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Photoluminescence from Porous Silicon by
Plane—Polarized Light Excitation
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Abstract Luminescence from porous silicon is studied with plane-polarized light excitation under grazing
incidence. The experiments show that the incident angle of light almost has no influence on the lumines—
cence behavior of porous silicon. However, the luminescence with z —polarizalion excitation is found to be
higher in intensity than that with x —polarization excitation. The different orientations of the electric field
of the exciting light with respect to the sample surface result in the difference in the excited luminescence,
which reveals the anisotropy of the optical properties of porous silicon and rules out the assembly of pure
quantum silicon dots as the structure of porous silicon.
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Because of both fundamental physies and potential applications in optoelectronics tech—
nology, the discovery of visible light emission from porous silicon (PS) by Canham'" has at—
tracted great attention of many researchers. There have been a great deal of investigations
devoted to the preparation and characterization of PS and to the mechanism responsible for
the strong visible photoluminescence (PL) from PS. However, the latter still remains un—
clear. Several proposals have been given to explain the large blue shift of the PL spectra
from PS compared to that from bulk crystalline silicon. They can basically be classified as
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three entirely different groups, namely quantum confinement effects'"”, surfacedocalized
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" But it is now almost

states effects'™ * and surface species present in PS such as siloxene
commonly agreed that porous silicon and surface species are two different kinds of lumines—
cent materials. A variety of evidences illustrate that the quantum confinement is real. Mean—
while, the surface states and surface species are also found to contribute to the luminescence
process. Canham'' has suggested the silicon-wire nanocrystal as a porous silicon structure to
explain the visible light emission by bandgap widening and relaxation of the momentum se—
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lection rule due to quantum confinement. Cullis and Canham'” later observed a structure of

chained ball —like nanocrystallines rather than pillar —like erystals . It is more acceptable to
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suggest that the structure of porous silicon be a mixture of nanosize silicon wires and silicon
8 - . . . oy e
dots'®. Calculations of the band structure and optical properties have been made for silicon

quantum wires'”~ " and quantum dots'"™ ', Xia and Cheah'” have also developed a theoreti—
cal model of the surface state effect for PS in the framework of effective-mass theory, from
which the temperature effect on the photoluminescence spectrum for pillar and spherical
structures was considered.

Many of the investigations on PS have concentrated on PL spectrum, which has been of
importance to the studies on both the materials characteristics and light-emitting mechanism.
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" or a mixture of silicon wires and dots, the opti—

For an assembly of quantum silicon wires
cal properties are very anisotropic, and the PL spectrum should be dependent on the polariza—
tion of the exciting light, as contrasted with those of an assembly of silicon dots or bulk sili-
con which are independent of polarization. However, the influences of polarization have not
been considered in PL. measurements of PS reported so far. In the present work, we investi—
gated luminescence from porous silicon by exciting PS with polarized laser light. Two sam-
ples have been subjected to the polarized light excited PL. measurements at room temperature
and reduced temperatures. It is found that the variation of the PL over the temperature range
10~ 300K does not differ too much for different polarized light excitation. However, more
interesting is the finding that overall the PL intensities of both samples by z —polarized light
excitation (with the electric field of the exciting light perpendicular to the sample surface. i.

e. oriented along the wire axis) are higher than those by x —polarized light excitation (with
the electric field of the light parallel to the sample surface) when other conditions remained
the same. The results obtained seem to support the assumption that the PS samples exam—
ined consist of nanosize silicon wires or a mixture of silicon wires and silicon dots, rather
than consist purely of nanosize silicon dots.

Both samples used were made from p-type silicon wafers with a resistivity of 5 Q * cm
and fabricated by electrochemical anodization, but with different etching conditions: for sam-
ple A, the anodic etching was carried out in a HF ethanol= 1 -l solution at a constant cur—
rent density of 15 mA/em’ for 30 min; for sample B, the anodization was carried out in 2 *1
mixture of HF and ethanol at a current density of 20 mA/em” for 60 min. Each of the as—pre—
pared samples was placed in a closed-cycle eryostat which was evacuated in order to prevent
thermally induced oxidation of PS during the measurements.

The experimental setup used was somewhat different from conventional one. The 488
nm line from an Ar-on laser, after passing two polarizers and a focusing lens. was used as
an excitation source. The combination of the two polarizers determined the polarization and
power of the laser light fallen on the sample. The focused light beam had a spot diameter of
~ 0.5 mm and excited the sample with grazing incidence (> 85° from the normal of the sam—
ple surface). By adjusting the polarizers, x —polarized or z —polarized laser light with a con—
stant power density was chosen to excite the samples. Throughout the measurements of each
sample, the excited spot on the sample remained unchanged, so that any changes due to vari—
ation in local sample structure could be avoided. The excitation power density was kept low
enough so that any irradiation-induced degradation would also be avoided. The luminescent
emission was collected in a direction perpendicular to the sample surface and the PL signal

was detected using a cooled photomultiplier tube (PMT) through an Oriel monochromater.
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For comparison, conventional PLL measurement, near-normal incidence excitation, was also
carried out on these two samples. Also by taking measurements as described in our previous
paper' ", namely by comparing two room-temperature PL taken at the beginning and at the
end of the measurements respectively, it was confirmed that neither thermally induced
changes nor degradation due to the laser irradiation occurred in the two samples after each
set of temperature PLL measurements.

For each sample two sets of temperature-dependent PLL measurements were taken, one
excited by x —polarized laser light and one by z —polarized light. T ypical photoluminescence
spectra from sample A at different temperatures are shown in Fig. I, which were obtained by
exciting the sample with x or z polarized laser light of equal power density (~ 0.5 W/em”) .
During each measurement, the samples were maintained at constant temperature in the cryo—
stat equipped with quartz windows. Sample B behaves similarly in its PL spectra, although
there are differences in the temperature-dependent PL. and on the whole the PL intensities are
approximately one order lower than those of sample A under the same conditions. As usual-
ly. the PL spectra show a strong dependence on temperature. In Fig. 2 the obtained PL peak
intensities of the samples were plotted as a function of temperature. From Fig. | and Fig. 2.
one notices that irrespective of x or z polarization there is a general trend of PL intensity de—
creasing with increase in temperature, which is similar to the result obtained by exciting
porous silicon with near-normal light incidence'”. The PL peak wavelengths were plotted a—
gainst temperature in Fig. 3, from which one could observe that for both samples there is a
general tendency for the PL to red=shift as the sample temperature is decreased, also just as
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the same observation obtained in the conventional PL. measurements in our previous work'™.
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Fig. I PL from sample A at various temperatures: (a) x -polarization; (b) z -polarization
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Fig. 2 PL peak intensities with x and z -polarization excitation, plotted against temperature: (a) sample A;

(h) sample B
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By comparing the PL intensities from PS excited by different polarized light, it is found
that for both samples all the PL by z polarized light excitation is stronger than that by x po—
larized excitation with all other conditions being equal, an interesting observation never re—
ported before. Just as shown in Fig. 1 for sample A, although the PL spectra are strongly
dependent on temperature, the large differences between the x and z —polarized light excited
PL intensities are obvious. Especially from Fig. 2 (a) for sample A, one notices the strong
increase in the PL peak intensity by z polarization exeitation with the temperature increasing
to about 30 K, whereas the x polarization excited PL increases little in its PL intensity. And
in a wider wavelength range the PL excited by z —polarized light is almost twice as strong as

that excited by x —polarized light (Fig.4) with sample A setting at that temperature.
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Fig. 3 PL. peak wavelengths versus lemperature: curve Fig. 4 PL from sample A with ¥ and z -polariza—
a, sample A, x —polarization: curve b, sample A, tion at 30 K
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To examine the influence of the incident angle of the exciting light on luminescence,
these two samples were also subjected to conventional PL. observation with normally incident
488 nm laser light of the same power density as before. The samples were also excited at the
same spots on the surface as with polarization excitation. Some of the temperature PL spec—
tra were chosen for comparison. No distinet differences were observed. However, the PL
spectra appear more similar to the x —polarized light excited PL spectra than to the z polar—
ized light excited ones while setting the samples at the same temperature. In particular, the
PL intensities with normal incidence excitation are found to be much closer to those with x -
polarization excitation.

From the results shown above, we could come to the conclusion that light incident angle
alone does not change the PL behavior of PS drastically. As for the large difference in inten—
sity between x and z —polarized light excited luminescence, it could only be due to different
orientations of the electric field of the exciting light, which reveals the anisotropic optical
properties of the samples. Sanders and Chang''” pointed out that the quantum-wire optical
spectra are very anisotropic, and that this anisotropy is enhanced as the quantum wire be—
comes narrower. Because porous silicon is a complex mixture of Si nanostructures, and be-
cause PL from PS also strongly depends on the size of the Si erystallites, it is difficult to
compare our experimental results with an ideal model quantitatively. However, our results

show convincingly evidence on structural asymmetry of the samples along and perpendicular



12 34 Wu Jiadaet al.,:  Photoluminescence from Porous Silicon by Plane-Polarized Light Excitation 1691

to the surface, and disprove the assumption that porous silicon prepared by anodic etching
consist purely of quantum silicon dots.

The microscopic structure of porous silicon is dependent on preparation conditions. We
notice that PL of sample A differs somewhat from PL of sample B, which could arise from
difference in their structure. Since porous silicon is a nanostructured material, and difference
in the nanoscaled structure is even smaller, it is difficult to determine structural difference
between PS samples merely from their PL. In fact, the exact structure of porous silicon and
the accurate mechanism of strong photoluminescence from porous silicon are currently under
debate.

In conclusion, we have studied the luminescence from porous silicon excited by plane—
polarized light with electric fields parallel and perpendicular to the sample surface. The PL
variation against temperature shows similar trend, however, the luminescence with z polar-
ization excitation observed is much higher in intensity than that with x -polarization excita—
tion. This indicates that the optical properties of porous silicon are anisotropic, excluding
the possibility of the samples used in this work being an assembly of pure nanosize silicon
dots. Our experiments also show that the incident angle of the exciting light does not change
the PL behavior of porous silicon. Further theoretical and experimental work is required for

details of correlation between the photoluminescence and nanostructure of porous silicon.
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