Visible photoluminescence of smcon-based nanostructures: Porous silicon

and small silicon-based clusters

Yoshihiko Kanemitsu, Katsunori Suzuki, Hiroshi Uto, and Yasuaki Masumoto
Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Takahiro Matsumoto

Electronics Research Laboratories, Nippon Steel Corporation, Sagamihara, Kanagawa 229, Japan

Soichiro Kyushin, Koichi Higuchi, and Hideyuki Matsumoto
Department of Chemistry, Gunma University, Kirpu, Gunma 376, Japan

(Received 10 June 1992; accepted for publication 16 September 1992)

We have studied and compared the optical properties of both porous Si and the chemically
synthesized planar and cubic Si skeleton clusters. Broad photoluminescence with large Stokes
shifts were observed at the visible region in both samples. Spectroscopic analysis suggests that
the surface of porous Si is similar to a condensation of Si clusters. Small Si clusters play a key
role in the strong room-temperature photoluminescence in porous Si.

Optical and electronic properties of nanometer-size
semiconductor crystallites have attracted much attention,
because they exhibit new quantum phenomena and have
potential for becoming novel and future photonic de-
“vices."? Very recently, a great deal of research effort is
focused on low-dimensional nanostructures made from
indirect-gap semiconductors such as Si*~* or Ge.® Espe-
cially, the discovery of the strong luminescence from Si
nanostructures fabricated by electrochemical anodization,
often called porous Si, is an extremely important scientific
breakthrough with enormous technological implications,
since it opens up new possibilities for Si as a material for
optoelectronic applications.

The origin and mechanism of strong visible lumines-
cence in porous Si are currently under discussion’ and the
possibility of quantum confinement effects in Si wires or
dots is suggested by the following observations; (a) the
blue shift of the photoluminescence (PL) spectrum of po-
rous Si was observed when the Si column size was reduced
by increasing the etching time in HF solutions,>® (b) the
temperature dependence of the PL intensity’ suggests the
enhancement of the exciton binding energy, and (¢) Ra-
man studies'®! show that porous Si maintains the crystal-
line character of Si and typical crystalline size of about 3
nm.

On the other hand, the importance of the localized
states at the surface of nanostructures was pointed out by
several authors.” With a large surface-to-volume ratio in
the highly porous structure, the influence of surface effect
on luminescence processes is enhanced and the surface of
porous Si is responsible for the origin of luminescence. The
studies of luminescence degradation in various ambient
gases'Z and x-ray photoelectron spectroscopy'® suggest that
the electronic properties at the surface in porous Si play a
key role in the strong luminescence. Moreover, silicon
based compounds, especially, siloxene (SigO;H,) derivates
are also proposed as an origin of the strong luminescence of
porous Si.!* If the surface of Si crystallites is terminated by
hydrogen atoms, siloxene, or other silicon compounds, the
electronic properties of the near-surface region are different
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from the inside of Si crystallites. In this case, it is natural to
consider that the surface is formed with a new nanometer-
size material.

In this letter, we have studied and compared the opti-
cal properties of both porous Si and the chemically synthe-
sized Si skeleton clusters. PL and absorption spectra and
picosecond PL decay measurements show that optical
properties of porous Si are similar to those of planar and
cubic Si skeleton clusters. The rough surface of porous Si is
regarded as a condensation of small Si clusters and the
clusterlike surface region plays a key role in the strong
visible luminescence.

Porous silicon was prepared as follows. The substrates
were (100)-oriented 3.5-4.5 ) cm resistivity p-type silicon.
Thin Al films were evaporated on the back of the wafers to
form a good ohmic contact. The anodization was carried
out in HF-ethanol solution (HF:H,0:C,H;OH=1:1:2) at
a constant current density of 10 mA/cm? for 5 min. Fur-
thermore, photochemical etching of the wafer was carried
out for 2 min in HF-ethanol solution under illumination
with a 500 W tungsten lamp for a distance of 20 cm.'
After the photochemical etching, the wafers were rinsed in
deionized water for 2 min. These etching treatments cause
an increase of the PL intensity and a blueshift of the PL
peak. Figure 1(a) shows a typical image of a porous Si
sample by transmission electron microscope (TEM) anal-
ysis. The local structure of the porous silicon is a network
of interconnected crystalline silicon islands. The shape of
the islands is spherelike rather than wirelike. The size of Si
crystallite islands ranges from several nm to 20 nm. Our
TEM observations are similar to the report by Cullis and
Canham.®

A planar Si skeleton cluster (syn-tricyclooctasilane)
and cubic Si skeleton cluster (octasilacubane) were syn-
thesized and used as model Si-based materials consisting of
a small number of Si atoms. The structures are illustrated
in Figs. 1(b) and 1(c). Synthetic and purification methods
were described in Ref.16.

The PL spectra of porous Si and Si skeleton clusters
were measured in a vacuum by using 325 nm excitation
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FIG. 1. (a) TEM image of porous Si, (b) a planar Si skeleton cluster,
syn-tricyclooctasilane (R=isopropyl), and (c) a cubic Si skeleton clus-
ter, octasilacubane (R= t-butyldimethylsilyl).

light from a He-Cd laser. Excitation spectra of the PL at
the peak photon energy were measured by using a Xe-lamp
and a monochromator. Picosecond PL decay under a 1 ps
and 300 nm laser excitation was measured using a mono-
chromator of subtractive dispersion and a synchroscan
streak camera. The calibration of the spectral sensitivity of
the whole measuring system was performed by using a
tungsten standard lamp. Spectroscopic data were measured
at room temperature.

Figure 2(a) shows the excitation and PL spectra in
porous Si. A gradual rise in the excitation spectrum is
observed at photon energies above 2 eV. An excitation edge
exists near ~ 3.2 eV, and broad PL spectrum is observed at
the peak value of 1.98 eV. There exists a large Stokes shift
of ~1 eV between the PL peak and the edge of excitation
spectrum. Ren and Dow!” theoretically calculated the size
dependence of the band gap of Si crystallites with hydro-
genated surfaces. According to their calculations, the band
gap of crystallites of 3 nm diam which is a characteristic
size of porous Si¥!®!! js ~1.5 eV. The observed edge en-
ergy of ~3 eV and PL peak of ~2 eV are larger than the
theoretical band gap ( ~ 1.5 eV) of 3 nm crystallites. These
imply that a region containing a small number of Si atoms
(e.g., clusterlike surface region in Si crystallites) exhibits
the strong luminescence.

Figures 2(b) and 2(c) show the absorption and PL
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FIG. 2. (a) Excitation ([gx) and PL spectra in porous silicon. Molar
extinction coefficients € and PL spectra in a planar Si skeleton cluster (b)
and in a cubic Si skeleton cluster (c).

spectra in planar and cubic Si skeleton clusters, respec-
tively. The absorption spectra of Si skeleton clusters solved
in tetrahydrofuran (THF) were measured and the molar
extinction coefficients are plotted in this figure. In a planar
Si cluster, the lowest excitation state is observed at 3.09 eV
and a broad PL spectrum is observed with the peak of 2.25
eV, thus, the Stokes shift is 0.84 eV. In a cubic Si cluster,
the absorption edge is observed at ~3.2 eV and a broad PL
spectrum is also observed with the peak of 2.50 eV. Both
the broad PL spectra and the large Stokes shifts in planar
and cubic Si clusters are different from those in one-
dimensional chainlike Si clusters with a direct gap na-
ture.'® We note that even in very small Si clusters the shape
of the cluster plays an important role in determining opti-
cal properties. The effect of dimensionality on electronic
structures in small Si skeleton clusters is discussed else-
where.!? Although we were not able to obtain the absolute
PL quantum efficiencies of both porous Si and Si clusters,
we estimated that there is no significant difference of the
relative PL quantum efficiency between porous Si and Si
clusters. The characteristics of PL and excitation spectra of
porous Si are similar to those of Si clusters.

Figure 3 shows the picosecond PL decay at peak en-
ergies in porous Si and planar and cubic Si skeleton clus-
ters. The picosecond decay is clearly observed in porous Si.
Many researchers’ reported that the PL decay shows a
nonexponential behavior with typical time constants rang-
ing from nanoseconds to milliseconds. This behavior is pri-
marily caused as a consequence of the inhomogeneous size
distribution of Si nanostructures as shown in Fig. 1. The
PL decay exhibits nonexponential behavior even in pico-
second time scale. On the other hand, in planar and cubic

- clusters fast PL decay is also observed in picosecond time-

scale. The rate of radiative recombination determined by
the intrinsic lifetime of excited states is reflected by the
initial fast component of the PL decay in an inhomoge-
neous system such as porous Si, since the long PL decay
components are caused by spatial tunneling, thermally ac-
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FIG. 3. Picosecond PL decay at the peak photon energies; (a) porous Si,
(b) a planar Si skeleton cluster, and (c¢) a cubic Si skeleton cluster.

tivated carrier diffusion, and so on.?® Therefore, the essen-
tial agreement of the picosecond PL decay between porous
Si and Si clusters implies that the luminescent properties of
porous Si are similar to those of small planar and cubic
clusters. '
From our experimental findings of the quantitative
agreement of optical properties between porous Si and Si
clusters, it is concluded that the substance causing the lu-
minescence in porous Si shows similar optical characteris-
tics to the Si-based clusters. The rough surface of porous Si
is considered as a condensation of Si skeleton clusters. The
near-surface region consisting of small clusters plays an
essential role in determining the strong luminescence prop-
erties. Moreover, Brandt e al.'* pointed out that the elec-
tronic propertiés of siloxene compounds with sixfold Si
rings are similar to those of porous Si and that small Si
skeleton clusters also play an essential role in the lumines-
cence process of these siloxene compounds. The notion of
a small Si skeleton cluster gives a better understanding of
the luminescent mechanism of porous Si. At present, it is
considered that the near-surface region consists of small Si
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clusters and the clusterlike near-surface region contributes
the strong room-temperature luminescence.

In conclusion, we have studied and compared the op-
tical properties of porous silicon and chemically synthe-

I caka PRI

sized Si skeleton clusters. Opiical properties of pianar and
cubic Si clusters are similar to those of porous silicon.
Spectroscopic analysis suggests that the near-surface re-
gion of porous Si consists of small Si clusters and that this
origin plays a key role in the strong room-temperature
photoluminescence. ,
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