PHYSICAL REVIEW B

VOLUME 51, NUMBER 16

15 APRIL 1995-II

Luminescence properties of a cubic silicon cluster octasilacubane
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We have studied the luminescence properties of a Sig cubic cluster, octasilacubane. The photo-
luminescence (PL) is observed around 1.7 eV at low temperatures and the PL decay is a single exponen-
tial with a time constant of 3.1 ms. The PL intensity and the PL lifetime abruptly decrease with increas-
ing temperature above 40 K. The PL properties are strongly affected by nonradiative recombination
processes. The luminescence properties of the cubic Sig cluster are different from those of the chain and
ladder Sig clusters. The optical properties of the cubic cluster are discussed.

I. INTRODUCTION

The study of the structure and properties of semicon-
ductor clusters, particularly silicon clusters, has been an
extremely active area of current research. Small Si clus-
ters have usually been produced by pulsed-laser-
evaporation methods.! > Recent laser-evaporation
methods combined with mass spectrometry produce
size-selected Si clusters. However, since small clusters
are short-lived intermediate species and there are few ex-
perimental studies of optical properties in small clusters,
we have little information on the optical properties of
vapor-phase small clusters.! We need to contrive experi-
mental procedures for the study of the detailed structure
and properties of Si clusters: For example, vapor-phase
Si clusters deposited onto a solid matrix are prepared for
the determination of the structure of small Si clusters.

Modern organic synthesis and purification techniques
can produce silicon materials with controlled molecular
weight. These techniques have some advantages over the
widely used laser-evaporation methods: For example, the
size and shape of Si clusters can be exactly controlled,
and the optical properties of Si clusters have been stud-
ied.”® The study of the chemically synthesized Si clusters
helps one understand the electronic properties of vapor-
phase Si clusters.

Moreover, strong visible photoluminescence (PL) from
nanometer-sized silicon materials such as porous Si,° 1
nanometer-size Si crystallites,’>~!® and polysilanes!'® !
has recently attracted much attention both from the
fundamental-physics viewpoint!® and from the applica-
tion interest to optical devices.”’ However, despite much
work to clarify the mechanism of the PL in these Si ma-
terials, it still remains unclear. Since the local Si struc-
ture can be controlled in chemically synthesized Si clus-
ters, the study of optical properties of chemically syn-
thesized Si clusters also provides information for the on-
going discussion on the origin of the strong visible
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luminescence of nanometer-sized Si materials.

In this paper, we report the luminescence properties of
a cubic Sig cluster, octasilacubane. The study of optical
properties of a cubic Sig cluster becomes important for
the understanding of the nature of the geometry and
chemical bonding of small Si clusters?®?! and the stability
of magic-number Si¢ and Sij clusters.! ™3 Broad PL with
a peak of 1.7 eV was observed only at low temperatures.
The PL intensity and PL lifetime decrease with increas-
ing temperature above 40 K: The PL process is con-
trolled by nonradiative recombination processes. The
slow-decay and temperature-sensitive PL is attributed to
“forbidden” radiative recombination. The optical prop-
erties of the cubic Sig cluster are quite different from
those of chain and ladder Sig clusters. This is because the
orbital hybridization and bonding in the cubic cluster are
different from those in the other Sig clusters.

II. EXPERIMENT

Synthesis, purification, and characterization methods
were described in Ref. 23. Here, we briefly describe the
synthesis and characterization methods. The reductive
coupling of (1,1,2-trimethylpropyl)trichlorosilane with
sodium in toluene yielded octakis(1,1,2-
trimethylpropyl)octasilacubane. All manipulations were
carried out under argon atmosphere. Recrystallization
from pentane solutions gave purified samples of
octakis(1,1,2-trimethylpropyl)octasilacubane, as red-
orange prisms. This cubic cluster was characterized by
infrared and NMR spectroscopy, mass spectrometry, and
x-ray crystallography. The crystal data were obtained us-
ing an Enraf-Nonius CAD4 diffractometer with Cu Ka
radiation. The determined structure is slightly distorted
from an ideal cubic geometry. The Si-Si bond length
ranges from 0.2398 to 0.2447 nm and the bond angle be-
tween two Si atoms varies from 87.2° to 92.6°. This dis-
tortion from an ideal cube may be due to the minimiza-
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tion of the steric repulsion from 1,1,2-trimethylpropyl
groups. Saturatedly bonded Sig clusters terminated by an
organic substituent have no dangling bonds and become a
model material for small silicon clusters.

The optical absorption spectrum was measured in
tetrahydrofuran solution. The PL spectrum was mea-
sured by using 325- and 532-nm excitation laser light.
The time-resolved PL spectrum was measured under 5-
ns, 532-nm or 355-nm excitation (10 Hz repetition rate)
using a boxcar signal averager. The calibration of the
spectral sensitivity of the whole measuring system was
performed by using a tungsten standard lamp. The tem-
perature was varied from 10 to 300 K by controlling the
flow rate of cold He gas in a cryostat.

III. RESULTS AND DISCUSSION

The optical absorption, PL, and PL excitation spectra
of the cubic Sig cluster were briefly reported in our previ-
ous paper.?* To discuss the details of the luminescence
properties of the cubic Sig cluster, we compare the optical
and PL spectra of chemically synthesized Sig clusters
with different Si-skeleton structures. The optical absorp-
tion and PL spectra of Sig clusters with different struc-
tures are summarized in Fig. 1. The dangling bonds are
terminated by the methyl and phenyl groups in the chain
structure’ [Fig. 1(b)] and by the isopropyl groups in the
ladder structure® [Fig. 1(c)], respectively. In the chain
and ladder Sig structures, the lowest absorption bands
(the dashed lines in the figure) are observed in the ultra-
violet spectral region. On the other hand, in the cubic
cluster, a small absorption band around 2.4 eV and a
large one around 3.5 eV are observed. The absorption-
edge energy of the cubic structure is very small compared
with those of the chain and ladder structures. The PL
and PL excitation spectra were measured at 20 K. Simi-
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FIG. 1. Optical absorption and photoluminescence of chemi-
cally synthesized Sig clusters at room temperature: (a) cubic, (b)
chain, and (c) ladder structures. The dashed lines in the absorp-
tion spectra are optimum tails of two Gaussian functions.
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lar PL and PL excitation spectra were reported in octasi-
lacubanes with different organic terminations R(R =1-
butyl or Il-ethyl-1-methylpropyl):>>?¢ The organic ter-
mination groups do not play a dominant role in PL and
absorption properties in octasilacubanes.?’” It is con-
sidered that the optical absorption and luminescence
properties of a cubic cluster in the visible spectral region
are determined by the electronic properties of the central
Sig cubic skeleton.

In the absorption spectrum, a low peak and a high
peak are observed at 2.4 and 3.5 eV, respectively. The
observed peak energy of the strong absorption band is
consistent with a theoretical calculation of the lowest op-
tically allowed transition energy in a cubic SigHj cluster
(3.4 V). On the other hand, two large peaks are ob-
served at 2.4 and 3.5 eV in the PL excitation spectrum.?*
The intensity ratio of PL excitation to the absorption
bands at 2.4 eV is much higher than that at 3.5 eV, im-
plying a higher PL efficiency per photon absorbed at 2.4
eV. Although the peak height of the one-photon absorp-
tion spectrum at 2.4 eV is very low, the PL spectrum is
efficiently observed under 2.4-eV excitation.

Figure 2 shows the temperature dependence of the PL
intensity. A typical PL spectrum is illustrated in the in-
set of Fig. 2, and the shape of the PL spectrum is
asymmetrical Gaussian. The PL intensity in this figure is
the spectrally integrated PL intensity. The PL intensity
is a constant at low temperatures and abruptly decreases
with increasing temperature above 40 K. These results
suggest that the PL properties are strongly affected by
nonradiative recombination processes.

The PL decay profile is approximately described by a
single-exponential function at the measurement tempera-
tures. The temperature dependence of the PL lifetime is
summarized in Fig. 3. The PL lifetime does not depend
on the temperature below 40 K. However, at high tem-
peratures above 40 K, the PL lifetime abruptly decreases
with increasing temperature. The temperature depen-
dence of the PL lifetime in Fig. 3 is very similar to that of
the PL intensity in Fig. 2. At high temperatures, the PL
efficiency and the PL lifetime are limited by nonradiative
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FIG. 2. Spectrally integrated intensity of photoluminescence
from a cubic Si cluster as a function of temperature. The inset
is the PL spectrum at 16 K. The solid line is the theoretical cal-
culation based on a simple configuration coordinate model.
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FIG. 3. The PL lifetime of a cubic Si cluster as a function of
temperature. The solid line is the theoretical calculation based
on a simple configuration coordinate model. The temperature
dependence of the PL lifetime is very similar to that of the PL
intensity.

recombination processes. Moreover, a light-induced
electron-spin resonance (ESR) response implies the pres-
ence of a triple excited state.?* The luminescence proper-
ties of the cubic Si cluster are consistent with the charac-
teristics of those of the phosphorescence from the triplet
state in chainlike polysilanes.?’ Therefore, it is con-
sidered that the slow-decay PL at low temperatures origi-
nates from the “forbidden” radiative recombination such
as the singlet-triplet transition or the singlet-singlet tran-
sition having the same orbital symmetry.

Here, in order to discuss the temperature-sensitive PL
in a cubic cluster, we consider a thermally activated non-
radiative process. If we assume that the radiative rate
from the lowest excited state is 7z ! and the nonradiative
recombination rate is given by 7yp =vexp(—A/kT), the
PL intensity is given by Ip, =7g ' /(7g'+7xg) and the
PL decay rate is given by 7p;) =7 ! +7xg. The solid lines
in Figs. 2 and 3 are calculated ones using the values of
A=86.6 meV, 7 =3.1 ms, and v=2.1X10!! s™!. The
temperature dependence of the PL intensity and the PL
lifetime are well explained by a simple picture in which
the photoluminescence decay rate 7p;' is determined by
two relaxation channels having the radiative decay rate
7z ! and the nonradiative decay rate 7g. The lumines-
cence dynamics is controlled by the nonradiative recom-
bination process. However, the microscopic mechanism
of the thermally activated process is not clear. A possible
model is a configuration coordinate one illustrated in Fig.
4, where G is the ground state and E| and E, are the ex-
cited states. The temperature-sensitive luminescence
originates from the radiative transition between the
lowest excited E, and the ground G states. In this model,
A is a barrier for nonradiative recombination. A large
Stokes shift between the PL and absorption peak energies
(~0.7 eV) and the PL process controlled by nonradiative
recombination mean that the cubic Si cluster is a strong
electron-phonon coupling system. Another model is a
defect-controlled recombination process: The tem-
perature-sensitive PL with a large Stokes shift might arise

FIG. 4. Configuration coordinate diagram for recombination
processes. The transition between the G and E, states is the op-
tically allowed one, and the transition between the G and E,
states is the optically forbidden one. The energy difference A is
a barrier for nonradiative recombination. The large absorption
band at ~3.5 eV corresponds to the transition between the G
and E, states. Since the peak energy of the excitation spectrum
is equal to that of the weak absorption band, the weak absorp-
tion peak at ~2.4 eV is due to the transition between G and E,
states.

from a radiative recombination process via defect states.
At the present stage, although the microscopic recom-
bination mechanism is not clear, the thermally activated
nonradiative recombination process controls the
temperature-sensitive PL intensity and PL lifetime.

The PL intensity in the cubic cluster abruptly de-
creases with increasing temperature above 40 K, while
the PL intensity in the chain and ladder clusters gradual-
ly decreases with increasing temperature. The PL spec-
tra in the chain and ladder structures are clearly observed
even at room temperature. The PL intensity in cubic Sig
clusters is very sensitive to temperature compared with
chain and ladder structures. Moreover, the PL decay
properties of the cubic Sig cluster are entirely different
from those of the Sig chain and Sig sheet: The lifetimes of
the chain and ladder structures are 110 and 700 ps, re-
spectively, at room temperature. The optical properties
of the very small Si clusters are very sensitive to the Si-
backbone structures. In particular, the PL characteris-
tics (the slow-decay and temperature-sensitive PL) in the
cubic structure are different from those in the chain and
ladder structures. The optical absorption-edge energy
(the lowest energy gap or the optical band gap) of the cu-
bic cluster is very small compared with those of the chain
and ladder clusters. Here, we comment on a possible ori-
gin for these significant differences of the optical proper-
ties. It is experimentally reported that the band gaps in
small Si clusters in the laser-evaporation experiment (Siy,
Si¢, Si;, and Si) are comparable to the band gap of bulk
Si, 1.1 eV.3° This seems somewhat surprising, because
the band gaps in clusters are usually much larger than
that of the bulk Si.3'32 It is theoretically pointed out that
the orbital hybridization and the bonding in small clus-
ters are very sensitive to the size and shape of the clus-
ters.???> These experimental and theoretical studies
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strongly suggest that the relationship between the band
gap and the size of the cluster is not simple in small Si
clusters. In our experiments, the Si-Si bond angle in the
cubic structure is about 90°, which is different from the
bond angle of tetrahedral Si bonds (sp3-hybridized orbit-
al). On the other hand, the Si-Si bond angle in the chain
and ladder structures is nearly equal to that of
tetrahedral Si bonds. The molecular-orbital characteris-
tics in the cubic cluster are different from those in the
sp3-hybridized chain and ladder structures. Therefore we
speculate that the difference of the optical properties be-
tween the cubic and the other clusters is caused by the
differences of the orbital hybridization and bonding in the
clusters.

IV. CONCLUSIONS

We have studied the luminescence properties of a Sig
cubic cluster, octasilacubane. Weak PL with a peak of
1.7 eV was observed at low temperatures. The PL decay
was single exponential with a time constant of 3.1 ms at
40 K or less. The PL intensity and PL lifetime decreased
with increasing temperature: The PL properties are con-
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trolled by a nonradiative recombination process. Spec-
troscopic analysis suggests that the slow-decay and
temperature-sensitive PL is attributed to “forbidden” ra-
diative recombination such as a single-singlet transition
having the same orbital symmetry or a singlet-triplet
transition. The luminescence properties of the cubic clus-
ter are different from those of the chain and ladder clus-
ters. The significant difference of the bonding between
the cubic clusters and the others causes the difference of
the optical properties. The study of the electronic prop-
erties of Si compounds with different geometry and
different orbital hybridization becomes very important
for the understanding of the structure and properties of
small Si clusters.
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