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The molecular structure of Si;4C,4H7,, which is a recently synthesized sila-adamantane cluster (Si;,) capped
by twelve methyl groups and four trimethylsilyl groups, was optimized at the density-functional theory level
using the Becke-Perdew functional and triple-{ quality basis sets augmented with polarization functions. The
molecular structures of related hydrogen-terminated silicon nanoclusters with a sila-adamantane cage at the
cluster center were optimized at the same level of theory. The electronic excitation spectra of these species
were studied at the time-dependent density-functional theory level by employing many different functionals of
generalized-gradient approximation type, but also two hybrid functionals were used. The computational study
comprises SijoHjg, SijsHoy, SixoHyg, SisgHugs SizgH7p, SigoH7o, and SijggH o clusters. The clusters consisting
of one capped adamantane cage have bright states among the ten lowest dipole allowed transitions, whereas for
the two largest silicon nanoclusters with fused adamantane units, the oscillator strengths of the 50 lowest states
are about two orders of magnitude weaker than for the small ones. Coupled-cluster calculations of the excita-

tion spectrum of SijoH;¢ support the results obtained at the density-functional theory levels.
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I. INTRODUCTION

Sila-adamantane is a tricyclic cage-shaped Sij, cluster
that can be considered to be the smallest repeat unit of crys-
tallized silicon. The sila-adamantane cage capped with me-
thyl and trimethylsilyl substituents was recently synthesized
as an independent molecule.! This is an important achieve-
ment in silicon chemistry since sila-adamantane molecules
bridge the gap between well-defined chemically synthesized
silicon compounds and less strictly characterized silicon
nanoclusters, which show promise in future optical devices.
Thus, the sila-adamantane molecule is anticipated to provide
new information about the optical properties of silicon com-
pounds in the transition between silicon molecules and nano-
clusters.

Even though silicon nanoclusters (Si-NCs) have been ex-
tensively studied both experimentally and computationally,
the detailed mechanisms of the light absorption and emission
processes of Si-NCs are not yet understood. Allan et al. sug-
gested a mechanism involving self-trapped surface states,”
but this mechanism has not been supported by more recent
calculations.’> For porous silicon, a variety of other lumi-
nescence mechanisms has been proposed.® Some them have
also been related to the luminescence of Si-NCs. The experi-
mental absorption thresholds are rather well reproduced in
many computational studies.*>’-!4 The Franck-Condon (FC)
shifts, obtained by optimizing the structure of the excited
state using, e.g, the time-dependent density-functional theory
(TDDFT) approach, have also in some cases been found to
yield luminescence energies in good agreement with
measurements,*> whereas in other calculations the obtained
FC shifts are significantly larger than one would expect from
the photoluminescence experiments; no consensus concern-
ing the Franck-Condon shifts has yet been reached.*>!3-17

The band strengths, i.e., the oscillator strengths obtained
in the calculations of electronic absorption and photolumi-
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nescence spectra of Si-NCs, are weak as compared to experi-
mental data,*>'® whereas experimentally, the Si-NCs are
found to be very bright with stronger photoluminescence
(PL) emission intensities than fluorescein.!#!*2% The PL in-
tensity is related to the oscillator strength of the emitting
state. However, in the case of PL, factors other than oscilla-
tor strengths have to be considered in the simulation of the
luminescence strengths, since the intensity depends on the
deexcitation route and the population of the levels. Both ra-
diative and nonradiative transitions might play important
roles.?! The final luminescence spectrum is a result of several
competing coupled processes and can only be obtained by
solving the rate equations for them. However, a recent ex-
perimental study suggests that the luminescence intensity is
merely due to large oscillator strengths and the high quantum
efficiency. Thus, the nonradiative relaxation rate is vanish-
ingly small compared to the rate along the radiative recom-
bination channel.'#

In our previous calculations of absorption and emission
spectra of Si-NCs, the obtained intensities for the low-lying
states were too small as compared to experimental values.
One plausible explanation for the discrepancy between the
calculated oscillator strengths and detected PL intensity is
that different Si-NCs have been investigated experimentally
and computationally. In our previous computational studies,
the Si-NCs were constructed starting out from a Si tetrahe-
dron at the cluster center. In this work, we are inspired by the
recently synthesized sila-adamantane structure.! We focus on
alternative Si-NC structures consisting of a sila-adamantane
cage (Si;o) at the cluster center. Calculations on the bare Si;
cluster’> and on the hydrogen-terminated Si;oH;q
cluster'723-2 have been reported previously, whereas here
we extend the computational studies to include the methyl
and trimethylsilyl capped sila-adamantane molecule, five
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FIG. 1. The molecular structure of sila-adamantane (Si;4C,4H7,)
optimized at the BP/TZVP level. The atom numbers of the silicons
of the Sij, cage (1,2,2A,3,4) and of the silyl group (5) used in Table
I are indicated.

hydrogen-terminated and silyl-capped sila-adamantane based
nanoclusters, and two hydrogen-terminated and silyl-capped
Si-NCs with 13 fused Si;, cages.

II. COMPUTATIONAL METHODS

The optimization of the molecular structure of the sila-
adamantane cage capped with methyl and methylated silyl
groups as well as of the sila-adamantane—based silicon nano-
clusters were performed at the density-functional theory
(DFT) level using the gradient corrected Becke-Perdew (BP)
functional,>*>2 which belongs to the functionals of the
generalized-gradient approximation (GGA) type. All elec-
trons were explicitly considered in the DFT calculations. The
Karlsruhe triple-{ valence quality basis sets augmented with
polarization functions (TZVP)* were used as the default ba-
sis set.

The electronic excitation spectra were calculated using
time-dependent density-functional theory (TDDFT).3*-37 The
resolution of the identity (RI) approximation (also called
density fitting) was employed in order to speed up the GGA
computations.’® The errors caused by the RI approximation

TABLE 1. Comparison of experimental and calculated bond
lengths (in A) and angles (in degrees) for Sij;Cp4H7,. The BP func-
tional and TZVP basis sets were used in the optimization of the
cluster structure.

Structural parameter® Expt. Calc.
Si(1)-Si(2) 2.3545(7) 2.397
Si(2)-Si(5) 2.3635(7) 2411
Si(2)-Si(1)-Si(2A) 110.34(2) 110.7
Si(3)-Si(2)-Si(1) 108.75(2) 108.9
Si(1)-Si(2)-Si(5) 110.07(2) 110.1
Si(2A)-Si(1)-Si(2)-Si(3) 59.89(3) 59.3
Si(5)-Si(2)-Si(3)-Si(4) 179.673(17) 180.0

#The atom numbers are indicated in Fig. 1.
PReference 1.
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FIG. 2. The molecular structure of SijgH;q optimized at the
BP/TZVP level.

are only minute and in practice they do not affect the results
at all. The electronic excitation energies of the silicon clus-
ters were obtained at the GGA level using the BP functional,
the Perdew-Burke-Ernzerhof (PBE) functional,®® and
Becke’s gradient corrected exchange functional (BLYP)3? in
combination with the Lee-Yang-Parr correlation functional . *’
The local-density approximation (LDA) using the Slater-
Vosko-Wilk-Nusair (SVWN) functional was also used in the
TDDFT calculations.?**'> Two hybrid functionals were
used in the TDDFT calculations, namely Becke’s three-
parameter hybrid functional®® with the Lee-Yang-Parr corre-
lation functional*® (B3LYP) and the Perdew-Burke-
Ernzerhof hybrid functional (PBE0).** The oscillator
strengths are obtained from transition dipole moments calcu-
lated in the length representation as described in Ref. 36.

Dunning’s augmented triple-{ (aug-cc-pVTZ) and
quadruple-{ (aug-cc-pVQZ) basis sets¥4® were used to
check the basis-set convergence. For Si, we used the aug-
cc-pV(Q+d)Z basis set with an extra d function.*’ The ab-
breviation aug-cc-pVQZ denotes here these basis sets. The
Karlsruhe triple-{ valence basis set augmented with a double
set of polarization functions (TZVPP) and the Karlsruhe
quadruple-{ valence quality basis sets augmented with
4d2f1g polarization functions (QZVP) taken from Dunning’s
aug-cc-pV(Q+d)Z basis set were also employed.

In addition, the excitation spectrum of the unsubstituted
hydrogen-terminated sila-adamantane cluster, Si;oH;4, was
studied at the coupled-cluster singles (CCS) and the coupled-
cluster approximate singles and doubles (CC2) level.*#%° In
the CCS and CC2 calculations on Si;yH4, the TZVP and
TZVPP quality basis sets were employed. The TURBOMOLE
program package has been used in all calculations.

III. RESULTS
A. Structures

In the BP/TZVP optimizations of the molecular structures
of the Si 4Cy4H7y, SijoH 6, SijsHos, SixnHag, SipsHys, SizgHry,

045433-2



OPTICAL PROPERTIES OF SILA-ADAMANTANE...

PHYSICAL REVIEW B 74, 045433 (2006)

FIG. 3. The molecular structure of (a) Sij4Hops, (b) SipnHug, (¢) SipgHug, (d) SizgH7s, (€) SigoHgs, and (f) Sijo¢H|so optimized at the

BP/TZVP level.

SigoH7p, and SijggH og clusters, it was assumed that they
belong to the 7, point group; merely electronic transition
to T, states are dipole allowed. The optimized structures for
the methyl and trimethylsilyl capped sila-adamantane cage

(Si;4Cy4H7,) are shown in Fig. 1 and the hydrogen-
terminated sila-adamantane based Si-NCs are shown in
Figs. 2 and 3. The convergence criteria for the geometry
optimization are <10~* hartree/bohr for the gradient and
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TABLE II. The lowest dipole allowed excitation energies (in eV) of Si;oH;¢ calculated at DFT and CC

levels using different basis-set sizes.

Basis set SVWN BP PBE BLYP B3LYP PBEO CCS cC2
TZVP 5.02 5.12 5.09 5.18 5.73 5.77 7.36 6.35
TZVPP 4.94 5.04 5.01 5.10 5.65 5.68 7.22 6.14
QZVP 4.80 491 4.86 4.95 5.50 5.54
aug-cc-pVTZ 4.83 4.95 4.89 497 5.51 5.56
aug-cc-pVQZ? 4.76 4.88 4.82 4.90 5.45 5.49 5.95°

aFor Si, the aug-cc-pV(Q+d)Z basis set with one tight d function was used.*’
Extrapolated value. The estimated experimental excitation threshold is 5.9 eV.

<107 hartree for the energy. The optimized structures of
SijoH;¢ and Si;4C,4H7, were confirmed to be energy minima
by calculating the harmonic vibrational frequencies.

As seen in Table I, the calculated and measured
Si;4CoyH7, structures agree well. The calculated bond
lengths are 4-5 pm longer than those deduced from the
x-ray measurement,' and the calculated bond lengths and tor-
sion angles differ by only 0.1-0.5 degrees from the experi-
mental values.

The studied Si-NC structures are derived from Si;,C,4H7»
by modifications of the substituents. The smallest Si-NC is
Si;oH6, Which consists of a Siy cage surrounded by hydro-
gens. The Sij4H,, cluster is obtained from Si;4,C,4;H;, by
replacing all methyl groups by hydrogens and in SisgH, the
carbons are replaced by silicons. The Si,Hy, cluster is ob-
tained by replacing the methylated silyl groups by hydrogens
and the remaining eight methyl groups by silyl groups. The
SiyeHyg cluster is obtained by replacing the methyl groups of
the methylated silyl groups by silyl groups and the remaining
methyl groups are replaced by hydrogens. The two largest
clusters, Sig,H7, and SijosH s, consist of fused Sij, units.
They have 12 sila-adamantane cages around the central Si
cage. In Sig,H7,, the dangling Si bonds are saturated with 12
disilane (Si,H,) units, 4 silyl groups, and 12 hydrogens.
SijpeH1o0 1s derived from Sig,H;, by replacing 24 of the hy-
drogens with 24 silyl groups.

B. Benchmarking the accuracy

The excitation threshold for the unsubstituted sila-
adamantane cage (SijgH;) calculated at the CC2/TZVPP
level is 6.14 eV. An extensive benchmark study of the exci-
tation energies of silanes showed that the lowest dipole al-
lowed excitation energies obtained at the CC2/TZVPP level
are about 0.2 eV larger than the excitation energies obtained
in the basis-set limit calculation.’! The obtained excitation
threshold for SijgH;q at the CC2/TZVP level is 6.35 eV,
which is 0.21 eV larger than the CC2/TZVPP value. The
difference between the CC2/TZVP and CC2/TZVPP excita-
tion energies is of the same magnitude as for the silanes and
one can therefore expect the CC2/TZVPP excitation energies
for SijgH;4 to be about 0.2 eV larger than the CC2 energies
obtained in the basis-set limit calculation. The benchmark
study also showed that excitation energies for silanes calcu-
lated at the CC2 level also are in close agreement with ex-
perimental results.>' The lowest excitation energy for SizHg
of 6.68 eV calculated at the CC2 level in the basis-set limit
calculation was only 0.05 eV larger than the experimental
value of 6.63 eV.>? Thus, by adding the basis-set and corre-
lation corrections to the CC2/TZVPP value, one obtains an
estimated experimental excitation threshold for SijgH;q of
about 5.9 eV.

At the LDA/GGA DFT level and in the DFT calculations
using hybrid functionals employing TZVP basis sets, the

TABLE III. The lowest dipole allowed excitation energies (E in eV) of Si;4C,4H7, and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE BLYP B3LYP PBEO
E f E f E f E f E f E f
4.27 0.01 4.42 0.02 4.39 0.02 4.48 0.02 5.06 0.05 5.10 0.06
4.29 0.02 4.44 0.02 442 0.01 4.51 0.00 5.12 0.11 5.17 0.15
4.47 0.15 4.62 0.16 4.60 0.15 4.66 0.19 5.34 0.27 5.41 0.09
4.58 0.00 4.74 0.00 472 0.01 4.83 0.00 5.47 0.08 5.54 0.42
4.69 0.08 4.84 0.09 4.83 0.10 4.88 0.03 5.54 0.66 5.60 0.69
4.80 0.02 4.96 0.17 4.94 0.12 4.97 0.00 5.62 0.01 5.74 0.03
4.86 0.20 5.13 0.02 5.06 0.09 5.06 0.42 5.80 0.14 5.92 0.42
5.12 0.83 5.30 1.04 5.27 0.95 5.33 0.78 5.87 1.04 6.09 0.57
5.24 0.00 5.38 0.00 5.36 0.00 5.42 0.03 6.17 0.01 6.25 0.06
5.30 0.13 5.50 0.03 5.47 0.03 5.45 0.13 6.23 0.00 6.36 0.11
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TABLE IV. The lowest dipole allowed excitation energies (E in eV) of SijgH;¢ and the corresponding
oscillator strengths (f) calculated at CCS and CC2 levels using TZVP and TZVPP quality basis sets. The
molecular structure was optimized at the BP/TZVP level.

CCS TZVP CC2 TZVP CCS TZVPP CC2 TZVPP
E f E f E f E f
7.36 0.008 6.35 0.001 7.22 0.004 6.14 0.002
7.65 0.001 6.53 0.001 7.53 0.001 6.58 0.105
7.92 0.002 6.76 0.070 7.83 0.011 6.83 0.210
8.21 2.533 6.99 0.068 8.12 1.964 6.88 0.464
8.25 0.015 7.06 0.919 8.18 0.091 6.99 0.065
8.41 0.952 7.17 0.004 8.29 1.021 7.22 0.371
9.02 0.182 7.36 0.380 8.95 0.208 7.35 0.051
9.20 0.523 7.46 0.077 9.14 0.715 7.61 0.191
9.37 1.781 7.84 0.000 9.23 1.334 7.76 0.373
9.49 1.173 7.96 0.960 9.35 1.164 7.87 0.180

lowest dipole-allowed excitation energies for SijgHs are
5.02-5.18 and 5.73-5.77 eV, respectively, depending on the
functional used. Thus, the excitation energies calculated, for
example, at the PBEO/TZVP level are due to error cancella-
tion only 0.1 eV smaller than the estimated excitation thresh-
old. The excitation energies obtained using the B3LYP func-
tional are 0.03—-0.05 eV smaller than the corresponding
PBEO values. At the GGA DFT levels, the excitation energies
are 0.6—0.8 eV smaller than the PBEO values. By increasing
the basis-set size, the excitation thresholds calculated at the
DFT levels become too small as compared to the optical gap
estimated from the CC2 calculations. The excitation energies
obtained at the GGA DFT/aug-cc-pVQZ level are
4.76—-4.90 eV, i.e., about 1 eV smaller than the estimated
excitation threshold, whereas the B3LYP/aug-cc-pVQZ and
PBEO/aug-cc-pVQZ calculations yield optical gaps of 5.45
and 5.49 eV, respectively, which are about 0.4 eV smaller
than the extrapolated experimental value of 5.9 eV. The re-
sults of the benchmark calculations on Si;oH;¢ are summa-
rized in Table II.

For SiyHg, the excitation energy calculated at the PBEO/
TZVP level is 6.65 eV, which is in excellent agreement with
the experimental value of 6.63 eV. The excitation threshold
for SizHg calculated at the GGA DFT/TZVP levels is
6.24-6.31 eV, i.e., 0.3-0.4 eV too small as compared to the
experimental data. The excitation thresholds for SisHg calcu-
lated at the GGA DFT/aug-cc-pVQZ levels are in the range

Energy (eV)

(%)
A
L

2H8 17 12 14 16 13

Diameter (nm)

FIG. 4. The optical gap (in eV) calculated at the PBEO/TZVP
and BP/TZVP levels as a function of the cluster diameter in nm.

of 5.93-6.08 eV, and in the B3LYP/aug-cc-pVQZ and
PBE(/aug-cc-pVQZ calculations the corresponding values
are 6.25 and 6.36 eV, respectively. Thus, at the basis-set
limit, the PBEO and B3LYP excitation energies for Si;Hg are,
as for Si;oH ¢, underestimated by 0.3-0.4 eV.

C. The absorption spectrum of Si;,C,,H7,

The electronic excitation spectrum for sila-adamantane
capped with methyl and trimethylsilyl groups has a strong
absorption maximum at 222 nm or 5.59 eV.! In the DFT/

FIG. 5. (Color online) The change in the charge density upon
excitation for SijgH;¢ calculated at the B3LYP/TZVP level. The
electron accumulation is indicated with dark gray (red) and the
charge depletion regions with light gray (blue). An isodensity value
of 0.001 eA~! was used. The figure was produced with the GOPEN-
MOL program (Refs. 54 and 55).
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TABLE V. The lowest dipole allowed excitation energies (E in eV) of SijgH;4 and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE
E f E f E f

BLYP B3LYP PBEO
E f E f E f

5.02 0.00 5.12 0.00 5.09 0.00
5.20 0.03 5.34 0.01 532 0.02
5.29 0.03 5.39 0.05 5.37 0.05
543 0.00 5.64 0.00 5.59 0.00
5.57 0.00 5.73 0.00 5.69 0.00
5.58 0.01 5.76 0.02 5.72 0.02
5.76 0.01 5.93 0.00 5.90 0.00
5.93 0.15 6.05 0.18 6.03 0.16
6.18 0.05 6.34 0.01 6.31 0.01
6.23 0.01 6.39 0.12 6.36 0.11

5.18 0.00 5.73 0.00 5.77 0.00
5.36 0.00 5.90 0.00 6.00 0.01
543 0.05 6.07 0.07 6.16 0.09
5.66 0.01 6.28 0.05 6.37 0.04
5.71 0.00 6.39 0.06 6.50 0.00
5.79 0.01 6.42 0.00 6.53 0.17
5.90 0.00 6.54 0.03 6.71 0.05
6.01 0.21 6.59 0.35 6.78 0.26
6.34 0.08 7.04 0.00 7.15 0.01
6.41 0.05 7.09 0.35 7.25 0.35

TZVP calculations using the GGA functionals, the excitation
threshold is obtained at 4.27-4.48 eV, whereas at the
B3LYP/TZVP and PBEO/TZVP levels the obtained excita-
tion thresholds are 5.06 and 5.10 eV, respectively. The ob-
served strong absorption maximum probably corresponds to
the fourth and fifth excited states, whose oscillator strengths
at the PBEO/TZVP level are 0.42 and 0.69, respectively. The
corresponding excitation energies calculated at the PBEO/
TZVP level are 5.54 and 5.60 eV. At the GGA DFT level,
three strong transitions appear at 4.47-4.66, 4.86-5.06, and
5.12-5.33 eV, whereas in the B3LYP/TZVP calculation, the
two lowest strong bands appear at 5.34 and 5.54 eV. The
excitation energies calculated at the PBEO/TZVP and
B3LYP/TZVP levels agree well with experimental results.
However, the use of larger basis sets would again yield too
small excitation energies. The excitation energies calculated
at the GGA DFT level using the TZVP basis sets are more
than 0.5 eV too small as compared to experiment, showing
the limitations of the applicability of the GGA functionals on
Si-NCs. The excitation energies of the ten lowest dipole-

allowed states of Si;4C,4H7, calculated at different DFT lev-
els are given in Table III.

For Si;4,C,4H7,, the lowest excited state was found to be-
long to the T irreducible representation. However, the exci-
tation energy for the first 7 state calculated at the BP/TZVP
level is only 0.01 eV below the lowest T, state. For the Si-
NCs covered with hydrogens only, the lowest excited states
are T, states.

D. Sila-adamantane based Si-NCs

The lowest dipole-allowed excitation energies of the
hydrogen-terminated Si-NCs with a sila-adamantane cage at
the center have been calculated at the DFT level using a
LDA functional, three GGA functionals, and two hybrid
functionals. The TZVP basis sets were employed in the DFT
calculations, since according to the benchmark calculations
the B3LYP and PBEO functional in combination with TZVP
yield excitation energies in good agreement with available
experimental data. For Si;gH 4, the excitation energies were

TABLE VI. The lowest dipole allowed excitation energies (E in eV) of Sij4H,, and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE
E f E f E f

BLYP B3LYP PBEO
E f E f E f

4.46 0.09 4.60 0.10 4.57 0.10
4.60 0.00 4.74 0.00 4.71 0.00
4.66 0.04 4.81 0.03 4.78 0.03
4.97 0.09 5.08 0.11 5.06 0.11
5.09 0.00 5.23 0.01 5.20 0.01
5.26 0.18 5.37 0.15 5.35 0.16
5.36 0.00 5.55 0.00 5.52 0.00
5.50 0.07 5.61 0.15 5.59 0.13
5.63 0.10 5.76 0.11 5.73 0.10
5.71 0.07 5.84 0.08 5.81 0.09

4.64 0.11 5.22 0.19 5.27 0.20
4.78 0.00 5.37 0.04 543 0.06
4.85 0.03 5.41 0.06 5.48 0.06
5.08 0.13 5.76 0.21 5.88 0.21
5.25 0.01 5.88 0.01 6.00 0.00
5.37 0.11 6.01 0.52 6.12 0.74
5.60 0.12 6.18 0.06 6.30 0.03
5.62 0.02 6.25 0.14 6.34 0.08
5.78 0.19 6.42 0.46 6.55 0.31
5.86 0.04 6.59 0.00 6.69 0.00
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TABLE VII. The lowest dipole allowed excitation energies (E in eV) of SiyyHy, and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE
E f E f E f

BLYP B3LYP PBEO
E f E f E f

4.08 0.02 4.21 0.02 4.18 0.02
4.25 0.09 4.37 0.09 4.35 0.10
4.29 0.03 441 0.06 4.38 0.05
4.40 0.01 4.60 0.01 4.58 0.01
443 0.00 4.61 0.00 4.59 0.00
4.46 0.01 4.63 0.01 4.61 0.01
4.55 0.01 4.69 0.01 4.67 0.01
4.63 0.01 4.75 0.01 4.73 0.01
4.67 0.24 4.79 0.26 4.78 0.25
4.97 0.07 5.09 0.04 5.07 0.04

4.31 0.02 4.87 0.05 4.87 0.06
443 0.07 5.07 0.39 5.12 0.44
4.47 0.07 5.07 0.00 5.14 0.03
4.65 0.01 5.25 0.02 5.33 0.03
4.66 0.00 5.30 0.00 5.39 0.00
4.68 0.01 532 0.00 5.41 0.01
4.73 0.01 5.37 0.01 5.46 0.00
4.79 0.11 5.45 0.02 5.55 0.04
4.82 0.19 5.46 0.50 5.59 0.49
5.11 0.08 5.79 0.22 5.92 0.17

also calculated at the CCS and CC2 levels using TZVP and
TZVPP basis sets. The obtained energies and oscillator
strengths are given in Table IV. The excitation energies and
oscillator strengths for the Si-NCs calculated at the DFT lev-
els are summarized in Tables V-IX. The excitation threshold
decreases with the size of the Si-NC. At the PBEO/TZVP
level, the first dipole-allowed excitations are 5.77, 5.27, 4.87,
465, and 4.16 eV for the Si10H16, Si14H24, Si22H40, Si26H48’
and SisgH7, clusters, respectively. The oscillator strengths
vary less systematically. The oscillator strengths of the first
transition of Si;4H,4 and SisgH, are significantly larger than
for the other Si-NCs.

The optical gap as a function of the cluster diameter is
shown in Fig. 4. The energy threshold decreases smoothly
with the cluster size except for the methyl and trimethylsilyl
capped sila-adamantane, whose optical gap is about 0.8 eV
larger than one would obtain for a Si-NC of the same size.
The methyl substituents are inactive capping groups that do
not participate in the excitation process, whereas the silyl
groups extend electron delocalization and lower the excita-
tion threshold.

In previous computational studies of the absorption and
emission spectra of Si-NCs, we found that the oscillator
strengths for the lowest excited states of the Si-NCs are
small,*® especially when one considers the fact that the Si-
NCs are strongly luminescent.!”2° For the optimized struc-
ture of the lowest excited state, the calculated oscillator
strength is also small.*> Based on the calculated data, one
would not expect Si-NCs to be strongly luminescent. The
Si-NCs considered here differ from the previous ones in the
sense that they have a sila-adamantane cage at the cluster
center. The present calculations show that the absorption
spectra calculated for Si-NCs consisting of one capped Sijq
cage involve strong low-lying transitions.

The oscillator strengths for Si;oH;¢ calculated at coupled-
cluster and DFT levels using the TZVP and TZVPP basis sets
show considerable variations depending on the computa-
tional level. The first dipole-allowed transition has at all
computational levels a very small oscillator strength. At the
CC2/TZVPP level, the second to fourth excited states have
oscillator strengths larger than 0.1. At the DFT level or at the
CC2 level employing TZVP quality basis sets, the first three

TABLE VIII. The lowest dipole allowed excitation energies (E in eV) of SiycHsg and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE
E f E f E f

BLYP B3LYP PBEO
E f E f E f

3.86 0.00 4.01 0.00 3.98 0.00
3.95 0.02 4.07 0.03 4.05 0.03
3.96 0.01 4.09 0.01 4.08 0.00
4.17 0.00 4.33 0.00 431 0.00
4.21 0.00 4.34 0.00 4.33 0.00
4.23 0.00 4.37 0.00 4.35 0.00
432 0.05 4.45 0.06 4.44 0.06
4.50 0.00 4.62 0.01 4.60 0.00
4.63 0.10 4.75 0.11 4.74 0.10
4.71 0.01 4.86 0.00 4.83 0.00

4.10 0.01 4.64 0.01 4.65 0.00
4.15 0.03 472 0.05 4.75 0.05
4.17 0.00 4.73 0.02 4.76 0.03
4.39 0.00 5.01 0.00 5.06 0.00
441 0.01 5.05 0.06 5.13 0.08
4.43 0.00 5.07 0.01 5.14 0.00
4.49 0.06 5.12 0.08 5.23 0.06
4.68 0.00 532 0.05 5.39 0.07
4.717 0.12 5.42 0.20 5.54 0.13
4.91 0.01 5.56 0.09 5.65 0.23
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FIG. 6. The electronic absorption spectra for the sila-
adamantane—based clusters obtained using excitation energies and
oscillator strengths calculated at the BP/TZVP level. Note the dif-
ferent scale in the two lowest plots.

transitions are very weak. The use of larger basis sets in the
DFT calculations does not significantly affect the size of the
oscillator strengths. The excitation energies and oscillator
strengths obtained for SijgH;s at the coupled-cluster and
DFT levels are given in Tables IV and V.

In the sila-adamantane based Si-NCs, the first transition
involves a charge transfer from the peripheral parts of the
cluster into the adamantane cage. The charge-density differ-
ence between the ground- and excited-state densities for

PHYSICAL REVIEW B 74, 045433 (2006)

SijoH ¢ is shown in Fig. 5. The areas with electron accumu-
lation are indicated with dark gray (red) and the charge
depletion regions with light gray (blue). Similar plots (not
shown) for the other transitions do not reveal why some tran-
sitions are more intense than others. The first excited state
for Siy4H,, involving the charge transfer to the Sij, cage has
an oscillator strength of 0.2. The fourth, sixth, and ninth
states are also bright. For Si,,Hy, the first transition involv-
ing the charge transfer to the Si;, cage is weak, whereas the
second excited state is the first bright state. The ninth and
tenth states have also large oscillator strengths. For SiygHyg,
all low-lying states are weak. The ninth and tenth states are
the first bright ones in the SiocH,g spectrum. The largest sila-
adamantane cluster considered, i.e., SisgH7, has five strong
transitions among the six lowest states. The second excited
state has a small oscillator strength. The calculated excitation
energies and oscillator strengths for Sij4Hyy, SisyHyg,
SiyeHyg, and SisgH7, are summarized in Tables VI-VIII and
X, respectively.

E. Si-NCs with fused Si;, units

The Sig,H7, and SijggH;,( clusters consist of 12 fused Si
units around the central Si, cage. The excitation energies
and oscillator strengths for Sig,H;, and SijocH;,y were cal-
culated at the DFT levels using the different functionals and
TZVP basis sets. The excitation thresholds calculated at the
PBEO/TZVP level are 3.52 and 3.35 eV. For the Si-NCs with
fused sila-adamantane units, no strong low-lying transitions
were obtained. The calculated excitation energies and oscil-
lator strengths of the ten lowest states of Sig,H;, and
SijoeH o0 are given in Tables X and XI. In Fig. 6, the calcu-
lated electronic absorption spectra are compared to those ob-
tained for the Si-NCs consisting of one sila-adamantane unit.
The absorption spectra are derived from the excitation ener-
gies and oscillator strengths calculated at the BP/TZVP level.
The 100 lowest excitation energies of 7, symmetry were
considered for the smaller clusters, whereas for Sig,H;, and
SijoeH 20, the transitions to the 50 lowest 7, states were
taken into account. The spectra are broadened by a Lorentz-
ian line-shape function of width 50 meV. The band strengths
of the fused sila-adamantane clusters are two orders of mag-
nitude smaller than for the sila-adamantane clusters with
only one Sij, cage. The lowest states of the fused sila-
adamantane clusters have as small oscillator strengths as the
SisgHoy, SisgHse, and SizsHse clusters studied previously.*>8
Thus, the experimentally observed strong luminescence from
Si-NCs is unlikely due to sila-adamantane based Si-NCs. Re-
boredo et al. also found in their study that the surface chem-
istry of Si-NCs is practically independent on the cluster
structure in the core of the cluster.”?

IV. CONCLUSIONS

The present computational study shows that excitation en-
ergies for Si-NCs are underestimated at the DFT level also
when hybrid functionals are employed. In the basis-set limit,
the B3LYP and PBEO functionals yield excitation energies
that are about 0.4 eV smaller than experimental results. By
using the PBEO functional in combination with TZVP basis
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TABLE IX. The lowest dipole allowed excitation energies (E in eV) of SizgH;, and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE
E f E f E f

BLYP B3LYP PBEO
E f E f E f

3.36 0.11 3.47 0.12 3.45 0.12
3.71 0.00 3.85 0.00 3.84 0.00
3.78 0.00 3.90 0.01 3.89 0.01
3.84 0.04 3.97 0.03 3.96 0.03
3.90 0.00 4.02 0.00 4.00 0.00
3.94 0.13 4.06 0.15 4.05 0.14
4.07 0.00 4.23 0.00 4.21 0.00
4.14 0.07 4.27 0.07 4.25 0.07
4.17 0.03 4.31 0.01 4.30 0.01
422 0.04 4.35 0.01 4.33 0.01

3.54 0.14 4.12 0.27 4.16 0.26
3.93 0.00 4.50 0.01 4.53 0.01
3.97 0.03 4.56 0.16 4.61 0.17
4.04 0.01 4.69 0.08 4.75 0.11
4.07 0.01 4.76 0.18 4.83 0.15
4.12 0.18 4.81 0.09 4.91 0.10
4.31 0.07 4.94 0.10 4.99 0.01
4.34 0.01 4.97 0.27 5.06 0.33
4.38 0.00 5.05 0.16 5.14 0.31
4.40 0.01 5.09 0.01 5.16 0.01

sets, the obtained excitation energies are in close agreement
with experiment due to cancellation of errors. Excitation en-
ergies obtained at the GGA DFT levels are rather indepen-
dent of the functional used, but in the basis-set limit the
GGA excitation energies are about 1 eV too small as com-
pared to experiment. Coupled-cluster approximate singles
and doubles (CC2) calculations yield in the basis-set limit
very accurate excitation energies for Si-NCs. However, CC2
calculations in combination with large basis sets are so far
computationally too expensive to be applicable on nanosized
Si-NCs.

The molecular structure for the sila-adamantane molecule
capped with methyl and trimethylsilyl groups optimized at
the BP/TZVP level agrees well with experiment. The ob-
tained bond lengths obtained are 4—5 pm longer than those
deduced from the x-ray structure.! The excitation energies
for sila-adamantane calculated at the PBEO/TZVP level are
also in good agreement with experimental data. The ob-
served strong absorption maximum at 222 nm (5.59 eV)
(Ref. 1) can be assigned the fourth and fifth excited states

with large oscillator strengths of 0.42 and 0.69, respectively.
The corresponding excitation energies, calculated at the
PBEO/TZVP level, are 5.54 and 5.60 eV. The excitation
threshold for dipole-allowed transitions of Si;4,C,,H7, calcu-
lated at the PBEO/TZVP level is 5.10 eV.

A comparison of the optical gaps for Si;,C,yH7, of
5.10 eV, SiygH;, of 4.16 eV, and for Sij4H,, of 5.27 eV
shows that the methyl groups affect the optical gap only
slightly (0.17 eV), whereas the silyl groups contribute to the
electron delocalization of the Si-NC and thereby lower the
excitation threshold by almost 1 eV.

For the hydrogen-terminated Si-NCs with only one Sij,
unit, strong low-lying dipole-allowed transitions appear
among the ten lowest states, whereas for the fused sila-
adamantane clusters, the oscillator strengths are almost two
orders of magnitude weaker. Thus, the oscillator strengths of
the fused sila-adamantane clusters are of the same magnitude
as for the previously studied Si-NCs built from a tetrahe-
drally coordinated silicon atom in the cluster center.

TABLE X. The lowest dipole allowed excitation energies (E in eV) of Sig,H7, and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE
E f E f E f

BLYP B3LYP PBEO
E f E f E f

266 0001 281 0002 278  0.001
2770 0.000 285 0.000 281  0.000
272 0.000 287 0.000 283  0.000
288 0.006 3.02 0007 298 0.007
291 0.001 3.04  0.001 3.01 0.001
3.01 0.000  3.16  0.000 3.12  0.000
310 0.000 323 0.000 319 0.000
313 0003 325 0003 322 0.003
3.18  0.001 333 0.001 330  0.001
323 0.000 337 0.000 334 0.000

293  0.002 353 0.003 352 0.003
297 0.000 356 0.000 3.54  0.000
299 0.000 357 0.000 355 0.000
312 0.008 376 0.018 3.77 0.019
3.14  0.002 378 0.000 3.80 0.000
328 0.000 393 0.000 391 0.000
332 0.000 4.01 0.002  4.04  0.002
335  0.003 4.04 0006 4.07 0.005
3.44  0.001 4.09 0.004 4.11 0.006
348 0.000 415 0.001 4.15 0.003
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TABLE XI. The lowest dipole allowed excitation energies (E in eV) of Si;opsH 5o and the corresponding
oscillator strengths (f) calculated at DFT levels using TZVP basis sets. The molecular structure was opti-

mized at the BP/TZVP level.

SVWN BP PBE BLYP B3LYP PBEO
E f E f E f E f E f E f
254 0.008 267 0009 263 0009 278 0.011 337  0.025 335 0.025
258 0.000 271 0001 268 0001 281 0.001 343 0.010 341 0.007
259  0.006 272 0.007 269 0006 284 0.008 346 0.003 344  0.002
260 0.000 274 0.000 270 0.000 287 0.000 3.47 0.001 348  0.002
264 0001 278 0.001 274 0001 289 0001 355 0001 355 0.002
283 0.000 296 0000 293 0000 308 0.001 373 0.000 373 0.000
286 0.001 298 0.001 295 0.001 3.08 0.000 378 0.000 3.81 0.000
291  0.001 3.05  0.001 3.01  0.001 3.14  0.000 3.80 0.004 3.84 0.004
294 0.001 3.06 0.001 3.04  0.001 3.16  0.001 3.84 0.000 3.87  0.001
298 0.003 310 0003 3.08 0003 316 0.006 388 0.004 394  0.002
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