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We have studied the microstructure and optical properties of free-standing porous Si thin films fabri-
cated by electrochemical anodization. Raman-spectroscopy and transmission-electron-microscopy ex-
aminations show that Si crystallite spheres with diameters of several nanometers are dispersed in the
amorphous phase. The blueshift of the optical-absorption spectrum is observed for decreasing average
diameter of the Si crystallites. However, there is no clear size dependence of the peak energy of the
broad photoluminescence (PL) spectrum. Spectroscopic analysis strongly suggests that the photogenera-
tion of carriers occurs in the ¢-Si core, whose band gap is modified by the quantum-confinement effect,
while the strong PL comes from the near-surface region of small crystallites.

Very recently, many attempts have been made to pro-
duce quasi-direct-gap semiconductor nanostructures
made from indirect-gap semiconductors and a great deal
of research effort! > is focused on nanometer-size crystal-
lites or quantum dots made from Si or Ge. Strong photo-
luminescence (PL) from Si nanostructures fabricated by
electrochemical anodization, often called porous Si, has
attracted much attention from a fundamental-physics
viewpoint and because of the potential application to op-
tical devices. However, despite many attempts to deter-
mine the origin of the strong PL, the origin and mecha-
nism of visible PL in porous Si are not understood yet
and several models have been suggested. One model is
that the quantum-confinement effect in Si nanocrystallites
enhances the oscillator strength of the direct optical tran-
sitions and gives efficient radiation from porous Si.®~?
On the other hand, with a large surface-to-volume ratio
in the highly porous structure, surface localized states in
Si nanocrystallites are considered to be responsible for
the origin of luminescence of porous Si.!°~!2 Moreover,
silicon-based compounds such as siloxene (SigO;Hg)
derivates'> or the rearranged Si-Si bonds like small H-
terminated Si clusters'* formed at the surface are also
proposed as an origin of the strong PL of porous Si.

" To discuss the quantum-confinement effect on electron-
ic processes in nanocrystallites, we need to know the size
dependence of both optical absorption and PL properties
of nanocrystallites. The blueshift of absorption spectra
due to the quantum-confinement effect is observed in a
variety of semiconductor nanocrystallites; however, we
have no information about the size dependence of the
optical-absorption spectrum in porous Si. It is important
to identify the optical-absorption process and compare
absorption spectra with PL spectra in porous Si.

In this paper we have studied optical absorption and
PL spectra of free-standing porous Si films. We observed
that the blueshift of the optical-absorption spectrum of
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porous Si occurs with a decrease in the average diameter
of Si crystallites. The PL spectrum scarcely depends on
the size of Si crystallite. These results strongly suggest
that the photogeneration of carriers occurs in the crystal-
line Si (c-Si) core with the band gap modified by the
quantum-confinement effect, while the visible room-
temperature PL comes from the near-surface region of
crystallites.

The free-standing porous silicon layers were prepared
as described in the literature.!> The substrates were
(100)-oriented p-type silicon wafers with resistivities of
0.2, 3.5, 10, 50, and 230 Q cm. Thin Al films were eva-
porated 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 30 mA/cm? for 15-60 min. After the anodiza-
tion, we abruptly increased the current density up to
about 700 mA/cm? and electrochemically removed the
porous Si layer from the Si substrate. The porous silicon
films were finally rinsed in C,HsOH solution. The thick-
ness of porous Si films was 20—40 um.

Microstructures of these porous Si films were studied
using TEM analysis and Raman spectroscopy. TEM mi-
croscopy was performed using a JEOL 2010 system
operated at 200 keV. Raman-scattering measurements
were performed at room temperature in a backscattering
configuration. Raman spectra were obtained using
514.5-nm laser light and a Raman microprobe measure-
ment system (Japan Spectroscopic Co. Ltd., R-MPS-11)
consisting of a 25-cm filter monochromator and a 1-m
monochromator. The PL spectra of porous Si films were
measured in a vacuum by using 325-nm excitation light
from a He-Cd laser. The calibration of the spectral sensi-
tivity of the whole measuring system was performed by
using a tungsten standard lamp. The optical-absorption
spectra were measured using a spectrometer with an in-
tegrating sphere (Hitachi Ltd., U-4000) in order to reduce

2827 ©1993 The American Physical Society



RAPID COMMUNICATIONS

2828

the effects of light scattering from porous Si. Spectro-
scopic data were measured at room temperature.

Figure 1 shows a typical TEM image of local structure
of a porous Si film prepared from the 3.5-Q cm wafer.
Porous silicon is a mixture of Si crystallite spheres and an
amorphous phase. Our TEM observations of free-
standing porous Si films are similar to those of porous Si
layers reported previously.!'® Si crystallite spheres with
various diameters are observed and the typical diameter
of Si crystallite spheres is several nanometers. These
structures are also confirmed with Raman spectroscopy.
The average diameter of Si crystallites is determined from
Raman spectra, as shown below.

Figure 2 shows Raman spectra of free-standing porous
Si films. Broad and downshift signals were observed in
porous Si, as compared with those of ¢-Si bulk. Here, we
shall evaluate the average diameter of Si crystallite
spheres, L, using a spatial correlation model. '”!® Finite-
size effects relax the g-vector selection rule and this relax-
ation of the momentum conservation leads to a downshift
and broadening of the Raman spectrum.!” A quantitative
model (strong phonon confinement model with a phonon
amplitude of ~0 at the boundary)!® is usually used for
the estimate of the average diameter of nanocrystals such
as Si (Refs. 18 and 19) or Ge.?® Hence we use the strong
confinement model to determine the crystallite size in
porous Si films. In this model, the first-order Raman
spectrum I(w) is given by!®

272 4,2

I(w)=fl exp( qu /4a?) 2d3 , )
0 [o—w(g)]*+(Ty/2)

where ¢ is expressed in units of 277 /a, a is the lattice con-

stant, and I’ is the linewidth of the Si LO phonon in ¢-Si

bulk (~3.6 cm™! including instrument contributions).

We consider the dispersion w(g) of the LO phonon in ¢-Si
to be?!

0*(g)=A +B cos(mq /2) , 2)
where 4 =1.714X10° cm ™2 and B =1.000X 10° cm 2

20 nm

FIG. 1. TEM image of a free-standing porous Si film.
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FIG. 2. Raman spectra of free-standing porous Si films com-
pared with the spectra calculated for a sphere with diameter L
(solid lines). The calculated spectra agree well with experimen-
tal ones.

These parameters were determined to describe the neu-
tron scattering data clearly.?! By using Egs. (1) and (2),
we can calculate the Raman spectrum of nanocrystallites
and estimate the average diameter of Si crystallites. Solid
lines in Fig. 2 are calculated spectra, which agree well
with the experimental results. Figure 3 summarizes the
relationship between the Raman width and the Raman
shift with respect to ¢-Si. The solid line indicates the
theoretically calculations for spherical crystallites, and
the experimental relationship between the Raman width
and peak shift seems to be approximately consistent with
calculations.”? The average diameter of crystallite
spheres ranges from ~2 to ~ 10 nm. The average diame-
ter calculated using the phonon confinement model is
supported by TEM observations.

Typical optical absorption and PL spectra of porous Si
films with different crystallite sizes [(a) L ~2 nm, (b)
L ~3.5 nm, and (¢) L ~9 nm] are shown in Fig. 4. A
gradual increase in the optical-absorption coefficient « is
observed near the absorption edge and at higher energies
a monotonically increases. It is found that the blueshift
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FIG. 3. The calculated relationship between the Raman
width, the decrease of the Raman peak shift with respect to c-Si.
L is the average diameter of Si crystallites.
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FIG. 4. Typical optical-absorption and photoluminescence
spectra of porous Si films: (a) L ~2 nm, (b) L ~3.5 nm, and (c)
L ~9 nm.

of optical-absorption spectrum occurs with a decrease in
the average diameter of Si crystallites. In Fig. 4, no
correction was made for the porosity of the sample films,
p.b? If we consider the porosity and the optical density
of the samples, it is reliable to use the optical-absorption
edge as a value of the photon energy at az4X10?
cm ™12 Accordingly, for the present we define the opti-
cal band gap E, as the proton energy at a=6X 102
cm™!. The size dependence of E, is shown in Fig. 5.
The solid line shows the exciton energy in Si crystallite
spheres calculated using an effective-mass approxima-
tion.’ The blueshift of the absorption edge strongly sug-
gests that the quantum-confinement effect plays a key
role in the absorption process. However, further investi-
gations are needed both from theoretical and experimen-
tal points of view to clarify the relation between the
band-gap energy and the diameter.

Figure 4 also shows the PL spectra of these films with
different crystallite sizes. No significant size dependence
of the PL peak energy was observed. The PL peak ener-
gy in samples with small average diameters [see Figs. 4(a)
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FIG. 5. Band-gap energy as a function of the diameter of
crystalline Si spheres. The solid line is a theoretical calculation
by an effective-mass approximation (Ref. 9).
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and 4(b)] is much lower than the band gaps determined
from both the experiment E, and the theoretical calcula-
tions (see Fig. 5). The above PL characteristics and the
blueshift of the absorption spectrum imply that the site
for the photogeneration of carriers are different from that
for radiative recombination of carriers. Moreover, in
porous Si films having large Si crystallites, there appears
an unusual relationship between the absorption and PL
spectra: As shown in Fig. 4(c), the PL peak energy is
higher than the absorption edge energy. In porous Si
samples with large crystallite diameter, the PL excitation
spectrum entirely differs from the optical-absorption
spectrum. The shape of PL excitation spectrum in
porous Si of L ~9 nm is similar to that of the absorption
spectrum shown in Fig. 4(a). TEM studies also show that
there are Si crystallites of various sizes in the sample.
Thus, the unusual spectroscopic relation in Fig. 4(c)
strongly suggests that only small crystallites contribute to
the efficient visible PL.

Considering that the surface of Si nanocrystallites in
porous Si is terminated by H atoms or OH
groups, 1111324 we believe that the electronic properties
of the near-surface region are different from those of the
¢-Si core. To explain the size-dependent absorption and
the size-independent PL spectra, we propose a simple
model that the photogeneration of carriers occurs in the
¢-Si core whose band gap is modified by the quantum-
confinement effect, whereas the radiative recombination
occurs in the near-surface region.25 In our model, the PL
efficiency in the near-surface region increases with a de-
crease in the crystallite size, because both the surface-to-
volume ratio and the carrier transfer rate from the core
to the surface increase with a decrease in the size of crys-
tallites.

The temperature dependence of the PL intensity also
supports the above model. Figure 6 shows the tempera-
ture dependence of the PL intensity at 750 nm. In all
sample films, the PL intensity increases with raising tem-
perature up to about 100 K and then decreases. Accord-
ing to our model, this behavior is explained as follows:
At low temperature, the carriers are generated in the core
and some of the carriers in the ¢-Si core transfer to the
near-surface region by a thermally activated diffusion
process. At high temperature, the nonradiative recom-
bination in the near-surface region increases and then the
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FIG. 6. Temperature dependence of the PL intensity in
porous Si films of L ~2, ~3.5, and ~9 nm. The PL intensity
increases with raising the temperature up to about 100 K and
then decreases gradually.
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PL intensity decreases gradually. The PL efficiency is
determined by both the thermal carrier-diffusion process
from the c¢-Si core to the near-surface region and the radi-
ative recombination rate in the near-surface region.

The above experimental facts (the size-dependent
optical-absorption spectrum, the size-independent PL
spectrum, the temperature dependence of the PL intensi-
ty, and the unusual spectroscopic relation in porous Si
with the large average diameter of crystallites) can be ex-
plained by a simple picture: The photogeneration of car-
riers occurs in the ¢-Si core with the size-dependent band
gap, and the radiative recombination in the near-surface
region causes the strong visible PL at room temperature.
The strong PL comes from the near-surface region of
crystallites with sizes less than a certain diameter. Fur-
ther theoretical and experimental studies are needed to
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clarify the electronic structures of the luminescent near-
surface region.

In conclusion, we studied the size dependence of the
optical properties of free-standing porous Si films. It was
found that the blueshift of the optical-absorption spec-
trum occurs with a decrease in the crystallite size. The
electronic structure of porous Si is modified by the
quantum-confinement effect. The near-surface region in
small crystallites plays the most essential role in the visi-
ble PL processes of porous Si.
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FIG. 1. TEM image of a free-standing porous Si film.



