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Third-order nonlinear optical susceptibibty and photoluminescence in porous silicon
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Third-order nonlinear-optical-susceptibility spectra ~y' '( —3co;co, co, co)~ have been obtained for free-
standing porous silicon films by third-harmonic-generation {THG) Ineasurements in a third-harmonic
photon energy region from 540 to 720 nm, which covers the visible photoluminescence (PL) wavelength
region. In the THG wavelength region between 540 and 720 nm, the ~y"'~ spectrum is not sensitive to
the excitation laser wavelength and shows about 0.5 X 10 ' esu. This suggests that there is no excitonic
resonance enhancement of the ~y"'~ spectrum in the PL wavelength region. The optical absorption and
luminescence properties of porous silicon are discussed.

Since the discovery of efficient visible photolumines-
cence (PL) from Si, ' Ge, and SiC nanocrystallines, there
have been numerous reports describing visible lumines-
cence properties of nanocrystallites made from indirect-
gap IV and IV-IV semiconductors. In particular, porous
silicon is receiving widespread interest motivated by po-
tential applications as light-emitting devices. However,
despite the large number of theoretical and experimental
reports on visible luminescence in porous silicon, there is
no consensus for the mechanism of efficient visible
luminescence at room temperature. The blueshift of the
absorption spectra in porous silicon shows that the
quantum-confinement efFect a6'ects the electronic struc-
ture of nanocrystallites. On the other hand, a drastic size
reduction to a few nanometers is needed for the observa-
tion of efficient visible luminescence. Since a large frac-
tion of silicon atoms appears on the surface, the surface
states on the Si nanocrystallites also play an active role.
In fact, the luminescence properties of porous silicon are
sensitive to the surface chemistry of nanocrystallites.
The mechanism of visible luminescence is under discus-
sion: band-edge emission (light emission from the crystal-
line core state; the pure quantum-confinement model)
(Refs. 7 and 8) or localized state emission (light emission
from surface localized states; the quantum-confinement
model with surface state eft'ects).

Porous silicon shows complicated optical behaviors.
Porous silicon is inhomogeneous in the sense that it has a
distribution of the crystallite size and shape, and varia-
tions in surface structures and surface stoichiometry. In
inhomogeneous systems, nonlinear optical measurements
provide detailed information on electronic structures.
The infrared up-conversion experiment implies that, un-
der 1.06-pm excitation, third-harmonic radiation (355
nm) is efliciently generated, and acts as a pump source to
excite visible photoluminescence in porous silicon. '

Pump-and-probe experiments' ' show that the non-
linear absorption coefficient depends on the pump laser
wavelength, and that the photogeneration of carriers
occurs efficiently at laser wavelengths shorter than 500

nm. The study of nonlinear optical properties will open
an approach to discuss the origin and mechanism of
efficient visible luminescence in porous silicon.

In this work, we measured third-order nonlinear-
optical-susceptibility y' '~ spectra in porous silicon films
by third-harmonic generation (THG) Maker fringe
method for a third-harmonic photon energy region from
540 to 720 nm, which covers the visible luminescence re-
gion. No significant structure in the y' ' spectrum is ob-
served in the photoluminescence wavelength region. It is
considered that porous silicon has an indirect-gap semi-
conductor nature in the optical-absorption process, and
that the red luminescence comes from surface-localized
states rather than the delocalized crystalline core.

The porous silicon layers were formed by electrochemi-
cal anodization. The substrates were (100)-oriented
3.5 —4.5-0 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:H20:C2H, OH = I:I:2) at constant
current density in the range of 10 mA/cm for 10 min.
After anodization, the sample was rinsed in deionized wa-
ter for several minutes. Then the sample was oxidized by
exposing it to air to obtain stable photoluminescence with
higher quantum efficiency. Raman spectroscopy and
transmission electron microscopy indicate that the aver-
age diameter of nanometer-sized Si crystallites was about
3 nm. The porous silicon films were sandwiched by two
Si02 glasses.

The ordinary one-photon absorption spectrum in a
porous silicon film is shown in Fig. l. In our samples,
there is no significant absorption from 600 nm to 3 pm.
The inset of the figure shows the photoluminescence
spectrum under 325-nm excitation. Broad photolumines-
cence was observed in the red spectral region around 700
nm. In order to discuss the mechanism of efficient red
luminescence, we need to determine the band edge in
porous silicon. However, it is hard to determine the
band-gap energy or the absorption onset from the absorp-
tion measurement exactly, because featureless absorption
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spectra depending the crystallite size are observed.
These featureless absorption spectra in indirect-gap semi-
conductor crystallites are intrinsic rather than inhomo-
geneity. ' Therefore, using nonlinear-optical techniques,
we tried to clarify whether the efFective band of porous
silicon exists in the broad PL spectrum (PL at room tem-
perature is the band-edge emission) or not.

The THG Maker fringe method' was employed to
evaluate the value of ly' '( —3e);co,e7, e7) as a function of
fundamental photon energy. A difFerence frequency was
generated between 1.6 and 2.1 pm by mixing a Q-
switched Nd: YAG (yttrium aluminum garnet) laser and a
dye laser using a LiNb03 crystal and was used as a pump
light of the THG measurements. The pulse width was
about 5 ns, and the repetition rate was 10 Hz. The near-
infrared beam was split into two beams: pump light for
sample excitation and reference light. The THG signals
were detected by photomultipliers through pass filters,
and then integrated by a boxcar averager. The sample
signal was normalized pulse by pulse by the reference sig-
nal. Samples were kept in the center of a vacuum
chamber with 500-mm length. The THG signal was cali-
brated by replacing the sample with Si02 glass at each
wavelength. Moreover, we tried to determine the refrac-
tive index using an ellipsometer.

Figure 2 shows a typical example of the Maker fringe
pattern; that is, the THG intensities as a function of the
incident angle of the fundamental laser beam for a 42-
pm-thick porous silicon. At large angles, a fringe pattern
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FIG. 1. Optical-absorption spectrum in a free-standing
porous silicon film. The inset shows the photoluminescence un-
der 325-nm laser excitation.

is clearly observed. To our knowledge, this is the first ob-
servation of the THG Maker fringe pattern in porous sil-
icon. Even in a nanoscopic complex system such as
porous silicon, the THG Maker fringe method is a useful
one for the study of nonlinear optical properties.

Optical harmonic generation from a multilayered sam-
ple was treated by Bethune' using a transfer-matrix tech-
nique. Using this technique, we tried to calculate the
THG Maker fringe pattern from a multilayered sample
structure composed of a porous silicon film and two Si02
glasses. The THG amplitude is given by
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where the suffix 1 denotes the vacuum (fundamental laser
input side), 2 the SiQ2 glass, 3 the vacuum, 4 the porous
silicon sample, 5 the vacuum, 6 the Si02 glass, and 7 the
vacuum (laser output side); the suffix + denotes the for-
ward propagation wave and —the backward; the sub-
script s indicates a quantity associated with the nonlinear
polarization which provides the source current of
THG; the superscript ' indicates the parameters for the
fundamental wavelength; and the others are for the
THG wavelength. r, [ =(N; —NJ. )l(N;+N~ )] and
t j[=2N (N;+N )] are th. e reAection and transmission
amplitudes for light upon the i —j interface from medium
i. The parameters X. and X' are given by

NJ. = [n (3') —sin (9)]'
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where 8 is the angle of incidence and n (=n+ik) is the.
complex refractive index; P =exp(iNJ k()d ) and

Pj =exp(iN' k()d. ), where k.()=cole and dj is the layer
thickness; X,(3)

N' and %,( & )
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FIG. 2. Typical third-harmonic intensity pattern for a
porous silicon film as a function of incident angle of the funda-
mental pulse laser light to the sample (solid line). The broken
line is the theoretically calculated fringe pattern.
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The THG signal is proportional to ~E7+
~

. Using the
above equations, we calculated the Maker fringe patterns,
and an example is shown in Fig. 2. Here the THG ampli-
tudes from the Si02 glasses are neglected because this
effect is small. The periods of the fringe patterns in the
experiment are reproduced by the theoretical calcula-
tions, and we can evaluate the value of y' '~ at a given
wavelength.

The third-order nonlinear-optical-susceptibility
spectrum as a function of the THG wavelength is sum-
marized in Fig. 3. The value of y' '~ is not sensitive to
the pump laser wavelength. The value of y' '~ is about
0.5 X 10 ' esu in this region, where the
y' ' = 1.0 X 10 ' esu of fused silica is adopted as a stan-

dard value. ' The g' ' value is not determined uniquely
at a given wavelength, because a few parameters g' ',
n(ro), and hn(co) = n(3') n(ro) gi—ve the same minima of
the least-squares fit. Typical values of n(ru) —1.5 and
An -0.05 are determined at each wavelength. We note
that y' 'Ihn (ro) value is more constant in determination.
The scattering of data is caused mainly by the fitting pro-
cedure between the experimental and theoretical fringe
patterns. We find that porous silicon has a large value of
y" ', although the absorption coe%cient is very small and
the refraction index (n —1.5) is low in the near-infrared
wavelength region.

In direct-gap semiconductor nanocrystallites such as
CuC1 or Cuar quantum dots, the ~y' ' spectrum exhibits
sharp peaks at exciton states near the absorption edge:
Resonance enhancement of ~y' ' due to exciton
confinement is clearly observed in the luminescence
wavelength region (near the band edge). ' In porous sil-
icon, no sign of enhancement effect in y' ' is observed in
the luminescence spectral region. This fact provides im-
portant information on optical-absorption and lumines-
cence processes in porous silicon. Two possibilities can
be pointed out. First, the indirect-gap nature is impor-
tant in the optical transition. Porous silicon has an
indirect-gap semiconductor nature, and the lowest optical
transition is the phonon-assisted optical transition near
the absorption edge. ' ' Then it is speculated that the
enhancement of ~y' ' is not observed near the indirect-
transition region. Second, we can consider that there is
no resonant enhancement due to the band edge in this
wavelength region, and the band gap is above this THG
photon energy region. The red photoluminescence with a
peak of -700 nrn is the light emission from localized
states with small density of states, rather than the band-
edge emission.
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Porous silicon shows strong visible luminescence under
wavelengths shorter than -500 nm. The short THG
light (ArHo(500 nm) acts as a pump source to excite
visible photoluminescence in porous silicon. ' Further-
more, pump-and-probe experiments' show that large
photoinduced absorption signals related to the photocar-
rier generation (the imaginary part of y' ') are observed,
but that these signals are also insensitive to pump wave-
lengths longer than 550 nm. This result is consistent with
the above-THG Maker fringe result. However, the in-
duced absorption change at probe wavelengths of
600—800 nm is clearly observed when the excitation
wavelength is shorter than 600 nm. These results are
explained by a picture in which photocarriers generated
at the excitation laser wavelength are localized at lower-
energy states, and then localized carriers cause a large ab-
sorption change in the luminescence wavelength region.
Nonlinear-optical measurements imply that an effective
band edge exists above the luminescence peak energy. '

Therefore, from third-order nonlinear-optical-
susceptibility measurements, it is considered that porous
silicon has an indirect-gap semiconductor nature in the
optical-absorption process, and that eKcient room-
temperature PL comes from lower-energy localized states
with small density of states, rather than the band-edge
emission.

In conclusion, we measured third-order nonlinear-
optical-susceptibility spectra in porous silicon films by
the third-harmonic generation (THG) Maker fringe
method for a third-harmonic photon energy region,
which covers the visible luminescence region. Porous sil-
icon has unique nonlinear optical properties such as a rel-
atively large g' ' in a transparent wavelength region. The
study of nonlinear optical properties open an approach to
discover unique optical properties other than visible
luminescence, and to understand the electronic states and
luminescence mechanism in porous silicon.
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Ministry of Education, Science and Culture, Japan.
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FIG. 3. Third-order nonlinear-optical-susceptibility
spectrum as a function of the wavelength of the third-harmonic
generation.
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