab initio structural and electronic properties of hydrogenated silicon nanoclusters
in the ground and excited state
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Electronic and structural properties of small hydrogenated silicon nanoclusters as a function of dimension
are calculated fromab initio technique. The effects induced by the creation of an electron-hole pair are
discussed in detail, showing the strong interplay between the structural and optical properties of the system.
The distortion induced on the structure after an electronic excitation of the cluster is analyzed together with the
role of the symmetry constraint during the relaxation. We point out how the overall effect is that of significantly
changing the electronic spectrum if no symmetry constraint is imposed to the system. Such distortion can
account for the Stokes shift and provides a possible structural model to be linked to the four-level scheme
invoked in the literature to explain recent results for the optical gain in silicon nanoclusters. Finally, formation
energies for clusters with increasing dimension are calculated and their relative stability discussed.
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I. INTRODUCTION

The interest in studying~both experimentally and theo
retically! semiconductor nanocrystals has significantly
creased in the last years. The huge efforts done toward
matter manipulation down to nanometric scale have b
motivated by the fact that desirable properties in the opt
response, single-electron transport, etc. can be achieved
tuned by just changing the system size and shape as we
the atomic species which it contains.

The theoretical understanding of the physical aspects
volved in size-dependent phenomena is not an easy t
Simple models such as effective-mass approximation h
been demonstrated to be able to qualitatively and someti
quantitatively account for size- and shape-depend
features.1,2 Nevertheless, many studies have pointed out
need of a microscopic analysis, mostly for those aspects
lated to how the reduced size is reflected into the mic
scopic arrangement of atoms and/or molecules within
nanosystem.3,4 Semiempirical tight-binding5 and pseudo-
potential6 calculations show that it is possible to overcom
the intrinsic limits of continuous models like the effectiv
mass approximation, still considering large enough syste
On the other hand,ab initio approaches can be applied
smaller systems with the advantage of being parameter
Theoretical investigations accounting for microscopic
pects have widely used density-functional theory~DFT! both
within all-electron7–11 and several pseudopotential schem
@local-density approximation~LDA !,12–15 time dependent
density-functional theory~TDDFT!,16,17 quantum Monte
Carlo techniques,13,14,18 GW,18,19 etc.#. The treatment of
excited-state configurations within DFT is still a compl
issue, mostly due to well-known problems arising when o
tical gaps are calculated. This explains why many asp
concerning the methods and the results obtained for ex
0163-1829/2004/69~15!/155411~10!/$22.50 69 1554
-
he
n
l
nd
as

n-
sk.
ve
es
nt
e
e-
-
e

s.

e.
-

s

-
ts
a-

tion energies are still object of debate.4,20,21 On the other
hand, from an experimental point of view, large interest h
been given to a wide range of applications which involve
nanosystem response under excitation. It is worth ment
ing, among the many, the recently shown possibility of o
taining optical gain from silicon quantum dots.22,23 The un-
derstanding of the physical mechanisms at the origin of
phenomenon implies the analysis of both the ground
excited state of the optically excited nanodots.

The theoretical study of phenomena such as the Sto
shift ~difference between emission and absorption energi!,
the photoluminescence emission energy vs nanocrystals
etc. can give a fundamental contribution to the understand
of the optical response of such systems. A lot of work h
been done dealing with excited nanoclusters, but a c
comprehension of some aspects is still lacking. In this pa
we present an analysis of hydrogenated silicon nanocrys
~H-Si-nc!. The aim is that of investigating in a systemat
way their structural, electronic, and stability properties a
function of both size and symmetry as well as pointing o
the main changes induced by the nanocrystal excitation.

In Sec. II we give an outline of the method which o
calculations are based on.

In Sec. III we focus on the structural properties, calc
lated for nanocrystals both in the ground- and in an excit
state configuration~corresponding to the first allowed optica
transition! showing how the different electronic configura
tions can modify such structural properties.

In Sec. IV we show how the overall cluster structure
reflected into the electronic spectrum of the system. Aga
we point out the main differences between ground- a
excited-state configurations and try to explain the Sto
shift in terms of them. Furthermore, a four-level model f
the optical gain in silicon nanocluster is discussed within t
scheme.

In Sec. V we discuss the role played by symmetries
©2004 The American Physical Society11-1
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relaxation studies. There are papers in the literature which
not pay attention to this aspect.17,24 When structural optimi-
zation in the excited state is carried out it is essential to re
the ground-state symmetries in order to make the system
to evolve. This point will be emphasized by showing resu
obtained both keeping and relaxing the constraint on
cluster symmetry.

Finally, a calculation of the formation energy for differe
clusters is performed in Sec. VI, with the aim of address
size-dependent features on the stability of such clust
Since the formation energy is related to the hydrogen che
cal potential, we also consider a cluster with some H pa
vating atoms missing, which gives rise to surface reconst
tion with the formation of Si-Si dimers.25,26

II. METHOD AND DETAILS OF CALCULATION

The study of H-Si-nc has been done within the dens
functional theory, using a pseudopotential, plane-wave
proach. All the calculations have been performed with
ABINIT code.27 Norm-conserving, nonlocal Hamann-typ
pseudopotentials have been used. The Kohn-Sham w
functions have been expanded within a plane-wave basis
choosing an energy cutoff of 32 Ry. The calculations p
formed are not spin polarized.28 Each H-Si-nc has been em
bedded within a large cubic supercell, containing vacuum
order to make nanocrystal-nanocrystal interactions ne
gible. The supercell side has been fixed from 13.4 Å to 1
Å, according to the cluster dimension. Convergence with
spect to both energy cutoff and supercell side has b
checked. Gradient-corrected Perdew-Burke-Ernzer
~GGA-PBE! exchange-correlation functional has been us
for both structural and electronic states calculations. T
pseudopotentials have been tested on bulk Si and H2 mol-
ecule, giving equilibrium bond lengths of 2.366 Å and 0.7
Å, respectively, that should be compared with the experim
tal values 2.352 Å and 0.7414 Å.

The calculations for each cluster have been perform
both in the ground and the excited state considering as
excited state the electronic configuration in which the high
occupied single-particle state~HOMO! contains a hole (h),
while the lowest unoccupied single-particle state~LUMO!
contains the corresponding electron (e). The structural prop-
erties have been determined by allowing full relaxation
each H-Si-nc until the maximum force was lower than
31025 Ha/Bohr. The starting configuration for all the clu
ters but Si29H24 has been fixed with all Si atoms occupyin
the same position as in the bulk crystal, and passivating
surface with H atoms placed along the bulk crystal dir
tions, at a distance determined by studying the SiH4 mol-
ecule. For Si29H24 we remove twelve H atoms in such a wa
to induce surface reconstruction. This will be discussed
Sec. VI. It is worth pointing out that the starting H-Si-nc h
Td symmetry, which is kept during relaxation in the groun
state configuration. However, for excited-state configurati
such a symmetry is generally lost, due to the occupation
excited energy levels. Therefore, for both the electronic c
figurations, we did the structural optimization both by kee
ing ~see Sec. V! and relaxing~see Secs. III and IV! the con-
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straint ofTd symmetry. The differences and the main resu
coming out in the two cases will be discussed in the follo
ing. We have verified that, starting from the distorted exci
state geometry and going back down to the ground state
systems relax again to theTd symmetric configuration sug
gesting that this should be a global minimum as suppor
also by the work of Meleshkoet al.30

The nanoclusters excitation has been studied calcula
pair-excitation energies.14,31 The formation of an electron
hole pair under excitation is taken into account forcing o
electron to occupy the LUMO, thus leaving a hole in t
HOMO. A schematic representation is drawn in Fig. 1. T
nanocluster excitation@~1! to ~2! in the figure# occurs with
the atomic positions fixed in their ground-state configurati
Following Ref. 31, we indicate withE(N,e-h) the total en-
ergy of the nanocluster calculated with the electron-hole p
constraint. The difference«ex

A 5E(N,e-h)2E(N) @E(N) be-
ing theN-electron ground-state total energy# gives the energy
needed for the creation of the pair, and defines the absorp
edge@let us note that, with reference to Fig. 1,E(N)[E1
andE(N,e-h)[E2 , E1 andE2 being the cluster total ener
gies in the configuration 1 and 2, respectively#. It should be
noted that the quasiparticle gap defined asE(N11)1E(N
21)22E(N), and calculated from theN11-, N21- and
N-electron total energies, neglects the effect of the Coulo
attraction between the electron and the hole; actually this
is calculated starting from the energies needed to the crea
of a hole and one electron separately.

After excitation, due to the change in the charge dens

FIG. 1. Schematic representation of a Stokes shift relaxation
position ~1!, the cluster is in its electronic ground state, and t
atomic geometry is relaxed to its lowest energy configuration.
absorption of a photon, the nanocluster undergoes a vertical e
tronic excitation from~1! to ~2!. Once in the excited electronic
state, the atomic geometry of the cluster relaxes to a lower en
configuration@from ~2! to ~3!#. Finally, the excited electron and hol
recombine via another vertical transition,~3! to ~4!. The Stokes shift
is defined as«ex

A 2«ex
E .
1-2
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relaxation occurs until the atoms reach a new minimum
ergy configuration, in presence of the electron-hole pair@~2!
to ~3! in the figure#. This modifies the electronic spectrum
implying that the levels involved in the emission proce
@electron-hole recombination,~3! to ~4! in the figure# change.
The emission energy can be defined as«ex

E 5E8(N,e-h)
2E8(N), whereE8(N,e-h) and E8(N) are the nanocluste
total energies evaluated in presence and in absence o
electron-hole pair, respectively, with the atoms occupying
equilibrium positions of the excited state@see~3! and ~4! in
the figure, withE8(N,e-h)[E3 , E8(N)[E4].

The differenceDEStokes5(«ex
A 2«ex

E ) @which, in Fig. 1,
corresponds to (E22E1)2(E32E4)] defines the Stokes
shift. Therefore, a contribution to the Stokes shift arises fr
relaxation after excitation of the nanocluster. This model
sumes that the relaxation under excitation is faster than
electron-hole recombination.

III. STRUCTURAL PROPERTIES: GROUND STATE
VERSUS EXCITED STATE

The structural properties of semiconductor nanoclus
have been calculated performing, for each cluster, a ge
etry optimization both in the ground- and excited-state c
figuration without any symmetry constraint. Symmetry co
siderations and related problems will be discussed in Sec
As previously said, we describe the excited-state configu
tion through an electron-hole pair, leaving a hole in t
HOMO and forcing an electron in the LUMO. There are tw
interesting points which it is worth stressing here. The fi
one concerns the way in which the ground-state struct
properties change as a function of the cluster dimens
while the second one is related to how the creation of
electron-hole pair modifies the overall structures. A contr
tion of the H-Si-nc in their ground state configuration wi
respect to bulk silicon is clearly shown in Fig. 2. Here t
average Si-Si bond lengths of the relaxed Si5H12, Si10H16,
Si29H36, and Si35H36 clusters in their ground- and excited
state configurations are reported as a function of the num

FIG. 2. Average Si-Si interatomic distances for the relax
Si5H12, Si10H16, Si29H36, and Si35H36 clusters in their ground-
~circle! and excited-~square! state configurations. The horizonta
line indicates the calculated bulk Si interatomic distances.
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of Si. The contraction becomes smaller and the average
teratomic distances tend to the calculated bulk value as
size of the cluster increases. However, no clear trend ca
identified for the excited-state configuration because
heavy clusters distortions that will be discussed in more
tail later in this section. Similar results have been found
Ref. 24, which points out a contraction effect on the avera
bond lengths,32 approaching the bulk value for H-Si-nc wit
diameter of about 20 Å as well as the absence of a unifo
behavior for the excited structures. In order to better und
stand the overall contraction visible in Fig. 2 for the Si29H36
cluster, we have calculated the Si-Si bond lengths for e
shell33 and we have compared them with that calculated
bulk silicon. We have found a contraction of the outer silic
shells but a substantial agreement of the inner shells with
bulk.

We have also investigated the structural distortions cau
by the nanocluster relaxation in the excited configuration
order to qualitatively appreciate the structural changes,
have plotted in Fig. 3 the relaxed structures of some of
considered clusters, both in ground- and excited-state c

d

FIG. 3. Relaxed structures for the~a! Si1H4, ~b! Si5H12, ~c!
Si10H16, ~d! Si29H36, and ~e! Si35H36 clusters calculated in the
ground-~left panel! and excited-state~right panel! configuration.
1-3
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figurations. The Si-H bond lengths remain practically u
changed for both the ground and excited state configurati
in contrast with the Si-Si distances~indicating that the exci-
tation concerns the Si shells rather than being simply lo
ized on the surface!. This is shown in Fig. 4~a! for the
Si10H16 cluster, for which we have studied the Si-Si distan
for each pair of Si atoms~this cluster is centered in th
vacuum and no ‘‘central’’ atom can be identified!. The first-,
second-, third-, and fourth-neighbor distances are almost
changed, with respect to bulk values, in the ground-state c
figuration ~circles! while significant deviations are induce
by the excitation~squares!. The same evidence comes fro
the analysis of the Si29H36 cluster@see Fig. 4~b!#. In this case,
being the number of Si-Si pairs quite large we have cho
to show in particular the distances of each Si atom from
central one.33 Therefore, the presence of an electron-h
pair in the clusters causes a strong deformation of the st
tures with respect to their ground-state configuration, a
this is more evident for smaller systems. This is what
expect, since for large clusters the charge-density pertu

FIG. 4. Calculated Si-Si distances~a! for each pair of Si atoms
for the Si10H16 cluster, ~b! of each Si atom with respect to th
central Si of the Si29H36 cluster. Circles and squares represe
ground- and excited-state configurations, respectively. Straight l
represent calculated bulk silicon values for the first, second, th
and fourth neighbors distances.
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tion is distributed throughout the structure, and the eff
locally induced becomes less evident~small adjustments of
bonds and angles occur with respect to the ground state!. On
reducing the dimension, such effect can induce large dis
tions of the structure, which for Si1H4 and Si5H12 are so
strong that the clusters seem to break~see Fig. 3!.34

As a final check, following Ref. 29, we report in Fig. 5 th
Si-Si bond-length distribution relative to Si5H12, Si10H16,
Si29H36, and Si35H36 clusters. It is seen that, as the clust
dimension increases, the distortion induced on the struc
by the excitation changes becoming less evident for la
clusters. This agrees with the result of Franceschettiet al.,29

which shows how under excitation the stretching of a sin
Si-Si bond is observed in small clusters, while on increas
the dimension the overall shape of the nanocrystal is chan
~this last regime is clearly found for clusters with typic
dimension much larger than ours!.

IV. ELECTRONIC PROPERTIES

The structural modifications are immediately reflect
into the electronic spectrum. In Fig. 6 we report the Koh
Sham levels for the Si5H12, Si10H16, Si29H36, and Si35H36
clusters in both the ground-~left panel! and excited-state
~right panel! configurations. It can be noted that:~i! the
ground-state energy gap decreases on increasing the cl

t
es
d,

FIG. 5. Si-Si bond-length distribution in the ground-~left panel!
and excited-state~right panel! geometries. The total area under ea
curve is normalized to one.
1-4
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AB INITIO STRUCTURAL AND ELECTRONIC . . . PHYSICAL REVIEW B 69, 155411 ~2004!
dimension as expected;~ii ! the excitation of the electron-hol
pair causes a reduction of the energy gap which is m
significant for smaller clusters.

For the excited clusters the HOMO and LUMO becom
strongly localized in correspondence of the distortion, giv
rise to defectlike states which reduce the gap; these eff
are stronger for smaller clusters. The contour plots35 of the
HOMO and LUMO wave functions~square modulus! con-
firm such a picture, as shown in Figs. 7 and 8 for the Si5H12,
Si10H16, Si29H36, and Si35H36 clusters in the ground- an
excited-state configurations, respectively. For Si29H36 our re-
sult is in accordance with that of Ref. 29, showing that
stretching induced by the excitation lies inside the nanoc
tal, with the HOMO wave function localized around it.

The absorption of resonant radiation by the cluster in
ground-state configuration induces a transition between
HOMO and LUMO levels, which for all these clusters
optically allowed. Such a transition is followed by a clust
relaxation in the excited state configuration giving rise
distorted geometries~as shown in the previous section! and
to new LUMO and HOMO, whose energy difference
smaller than that in the ground-state geometry~see Fig. 6!. It

FIG. 6. Calculated energy levels at theG point for the ~a!
Si5H12, ~b! Si10H16, ~c! Si29H36, and ~d! Si35H36 clusters in
ground-~left! and excited-~right! state configuration. The energie
are referred to the highest valence level.
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is between these two last states that emission occurs and
worth pointing out how such a shift changes as a function
the dimension. In Table I we show the HOMO-LUMO ga
for both the ground and excited states together with the
sorption and emission energies and the derived Stokes
calculated as described in Sec. II. Let us recall that we
culate the absorption gap with the atoms fixed at the grou
state relaxed positions as the difference between the
energy of the cluster in presence of the electron-hole pair
the total energy in the ground-state configuration. The em
sion gap is calculated in a similar way, but with the relax
geometry of the excited state.

FIG. 7. ~Color online! The HOMO ~left panel! and LUMO
~right panel! square modulus contour plots calculated for the~a!
Si5H12, ~b! Si10H16, ~c! Si29H36, and ~d! Si35H36 clusters in the
ground-state configuration. The isosurfaces correspond to 25%
the maximum value. For Si10H16, Si29H36, and Si35H36 we get a
threefold degenerate HOMO and the shown charge density is
sum over the three states.
1-5
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A number of papers present in literature~for a recent re-
view see Ref. 36! consider the HOMO-LUMO gaps of th
ground and excited state as the proper absorption and e
sion energies; this leads to wrong results, mostly for
smaller clusters. In fact, from Table I it is clearly seen th
the smaller the H-Si-nc, the longer is the difference betw
the absorption and HOMO-LUMO ground-state~GS! gap
and between emission and HOMO-LUMO excited-st
~EXC! gap.37 In particular the GS HOMO-LUMO gap tend
to be smaller than the absorption energy while the E
HOMO-LUMO gap tends to be larger than the emission
ergy. In conclusion, trying to deduce the Stokes shift sim
from the HOMO-LUMO gaps leads to not negligible erro
which are more significant for smaller clusters.

FIG. 8. ~Color online! The HOMO ~left panel! and LUMO
~right panel! square modulus contour plots calculated for the~a!
Si5H12, ~b! Si10H16, ~c! Si29H36, and ~d! Si35H36 clusters in the
excited-state configuration. The isosurfaces correspond to 25%
the maximum value.
15541
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When comparing our results for the ground state w
other DFT calculations we note that there is a general g
agreement between them. In particular, for Si1H4 Grossman
et al.18 have found 7.8 eV for the HOMO-LUMO gap while
Onida and Andreoni12 have obtained 8.1 eV; these value
have to be compared with our calculated 7.93 eV result.
the same time, for the Si29H36 cluster, our 3.65 eV calculate
absorption gap is in good agreement with the 3.6 eV~Ref.
38! obtained with the same method both by Puzderet al.14

and Franceschettiet al.29 It is worth mentioning that our re-
sults for the absorption gaps of the Si1H4 and Si5H12 clusters
agree quite well with the experimental results of Itohet al.39

whose excitation energies are 8.8 eV and 6.5 eV, resp
tively. GW calculations find an absorption gap of 9.0 eV f
Si1H4,19 while LDA results by Hiraoet al.40 show a HOMO-
LUMO gap of 4.62 eV and 3.32 eV for Si10H16 and Si29H36,
respectively. All these data are in very good agreement w
ours.

Regarding the Stokes shift, really few theoretical resu
exist in literature as Table II shows,14,29,41and, in particular
for really small H-Si-nc~from Si1H4 to Si10H16), no theoret-
ical results exist. The dependence of the Stokes shift fr
the H-Si-nc size qualitatively agrees with the calculations
Puzderet al.14 and Franceschettiet al.29 Nevertheless, it is
seen that the data for the Si29H36 cluster show a large spread
which can be attributed to the different approaches us
DFT-GGA in our case, a DFT-LDA in the case of Hirao41

~with a very low cutoff of 6.6 Ry!, Puzderet al., and France-
schettiet al. It is worth pointing out that a large discrepanc
is observed even between the last two calculations just ci
although both include local spin density approximation
the study of the excited electronic configuration~triplet con-
figuration!.

Experimentally, very few measurements exist on hydro
nated Si cluster and what emerges is a decrease of the S
shift value with increasing the clusters dimension.42,43

A last point must be stressed here. Recent results conc
ing optical gain in silicon nanoclusters embedded in a S2
matrix have been described within a four-level, rate equat
model.22,23,44,45In that case the presence of oxygen can
duce localized states within the nanocrystals gap15,46–48mak-
ing the electronic spectrum more complex. Anyway, the pr
ence of the Stokes shift as depicted above can still giv
possible interpretation concerning the nature of the lev
invoked by the model. They can be identified with th
HOMO and LUMO states in the ground- and excited-st
configuration. Starting from a silicon nanocluster in
ground state, the pumping mechanism induces the HOM
LUMO transition followed by a structural relaxation whic
leads to a more favorable geometrical arrangement of
atoms. This modifies the band edges, giving rise to n
differently localized HOMO and LUMO states now involve
in the emission process. Thus, once more three fundame
aspects come out. First, there is a strong interplay betw
structural and electronic properties, mostly when exci
configurations are concerned. Second, a consistent exp
tion of emission processes can be carried out only if s
excited configurations are accounted for. Third, optical g
cannot be calculated simply as the HOMO-LUMO ener

of
1-6
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TABLE I. Calculated values for the absorption and ground state HOMO-LUMO energy gaps, the
sion and excited HOMO-LUMO gaps, and Stokes shifts for the Si1H4 , Si5H12, Si10H16, Si29H36, and
Si35H36 clusters.

Absorption gap Ground state Emission gap Excited state Stokes s
~eV! HOMO-LUMO gap ~eV! HOMO-LUMO gap ~eV!

Si1H4 8.76 7.93 0.38 1.84 8.38
Si5H12 6.09 5.75 0.42 0.46 5.67
Si10H16 4.81 4.71 0.41 0.55 4.40
Si29H36 3.65 3.58 2.29 2.44 1.35
Si35H36 3.56 3.50 2.64 2.74 0.92
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separation without inducing errors which are larger
smaller clusters.

V. SOME CONSIDERATIONS ABOUT SYMMETRIES

For all the studied clusters the ground-state geometry
the Td symmetry. This has been verified performing the o
timization in two separate ways: in the first one theTd sym-
metry has been imposed, while in the second one the ato
positions have been slightly randomized in order to relax
symmetry constraint. The result is that there is not any
preciable difference in the final atomic positions as well as
the total energy between the two cases. This cannot rem
true when the relaxation is done in an excited state confi
ration. The electron-hole pair creation induces occupation
high-energy levels, breaking the ground-state symmetry.
optimization has to be carried out without any constraint
the symmetry in order to prevent the relaxation from falli
into local energy minima.

Some previous calculations have been done without c
sidering the influence that the symmetry of the structure
on the nanosystem electronic and optical properties.17,24 In
order to clearly show this point, two different calculations f
the excited-state configuration both keeping and breaking
Td symmetry of the ground state have been carried out. A
example we compare, in Fig. 9, the geometries obtaine
the excited-state configuration when we keep~open circles!
or relax~dark circles! theTd symmetry of the Si10H16 cluster.
The calculated Si-Si distances for each pair of Si atoms
ported here for both the cases show how the constraint on
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symmetry prevents the cluster from relaxation.
It is interesting to observe that the atomic positions

both the ground and excited states for a cluster withTd sym-
metry are almost the same, whereas this does not occur w
the excited cluster is relaxed without theTd symmetry@see
Fig. 3~c!#. Similarly, the calculated Kohn-Sham levels for th
excited states reproduces the ground-state spectrum whe
symmetry constraint is not relaxed. Finally, in Fig. 10 w
show the HOMO and LUMO square modulus contour plo
calculated for the Si10H16 cluster in the excited-stateTd con-
figuration. Again, a result very similar to the ground sta
@see Fig. 7~b!# is found. We can therefore conclude that bo
energy levels and the resulting charge distribution for theTd
excited cluster practically do not change with respect to
ground state. These findings show how the electronic
geometrical properties obtained keeping the symmetry c
straint for the excited state are far from being those at
actual energy minimum.

VI. FORMATION ENERGIES

The stability of silicon nanoclusters exposed to hydrog
atmosphere can be studied looking at formation energies
function of the size. The interest in this kind of calculatio
consists in the understanding of which clusters are m
likely to form under different growth conditions. A typica
example is given by the Si29H24 cluster, which has been re
cently proposed25,26,49as a structural prototype of ultrasma
ultrabright stable particles and for this reason it has b
considered here. This cluster is obtained from Si29H36 by
ent in
TABLE II. Stokes shift values for hydrogenated Si clusters: present work vs theoretical results pres
literature.

H-Si Diameter
Clusters ~nm! This work Ref. 14 Ref. 29 Ref. 41

Si1H4 0.0 8.38
Si5H12 0.45 5.67
Si10H16 0.55 4.40 LDA QMC LSDA LDA
Si29H36 0.9 1.35 0.69 1.0 2.92 0.22
Si35H36 1.1 0.92 0.57 0.8
Si66H64 1.3 0.50
Si87H76 1.5 0.22 0.32
Si29H24 0.8 0.84 0.34 0.4
1-7



e

tin

n

l
t

lu

n
po

d

ber,
le
i-

ec-
e.
tion

-
-
oor
in

lar-
cu-

s

nic
car-

th

s
ir

s

o

Si

on

.

ELENA DEGOLI et al. PHYSICAL REVIEW B 69, 155411 ~2004!
simply removing 12 hydrogens in a way so as to induc
surface reconstruction.

The stability of each cluster can be evaluated calcula
the formation enthalpy~F! through the formula:

F~SiNHM !5ETOT~SiNHM !2NmSi2MmH , ~1!

where ETOT is the ground-state total energy of a give
SiNHM cluster,mSi andmH the chemical potentials for silicon
and hydrogen, respectively.

The chemical potential for silicon (mSi) is fixed at the
bulk value which ismSi52107.802 eV, while the chemica
potential for hydrogen changes to simulate different grow
conditions. Figure 11 shows the phase diagram of the c
ters with respect to different conditions in theH atmosphere.
All the possible values formH we have considered have bee
referred to the calculated molecular hydrogen chemical
tential which is mH5215.656 eV. Thus,DmH50 corre-
sponds to the situation where the clusters are expose
molecular hydrogen at T50 °K, negative values ofDmH

FIG. 9. Calculated Si-Si distances of each pair of Si atoms of
Si10H16 cluster in the excited state configuration with~open circles!
and without~dark circles! theTd symmetry constraint. Straight line
represent calculated bulk silicon values for the first, second, th
and fourth neighbors.

FIG. 10. ~Color online! The HOMO ~left! and LUMO ~right!
square modulus contour plots for the Si10H16 cluster in the excited-
state configuration. The originalTd symmetry of the cluster ha
been kept during relaxation@see similarity with Fig. 7~b!#. The iso-
surfaces correspond to 25% of the maximum value. The HOMO
threefold degenerate and the shown charge density is the sum
the three states.
15541
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correspond to a H-poor atmosphere in the growth cham
positive values ofDmH mean that also atomic H is availab
~H-rich conditions!. All the considered clusters are pass
vated by H atoms placed along the bulk silicon crystal dir
tions except for the Si29H24 structure, as pointed out abov
The surface reconstruction induces in this case the forma
of Si-Si dimers. As expected, the Si29H24 structure, when
compared with Si29H36, is stabler in H-poor growth condi
tions ~not visible in Fig. 11!, less stable in H-rich atmo
sphere. The exposure to molecular hydrogen or to a H-p
atmosphere gives higher stability to smaller clusters, while
H-rich growth conditions larger clusters are stabler. For c
ity, the results obtained considering the exposure to mole
lar hydrogen at T50 °K are reported in Table III (DmH50
in Fig. 11!. On increasing theH concentration~that is, mov-
ing from left to right in Fig. 11! the stablest cluster change
from Si1H4 to Si5H12 and, finally, to Si35H36.

VII. CONCLUSIONS

In this paper an investigation of the optical and electro
properties of hydrogenated silicon nanoclusters has been

e

d,

is
ver

FIG. 11. Calculated phase diagram of the hydrogen exposed1

~stars!, Si2 ~crosses x!, Si5 ~crosses1!, Si10 ~diamonds!, Si14 ~down
triangles!, Si29 (Si29H24 up triangles and Si29H36 squares! and Si35

~circles! clusters. The chemical potential of hydrogen,mH , is given
with respect to molecular hydrogen.

TABLE III. Calculated ground state total energy and formati
enthalpy for the SiH4 , Si2H6 , Si5H12, Si10H16, Si14H20, Si29H24,
Si29H36, and Si35H36 clusters in presence of molecular hydrogen

Ground state Formation enthalpy
total energy F(SiNHM)

~eV! ~eV!

Si1H4 2170.52 20.096
Si2H6 2309.21 0.32
Si5H12 2725.72 1.16
Si10H16 21324.47 4.04
Si14H20 21816.32 6.02
Si29H24 23483.11 13.48
Si29H36 23676.38 7.71
Si35H36 24328.96 18.87
1-8
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ried out. A systematic analysis of the structural propert
reveals that the average Si-Si bond approaches the bulk
length as the cluster dimension increases. This is not true
the individual distances, because of the presence of the
face and the hydrogen passivation. In particular, it has b
shown that moving from the center of the cluster toward
surface a contraction of the outer Si shells is observed. M
over, the effect on the cluster geometry due to the creatio
an electron-hole pair~electron excitation from HOMO to
LUMO! has been studied, showing how the charge den
change induces significant distortions. A strong interplay
tween the nanocluster structural and electronic proper
comes out. Such distortions modify the absorption and em
sion energies that, as pointed out, cannot be calculated
ply as the HOMO-LUMO energy separation, and induce
presence of new localized energy levels. This can explain
Stokes shift as well as provide a possible four-level sche
able to account for optical gain in silicon nanoclusters. T
role of the cluster symmetries, in calculating excited st
properties has been pointed out, showing how the constr
v.

at
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d
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et

o-
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on the symmetry prevents the cluster from relaxing with
spect to the ground-state geometry. This leads to wrong
ometry and charge density, as the comparison of Figs.~b!
and 10 clearly show. Just to give an indication, when su
constraint is relaxed for Si10H16, a total energy lowering of
0.044 Ha is obtained.

Finally, we calculated the formation energies for cluste
ranging from 1 to 35 Si atoms. The phase diagram shows
increasing the H concentration the size of the stablest clu
increases from Si1H4 to Si5H12 and finally to Si35H36.
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