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The molecular structures of Si29H24, Si29H36, and Si35H36 clusters in the ground state as well as in the lowest
singlet and triplet excited states have been studied at the density-functional theory level using the first-order
linear-response-theory approach for the singlet excited state. Structural changes compared to the ground state
due to Franck-Condon relaxation of the singlet excited state are small, whereas optimization of the lowest
triplet state is found to result in a dissociation of a SiuSi bond. The electronic excitation spectra up to 5 eV
for the ground-state and excited-state structures of the silicon nanoclusters are also reported. The obtained
Franck-Condon shift for the first excited state of Si29H36 is 0.70 eV, yielding a luminescence energy of 3.14 eV
which is in good agreement with experimental data. The Franck-Condon shifts for Si29H24 and Si35H36 are
found to be 1.17 and 1.67 eV, yielding emission energies of 1.57 and 2.03 eV, respectively, which are signifi-
cantly smaller than the experimental value of about 3 eV. Thus, the present study supports the notion that the
silicon nanoclusters fabricated through electrochemical etching consist of 29 Si atoms surrounded by 36
hydrogen atoms.
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I. INTRODUCTION

The discovery of the luminescent properties of porous
silicon samples1–3 initiated intense experimental and compu-
tational studies of silicon nanoparticles. Interesting research
results involving nanosized silicon have been reported by,
among others, Nayfeh and co-workers.4–8 They fabricated
nanosized silicon through electrochemical etching with hy-
drofluoric acid �HF�. By using this technique they were able
to disperse bulk Si into nanoparticles of about 1 nm in diam-
eter. The obtained Si nanoparticles were found to be strongly
luminescent exceeding the luminescence activity of
fluorescein.5,9 In addition to the strong distinct photolumines-
cence, they also found that the Si nanoparticles exhibit
stimulated emission effects which is an important step to-
ward the realization of a Si laser.4,10 The Si nanoparticles
were found to possess also other interesting optical proper-
ties such as directed light beam emission7 and harmonic
generation.11 They are therefore showing promise for future
silicon-based optical devices and applications. Although sili-
con nanoparticles have been the subject of many computa-
tional studies at ab initio and density-functional theory
�DFT� levels of theory7–9,11–18 the reason for their outstand-
ing optical properties is still unresolved. Furthermore, a con-
sensus concerning the molecular structure of the manufac-
tured nanocrystals has not been reached either,12,14,17,19 even
though the size of the smallest ones is within the reach of
accurate ab initio and DFT calculations.

The particle size has been determined by high-resolution
transmission electron microscopy and confirmed by autocor-
relation fluctuation spectroscopy.8 By using computational
ab initio and DFT approaches, a structural prototype consist-
ing of 29 Si atoms was constructed.9 This number of atoms
was chosen since it is a magic number for clusters of Td
symmetry and with 29 Si atoms one obtains a cluster the size
of which is about 1 nm.8,9,20 The Si29 cluster of Td symmetry
has 36 dangling bonds, which at preparation react with the
hydrogen in the bath of HF and H2O2, forming SiuH bonds

on the cluster surface. For the Si cluster covered by 36 H
atoms, Nayfeh et al. obtained a large band gap of 6 eV,
indicating that Si29H36 is not the cluster they obtained in the
etching process. They studied several cluster models compu-
tationally and came to the conclusion that Si29H24 is most
likely the cluster they got in the test tube.9,17

However, DFT studies of the absorption and emission
spectra14,18 of the Si29H36 nanocluster yielded an optical gap
in close agreement with the experimental excitation thresh-
old of 3.7 eV. The corresponding coupled-cluster study of
the absorption spectrum14 employing a coupled-cluster
singles and doubles model with the doubles contributions
considered implicitly21,22 �CC2� supported the obtained DFT
results. The luminescence energy of 3.14 eV calculated at
the DFT level also agreed well with the observed value.18

Thus, these computational studies indicate that the Si atoms
at the surface are connected to 36 hydrogens, yielding the
Si29H36 cluster.

In this work, we extend the previous studies of Si nano-
cluster by calculating the electronic absorption and emission
spectra for Si29H24, Si29H36, and Si35H36 which all are plau-
sible candidates for the nanoparticles produced in the etching
process. The Si cluster containing 35 Si atoms has previously
been studied by Williamson et al.23,24 and Friesner et al.,15

and the optical gap of Si29H36 has also previously been cal-
culated employing multireference second-order
Møller-Plesset25 and quantum Monte Carlo �QMC�
methods.26

II. COMPUTATIONAL METHODS

The optimization of the molecular structure of the singlet
ground states and of the first excited triplet states of the
silicon nanoclusters were performed at the density-functional
theory level using the gradient corrected Becke-Perdew �BP�
functional,27–29 which belongs to the functionals of the gen-
eralized gradient approximation �GGA� type. Triple-�
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valence-quality basis sets augmented with polarization
functions30 �TZVP� were used in most calculations. In the
optimization of the triplet states, the unrestricted Kohn-Sham
approach was employed. The electronic excitation spectra up
to 5 eV were calculated using time-dependent density-
functional theory �TDDFT�.31,32 The molecular structures of
the first excited singlet and also of the lowest triplet states
were optimized at the BP TDDFT level using analytical
TDDFT gradients as implemented in the EGRAD module of
TURBOMOLE.33,34 For comparison, the molecular structures
were also fully optimized using the Slater-Vosko-Wilk-
Nusair �SVWN�v�� �Refs. 27, 35, and 36� local density ap-
proximation �LDA�. The resolution of the identity �RI� ap-
proximation �also called density fitting� was employed in
order to speed up the GGA and LDA computations.37 The
calculations on the silicon clusters were checked by employ-
ing the Perdew-Burke-Ernzerhof �PBE� functional,38

the Tao-Perdew-Staroverov-Scuseria meta-GGA �TPSS�
functional,39 and Becke’s three-parameter hybrid functional40

with the Lee-Yang-Parr correlation functional41 �B3LYP�.
In the benchmark calculations on SiH4, Si2H6, and Si3H8

the Karlsruhe quadruple-� valence basis sets augmented with
double sets of polarization functions �QZVPP� were

employed.42 The TURBOMOLE program package42 has been
used in all calculations.

III. RESULTS

A. Structures

The optimization of the molecular structures of the
ground state of the Si29H24, Si29H36, and Si35H36 clusters
showed that their geometries belong to the Td point group.
The triply degenerate first excited singlet states �T2� of
Si29H24, Si29H36, and Si35H36 relax upon excitation yielding
molecular structures belonging to the Cs�A��, D2d�B2�, and
C1�A� point groups, respectively. The symmetries of the first
excited singlet states are given within parentheses. The mo-
lecular structures of Si29H36 in the singlet ground state and
the fully relaxed structures of the ground and the first triplet
excited states are shown in Figs. 1 and 2.

The structure optimization of the triplet state resulted in
dissociation of one of the SiuSi bonds, as seen in Fig. 2.
The SiuSi distance increased from 2.386 Å for the ground
state to 4.322 Å in the first excited triplet state obtained us-
ing the unrestricted Kohn-Sham approach. The structure of
the first triplet state was also optimized using the TDDFT

TABLE I. Comparison of calculated excitation wavelengths �in nm� for SiH4, Si2H6, and Si3H8 with
experimental data. Electronic transitions with oscillator strengths greater than 0.1 are reported. The excitation
energies were calculated at the BP DFT and B3LYP DFT levels using QZVPP-quality basis sets. The
molecular structures were optimized at the BP DFT level using the TZVP basis sets. The experimental
wavelengths are taken from Ref. 44.

SiH4 Si2H6 Si3H8

BP B3LYP Expt. BP B3LYP Expt. BPa B3LYPb Expt.

138 134 141 171 165 164 201 195 187

129 125 128 155 141 147 176 180 165

113 111 116 148 136 131 167 168 133

143 132 125 150 153 118

131 148 145

aStrong excitations were also obtained at 142, 138, 131, 130, 123, and 122 nm.
bStrong excitations were also obtained at 144, 142, 133, 131, 129, 124, and 123 nm.

FIG. 1. The ground-state structure of Si29H36 and the numbering
of the Si atoms. The structure of the first excited singlet state is
visually almost identical.

FIG. 2. The structure of the lowest triplet state of Si29H36 opti-
mized at the BP DFT level using the TZVP basis sets.
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method in combination with the BP functional. The BP TD-
DFT structure optimization also resulted in a dissociation of
the SiuSi bond. However, in this case, we were not able to
obtain a fully converged molecular structure for the triplet
state, since the spacings between the one-particle levels be-
came very small due to the breaking of the SiuSi bond.

The BP DFT calculations clearly show that the molecular
structure of the lowest triplet state involves long SiuSi
bonds. The molecular structure of the triplet state of Si29H36
has previously been studied by employing plane waves and
ultrasoft pseudopotentials. Franceschetti and Pantelides13 ob-
tained in their local spin-density calculation, a 15%
��0.35 Å� increase in one of the SiuSi bonds. In order to
investigate this further, the molecular structures for the sin-
glet ground state as well as for the first singlet and triplet
excited states were fully optimized using the SVWN LDA
functional. We did not obtain any significant differences be-
tween SVWN and BP structures of the singlet ground state
and of the first singlet excited state. The structural differ-
ences are small with bond variations of less than 2 pm. The
absorption and emission energies of 3.72 and 3.00 eV for
Si29H36 obtained at the LDA level are also in close agree-
ment with the ones calculated using the BP functional. How-
ever, the structure of the first triplet state optimized using the
SVWN LDA functional turned out to be significantly differ-
ent from that obtained with the BP functional. At the LDA
level, no dissociation in any of the SiuSi bonds was ob-
served, whereas optimization of the triplet state using the
PBE GGA functional,38 the TPSS meta-GGA functional, or
the B3LYP hybrid functional40,41 in combination with the
TZVP basis sets led to dissociation of a SiuSi bond. The
use of a split-valence basis set augmented with one set of
polarization functions on the Si atoms in combination with
the PBE functional resulted in a SiuSi bond elongation of
only 0.280 Å �from 2.381 to 2.661 Å� showing that one has
to use large basis sets and GGA functionals in order to obtain
the correct molecular structure. At the LDA level using the
TZVP basis sets, the largest bond elongation of 0.193 Å oc-
curred for the SiuSi bond from the central Si to one of its
nearest neighbors. It is well known that the LDA tends to
overestimate bond strengths.43 Thus, this is a further example
where the LDA fails to give the correct molecular structure.

The molecular structure optimizations on the triplet states
of the Si29H24 and Si35H36 clusters also yielded cluster struc-
tures with long dissociated SiuSi bonds. The bond disso-
ciation occurs in one of the SiuSi bonds at the cluster sur-
face. For Si29H24, the SiuSi bond length changes from
2.383 to 3.463 Å. The corresponding bond lengths for
Si35H36 are 2.378 and 3.923 Å, respectively. These calcula-
tions show that the optimized triplet-state structure is not a
good substitute for the optimized structure of the first excited
singlet state, even though the dominating electron configura-
tion of both the singlet and the triplet states can be obtained
by the same single excitation from the ground state.

B. Absorption and emission spectra

1. General

A molecular system absorbing light is excited from the
ground state in its equilibrium geometry to an excited state.

In the excitation process the molecular structure is approxi-
mately unchanged; the excitation is usually thought to be
vertical. Thus, the transition energies and band strengths of
the absorption spectra should be calculated using the ground-
state molecular structure.

The calculation of the emission spectra, the luminescence,
is a much more involved task. The deexcitation giving rise to
the luminescence is most likely close to vertical and the lu-
minescence spectra should thus be calculated using the mo-
lecular structure of the excited state. The emission energy is
redshifted compared to the absorption energy due to the
structural relaxation of the excited state. Since the optimized
molecular structure of the excited state is not completely
optimal for the ground state, the ground-state energy for the
excited-state structure is somewhat higher than for the
ground-state geometry, also leading to a smaller emission
energy, i.e., the mechanical strain introduced for the ground-
state results is an additional contribution to the redshift of the
excitation energy.

However, also other processes have to be considered in
the simulation of luminescence spectra, since the intensity of
the emitted light depends on the deexcitation route and the
population of the levels. Both radiative and nonradiative
transitions might play important roles. The final lumines-
cence spectrum is a result of several competing coupled pro-
cesses and can only be simulated by solving the rate equa-
tions for them. In this work, we have made no attempts to

TABLE II. The excitation energies �in eV� for the Si nanoclus-
ters calculated using the ground-state �Eabs� and the first-excited-
state �Eemi� structures. The Franck-Condon shift ��EFC� and contri-
butions from the ground-state ��EGS� and excited-state ��EES�
relaxations are also given.

Si29H24 Si29H36 Si35H36

Eabs 2.74 3.84 3.70

Eemi 1.57 3.14 2.03

�EFC 1.17 0.70 1.67

�EGS 0.48 0.40 1.19

�EES 0.44 0.30 0.48

fabs 0.000011 0.012 0.0027

femi 0.0000057 0.0017 0.00044

FIG. 3. The absorption and emission spectra of the Si29H36 clus-
ter calculated at the BP DFT level using the TZVP basis sets.
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simulate the intensity of the luminescence, whereas the
Franck-Condon shifts and the luminescence intensities have
been obtained by comparing the excitation energies calcu-
lated for the ground state and for the first excited state. Thus,
we assume here that the difference between the absorption
and emission spectra is only due to the changes in the mo-
lecular structure and the corresponding changes in the exci-
tation energies and oscillator strengths.

2. SiH4, Si2H6, and Si3H8

The accuracy of the calculated excitation energies were
assessed by performing BP and B3LYP TDDFT calculations
on SiH4, Si2H6, and Si3H8, for which there are accurate ex-
perimental data.44 The calculated and experimental wave-
lengths are compared in Table I. In the TDDFT calculations,
the QZVPP basis sets were used, whereas the molecular
structures were optimized using the TZVP basis sets. The
excitation wavelengths of the first few strong transitions with
oscillator strengths larger than 0.1 are reported. The three
first excitation wavelengths obtained in the BP TDDFT cal-
culations using the QZVPP basis sets are 138, 129, and
113 nm �SiH4�; 171, 155, and 148 nm �Si2H6�; 201, 176, and
167 nm �Si3H8�. At the B3LYP level, the energies of the first
transitions are systematically blueshifted by 4–6 nm as com-
pared to the BP values, whereas the excitation wavelengths
of 142, 178, and 205 nm for SiH4, Si2H6, and Si3H8 obtained
at the SVWN TDDFT level are somewhat larger than the
corresponding BP values. The use of the TZVP basis sets in

the TDDFT calculation shifts the transitions to higher ener-
gies. At the BP DFT level using the TZVP basis sets, the
wavelengths of the first transitions are 132, 164, and 195 nm
for SiH4, Si2H6, and Si3H8, respectively.

For SiH4, the calculated excitation threshold calculated at
the BP DFT level is 0.20 eV larger than the experimental
value, whereas for Si2H6 and Si3H8 they are 0.31 and
0.46 eV too small as compared to the excitation energies
deduced from the absorption cross section measurement by
Itoh et al.44

For SiH4, we obtained at the BP DFT level three strong
transitions at 8.96, 9.61, and 10.94 eV which are in good
agreement with the experimental values of 8.8, 9.7, and
10.7 eV,44 whereas in a recent quantum Monte Carlo study
by Porter et al.45 only two strong absorption peaks were
obtained. At the QMC level, the calculated excitation thresh-
olds for SiH4 are 9.47�2�,45 9.1�1�,46 or 9.2,24 as compared to
the present BP TDDFT value of 8.96 eV and the experimen-
tal value of 8.8 eV. The QMC approach seems to give sys-
tematically a somewhat too large excitation threshold. Porter
et al.45 also found that the excitation energies calculated at
the LDA level are smaller than the experimental values.
However, in the present LDA SVWN calculations we ob-
tained an excitation threshold of 8.8 eV. The obtained results
for the small SiH species show that BP TDDFT calculations
are able to provide excitation energies in a reasonable agree-
ment with experiment.

3. Si29H36

The calculations of the absorption and emission spectra
are summarized in Table II. The absorption threshold for the
Si29H36 cluster calculated at the BP TDDFT level is 3.84 eV
and the lowest emission energy is 3.14 eV. The absorption
and emission spectra for Si29H36 is shown in Fig. 3. In the
plot, it was assumed that the transition bands have a Lorent-
zian band shape with a half-width of 50 meV. For the
Si29H36 cluster of Td symmetry, only transitions from excited
states of T2 symmetry contribute to the absorption spectrum.

FIG. 4. Schematic potential energy diagram for the ground state
�GS�, and for the lowest singlet �ES� and triplet excited states �T� of
Si29H36.

FIG. 5. The change in the charge density upon excitation for
Si29H36. The electron charge densities of the ground and excited
states have been calculated using the ground-state structure of Td

symmetry. Electron accumulation is indicated with dark and deple-
tion with light gray.
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For the Si29H36 cluster in the first singlet excited state, dipole
transitions are allowed between the ground state and the ex-
cited states belonging to the B2 and E irreducible represen-
tations of the D2d point group. The absorption and the emis-
sion spectra of Si29H36 have due to the high symmetry of the
cluster a rather pronounced peak structure. The intensity of
the first transition calculated for the first excited state using
its optimized cluster structure is small especially when con-
sidering that this transition is experimentally very bright.

Previously, we have shown that the excitation energies
calculated at the BP TDDFT level are 0.6–0.7 eV
smaller14,18 than excitation energies obtained at the DFT
level using Becke’s three-parameter hybrid functional40 with
the Lee-Yang-Parr correlation functional.41 The excitation
threshold for Si29H36 calculated at the approximate coupled-
cluster singles and doubles21,22 level was 4.7 eV.14 The CC2
energy is an upper limit for the excitation energy since the
double excitations are considered only implicitly and TZVP
is not a very large basis set for coupled-cluster calculations.

The absorption-emission process is schematically shown
in Fig. 4. The vertical excitation and deexcitation between
the ground and the first excited states are displayed with
arrows in the graph. The molecular structure of the excited
state undergoes a tiny relaxation giving rise to a Frank-
Condon energy shift ��EFC� of 0.70 eV. The SiuSi bond
lengths and the corresponding changes in the SiuSi dis-
tances are given in Table III and the numbering of the atoms
for Si29H36 is shown in Fig. 1.

The Franck-Condon shift can be divided into two separate
contributions; the relaxation of the excited state lowers the

excitation energy by 0.30 eV ��EES� and the remaining
0.40 eV is due to the increase of the ground-state energy
��EGS� since the cluster structure for the excited state is
slightly different from the optimized structure for the ground
state.

Franck-Condon shifts calculated at different levels of
theory are compared in Table IV and the corresponding en-
ergies calculated using the molecular structure optimized for
the lowest triplet state are given in Table V. Tables IV and V
show that at least GGA functionals and large basis sets must
be used in order to obtain reliable structures and energies.

TABLE III. A comparison of SiuSi bond distances �in pm� for the ground state �GS�, the first excited
state �ES�, and the lowest triplet state �TS� of Si29H36 calculated at the BP, PBE, and SVWN DFT levels
using the TZVP basis sets. The length of the longest SiuSi bond of the first triplet state is underlined.

SiuSi
bond

BP PBE SVWN

GS ES TS GS ES TS GS ES TS

1u2 238.7 239.8 236.3 238.1 239.0 234.9 234.5 235.0 236.8

1u3 238.7 239.8 239.2 238.1 239.0 234.9 234.5 235.0 233.7

1u4 238.7 239.8 237.5 238.1 239.0 234.8 234.5 235.0 253.8

1u26 238.7 239.8 239.0 238.1 239.0 378.3 234.5 235.0 233.1

2u5 238.6 237.6 432.4 238.0 237.1 237.7 234.3 233.5 234.4

2u9 238.6 240.7 236.4 238.0 240.1 238.4 234.3 236.2 234.0

2u10 238.6 240.7 236.0 238.0 240.1 237.6 234.3 236.2 238.2

3u6 238.6 240.7 239.0 238.0 240.1 237.6 234.3 236.2 233.8

3u11 238.6 237.6 238.6 238.0 237.1 237.6 234.3 233.5 234.4

3u12 238.6 240.7 238.9 238.0 240.1 238.4 234.3 236.2 234.5

4u7 238.6 237.6 238.3 238.0 237.1 238.4 234.3 233.5 234.3

4u8 238.6 240.7 238.9 238.0 240.1 237.6 234.3 236.2 237.9

4u13 238.6 240.7 238.7 238.0 240.1 237.6 234.3 236.2 235.1

5u14 237.3 236.6 236.2 237.0 236.4 236.7 233.9 233.3 234.2

5u19 237.3 236.6 235.3 237.0 236.4 237.2 233.9 233.3 233.8

9u15 237.3 237.2 237.1 237.0 236.9 237.2 233.9 234.0 233.4

9u16 237.3 236.9 237.4 237.0 236.6 237.1 233.9 233.6 233.9

11u20 237.3 236.6 237.5 237.0 236.4 236.7 233.9 233.3 234.0

11u25 237.3 236.6 236.6 237.0 236.4 237.1 233.9 233.3 233.9

TABLE IV. Comparison of the excitation energies �in eV� and
Franck-Condon shifts for Si29H36 calculated at DFT levels using
TZVP-quality basis sets. The calculated energies are compared to
values obtained at the CC2 level using the TZVP basis sets. The
oscillator strengths are also given.

SVWN BP PBE B3LYP CC2a

Eabs 3.72 3.84 3.82 4.52 4.68

Eemi 3.00 3.14 3.11 3.74 3.84

�EFC 0.73 0.70 0.71 0.78 0.84

�EGS 0.41 0.40 0.40 0.43 0.45

�EES 0.32 0.30 0.31 0.35 0.39

fabs 0.011 0.012 0.012 0.018 0.015

femi 0.0010 0.0017 0.0014 0.0019 0.0031

aSingle-point calculations for geometries optimized at the BP DFT
level using the TZVP basis sets.
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For the ground-state structure, the lowest triplet state lies
0.12 eV below the first excited singlet state, but the optimi-
zation of the molecular structure of the triplet states lowers
its energy such that it even becomes lower in energy than the
lowest singlet state. This state crossing results in conver-
gence problems in the TDDFT optimization of the triplet
state. The optimization of the triplet state at the unrestricted
DFT level yields a totally nonsymmetric �C1� structure for
the Si29H36 cluster. For the optimized structure of the triplet
state, the triplet state becomes the ground state of the Si29H36
cluster showing that one should be careful with the use of the
optimized triplet-state structure as a substitute for the opti-
mized structure of the first excited singlet state. The opti-
mized molecular structures of the lowest triplet state and that
of the first excited singlet state are in this case completely
different. This also means that conclusions drawn from cal-
culations on the lowest triplet state might be misleading.
Franceschetti and Pantelides13 obtained very large Frank-
Condon shifts of 2.92 eV for Si29H36 by using the lowest
triplet state to estimate the molecular structure of the first
excited singlet state. The present study suggests that such a
large Frank-Condon shift is an artifact of the computational
method used. The present Frank-Condon shift of 0.7 eV cal-
culated at the BP TDDFT level is also in better agreement
with experimental observations.

The charge-density difference between the ground state
and the first excited singlet state of Si29H36 has been calcu-
lated at the BP DFT level using first-order linear-response
theory. The density difference shows that the exciton, or the
electron-hole pair, is mainly located close to the interior part
of the Si cluster. As seen in Figs. 5 and 6, the difference in
the exciton densities calculated using the ground-state and
the excited-state structures is small. A density threshold of
0.001 e Å−3 was used in the plots. The excited state has a
small surplus of electrons in the vicinity of the central Si
atom, whereas further away from it the ground state has an
excess of electrons as compared to the excited state. For both
structures, the exciton density is smeared out over the entire
cluster.

4. Si29H24 and Si35H36

For Si29H24, the Franck-Condon shift obtained at the BP
TDDFT level is 1.17 eV which can be divided into a �EGS of

0.48 eV and a �EES contribution of 0.44 eV. For Si35H36, the
corresponding energies are 1.67 ��EFC�, 1.19 ��EGS�, and
0.48 eV ��EES�. The Frank-Condon shifts of the studied Si
nanoclusters are compared in Table II. The absorption thresh-
olds for Si29H24 and Si35H36 are 2.74 and 3.70 eV, respec-
tively. However, the large Franck-Condon shifts of 1.17 and
1.67 eV indicate that these clusters do not emit blue light as
observed experimentally but they should instead emit light at
610 and 790 nm, respectively. Thus, the calculated lumines-
cence energies of 1.57 and 2.03 eV show that it is most
unlikely that these clusters are the one obtained in the etch-
ing process.

The calculated absorption and emission spectra for
Si29H24 and Si35H36 are shown in Figs. 7 and 8, respectively.
In the plots, we assumed Lorentzian band shapes with a half-
width of 50 meV. Since the ground-state structure of Si29H24
and Si35H36 are of Td symmetry, transitions from T2 excited
states contribute to the absorption spectrum. For the excited-
state structure of Si29H24 possessing Cs symmetry, all transi-
tions are dipole allowed. The same is true for the nonsym-
metric �C1� structure of the excited state of the Si35H36

cluster. Since all transitions are dipole allowed, the intensity
of the emission spectra is smeared out over a large energy

TABLE V. Comparison of the excitation energies �in eV� and
Franck-Condon shifts for Si29H36 calculated at DFT levels using
TZVP-quality basis sets. The energies have been obtained using the
optimized molecular structures for the lowest triplet state. The os-
cillator strengths are also given.

SVWN BP PBE B3LYP

Eabs 3.72 3.84 3.82 4.52

Eemi 1.83 1.21 1.84 1.84

�EFC 1.89 2.64 1.98 2.68

�EGS 1.38 1.44 1.06 1.01

�EES 0.51 1.20 0.92 1.67

femi 0.0031 0.104 0.103 0.143

FIG. 6. The change in the charge density up on excitation for
Si29H36. The electron charge densities of the ground and excited
states have been calculated using the excited-state structure of D2d

symmetry. Electron accumulation is indicated with dark and deple-
tion with light gray.

FIG. 7. The absorption and emission spectra of the Si29H24 clus-
ter calculated at the BP DFT level using the TZVP basis sets.
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interval yielding a flat curve without distinguished transition
peaks. The band strengths of the emission spectra are very
weak as compared to the strong luminescence observed ex-
perimentally.

IV. CONCLUSIONS

The electronic excitation spectra of the Si29H24, Si29H36,
and Si35H36 nanoclusters have been studied using density-
functional theory. The calculations show that for Si29H36 and
Si35H36 absorption threshold lies in the ultraviolet region
�320–340 nm�, whereas for Si29H24 it is at about 450 nm.
The Si nanoclusters were found to have large Franck-Condon
shifts of 1.17, 0.70, and 1.67 eV for Si29H24, Si29H36, and
Si35H36, respectively. The calculated deexcitation energies of
1.57, 3.14, and 2.03 eV for the three Si clusters correspond
to luminescence wavelengths of 790, 395, and 620 nm. In
the experimental emission spectrum, the strong luminescence
band appears at 400 nm,17 suggesting that it is most likely
that of these candidates it is the luminescence from the
Si29H36 cluster that is observed. The oscillator strength for
the deexcitation from the first excited singlet state to the
ground state is significantly smaller than what one would
expect for a strongly luminescent species. The calculations
suggest that there are other factors than dipole transition mo-

ments that determine the luminescence strength of the silicon
clusters.

For Si29H24 and Si29H36, the Franck-Condon shifts were
found to be almost equally divided between contributions
from the relaxation of the excited state and from the strain of
the ground state, whereas for the Franck-Condon shift of
Si35H36, the strain of the ground state contributes more than
twice the relaxation energy of the excited state.

The structure optimization of the triplet state shows that
the molecular structure of the triplet state and the molecular
structure of the first excited state are completely different.
Thus, the molecular structure for the triplet state of the
Si29H36 cluster calculated at the unrestricted DFT level is not
a good substitute for the optimized structure of the first ex-
cited singlet state, as recently proposed by Franceschetti and
Pantelides.13 The unrestricted DFT optimization and the TD-
DFT optimization of the triplet state using the GGA function-
als yield molecular structures with a dissociated SiuSi
bond, whereas the TDDFT optimization of the molecular
structure of the first singlet state involves only small changes
in the structure.

The present study also shows that density functionals of at
least GGA type should be employed in DFT studies of sili-
con clusters, since DFT calculations at the LDA level seem
occasionally to provide misleading cluster structures.
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