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Self-phase modulated optical fringe patterns are used to study the nonlinear optical response of nanocrys-
talline silicon produced by laser-induced etching. Intensity-dependent changes in the refractive index are
calculated for various sizes of nanocrystallites. Raman spectroscopy is used to determine the sizes of nanoc-
rystals, which are also confirmed from atomic force microscopic images. These results are in agreement with
self-phase modulation model. It invokes the change in refractive index of nanoparticles of silicon with decrease
of size of nanoparticles.
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The nanoparticles of siliconsNSd are emerging as multi-
functional materials having diverse applications. Besides
their efficient photoluminescence at room temperature,1 the
nonlinear optical properties of the NS are of immense re-
search interest in recent years owing to the enhanced third-
order optical nonlinearity.2–5 An enhancement in the third-
order susceptibility and the change in refractive index due to
quantum confinement effect have been reported for laser ab-
lated Si nanoclusters,2,4 free-standing porous silicon
materials,3 and Si nanocrystals grown by plasma-enhanced
chemical vapor deposition.5 The nonlinear coefficient of the
refractive index for NS has been calculated at different
wavelengths prepared by various fabrication methods. The
large deviation in the data is mainly due to the inhomogene-
ity of the samples owing to various fabrication techniques
and different size distributions. Thus, the dimension and the
size distribution of the NS are extremely important factors in
order to reveal the nonlinear optical properties. In most of
the measurements of optical nonlinear studies, higher laser
power and short pulse lasers have been used.2–5 In our mea-
surements we have measured nonlinear refractive index with
a cw argon ion laser at a wavelength in visible range.

Laser-induced etching6,7 sLIEd is one of the simplest tech-
niques for fabricating the nanoparticles. Under carefully con-
trolled experimental parameters, NS can be produced on a
silicon substrate with a narrow size distribution within a
short time span of few minutes. However, there are no re-
ports of measurement of nonlinear refractive index of NS
prepared by LIE. Since the NS are formed directly on the
silicon substrate, it is not possible to obtain the nonlinear
refractive index directly byZ-scan measurement of the trans-
mitted light.

In our earlier work,8 we have reported the formation of
visible optical fringes during the fabrication of NS and for-
mulated the radial nonlinear changes in the refractive index
of the medium due to self phase modulation of light.9 How-
ever, there is a need for a more specific and detailed study on
the nonlinear optical properties of NS. It is generally be-
lieved that the quantum confinement enhances third-order
electronic susceptibilityxs3d compared to the value for bulk
silicon.10 A controlled production of silicon nanocrystallites
particularly referring to the dimension and size distribution is
thus essential to relate the nonlinear optical properties to the
quantum-confinement effect.

Here, we present a detailed study of the interaction be-
tween incident light and NS as a function of size of the
nanoparticles and the incident laser intensity. A theoretical
model of self-phase modulation, which describes the changes
in the refractive index for nanoparticles of Si taking into
account the size of crystallites in the medium, is discussed
here. We also present a systematic study of the optical fringe
patterns with the size of the NS and the probing laser inten-
sity. Consequently, the radial changes of the nonlinear refrac-
tive index across the beam can be calculated as a function of
both the size and laser intensity. The sizes of the NS are
estimated by Raman spectroscopy. The line-shape analysis of
the first-order Raman spectrum of the quantum-confined
phonons provides the average and the distribution of sizes of
NS, using the phenomenological quantum-confinement
model.11–14The particle sizes are also estimated using atomic

FIG. 1. sColor onlined The theoretically calculated plot of fringe
patterns using Eq.s2d of Ref. 8 for mean crystallite size,
L0=4 nm corresponding to different incident laser powers.
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force microscopesAFMd. We have calculated nonlinear
changes in the refractive index for different sizes of nanoc-
rystals. The experimental results of Raman scattering and
nonlinear optical fringes are in agreement with our simple
theoretical model.

A commercially availablen-type Si wafer with resistivity
of 10 V cm was immersed in HF acids40%d. LIE was done
using an argon-ion lasersl=5145 Åd. The laser beam was
focused to a 100mm spot and the laser power density used
was 20 W/cm2 during LIE. The samples were etched in this
way for the durations of 10, 15, 30, 60, and 100 min. The
laser-etched samples were subsequently rinsed with ethanol
and were dried in air. During etching, the reflected beam was
studied as the NS were formed on Si substrate. A white
screen was placed at a distance 1.5 m from the surface of the
crystal to observe the optical fringe patterns formed by the
reflected beam in nearly back reflection geometry. Finally,
the optical fringes formed for different incident laser powers
were recorded by charge-coupled devicesCCDd camera. Ra-
man spectra were recorded for the etched samples. Details of
the Raman spectroscopy system are given in Ref. 8. The
recording of fringe patterns and the Raman spectra were re-
peated several times in order to ascertain their reproducibil-
ity. The AFM measurements were performed by using Digi-
tal Instruments Nanoscope in contact mode.

When an intense laser beam having a Gaussian profile, is
incident on a medium containing nanocrystallites of Si, the
refractive index of such material is altered by the intensity of

the laser beam. As the nanocrystallites of Si interact with
spatially varying laser intensity, the refractive index of the
medium changes. Thus, the beam propagates in varied opti-
cal paths and hence there occurs spatial phase variation. This
leads to a visible optical fringe pattern in the transverse plane
and the phenomenon is known as spatial self-phase
modulation.9 The far-field diffraction intensity distribution of
the optical fringe pattern has been discussed qualitatively in
Eq. s2d of Ref. 8. The distribution of change in the refractive
index of the medium containing nanocrystallites of silicon
across the propagation of the beam,Dnsrd, is written as8

Dnsrd = gLIsrd, s1d

wheregL is the nonlinear coefficient andIsrd is the incident
laser intensity. Here, we propose thatgL depends on the size
distribution of the nanoparticles and is not merely a constant
for quantum-confined structures. ThusgL can be written as

gL =E
L1

L2

f
NsLd

L
dL, s2d

where f is the coupling constant of light with the medium
containing nanocrystallites and the integration takes care of
the size distribution of the nanocrystallites. TheNsLd is the
Gaussian distribution of nanocrystallites betweenL1 andL2,
whereL1 andL2 are the minimum and maximum sizes of the
nanocrystallites. The theoretical plots of optical fringes for a

TABLE I. Calculated sizes of nanocrystallites for different irradiation times and the experimentally
measured FWHM and Raman peak positions.

Irradiation
time smind

L0

sÅd
L1

sÅd
L2

sÅd
s

sÅd
FWHM
scm−1d

Raman peak
position scm−1d

10 70 55 100 30 6.6 520

15 60 30 70 30 10.9 519

30 40 30 45 30 14.7 518

60 30 20 42 30 19 517.5

100 25 13 39 30 27.3 517

FIG. 2. The theoretically calculated changes in refractive index,
Dnsrd, as a function of mean crystallite size,L0, for different inci-
dent laser powers.

FIG. 3. The Raman spectra of Si etched for different times. The
scattered points are the experimental data and the solid lines are the
respective theoretical best fits using Eq.s3d of Ref. 15.
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particular mean crystallite size with different laser probing
intensities are calculated using Eq.s2d of Ref. 8 and is dis-
played in Fig. 1. When the sizes of nanocrystallites are large,
we do not observe any optical fringe pattern. The laser in-
tensity on the sample is used as a parameter to assess the
resulting nonlinear lensing effect. It shows that the number
of optical fringes increases from 3 to 7 on increasing the
probing laser intensity from 27 to 67 mW. We have also
calculated theoretically a change in refractive indexfDnsrd
at r =0g using Eq. s1d for different mean crystallite sizes
splotted in Fig. 2d. To confirm the above results, we have
recorded optical fringes with different laser intensities and
Raman spectroscopy is used to determine the sizes of nanoc-
rystallitessdescribed belowd.

Figure 3 illustrates Raman spectra of the NS samples
etched by an argon-ion laser for durations of 10, 15, 30, 60,
and 100 min with laser power density of 20 W/cm2. The
changes in the Raman line shapes were very much apparent
after the samples were etched for a minimum of 10 min. The
FWHM sfull width at half maximumd increases to 6.6 cm−1

as compared to the bulk values3.5 cm−1d without any change
in the Raman peak position. On increasing the irradiation
time the asymmetric broadening increases further and the
Raman peak position is shifted to 517 cm−1 for 100 min of
etching, as shown in Fig. 3. The size of nanocrystals can be
determined by employing the phonon confinement
model.11–14 The details of size calculation are discussed in
Ref. 15. It is determined by the two parametersL0 and s,
whereL0 is the most probable or average size of the nanoc-
rystals ands defines the width of distribution. The calculated
sizes for different etching times are listed in Table I for all
Raman modes observed in Fig. 3. Figure 4 shows the AFM
image of a laser-etched sample, which gives optical fringes.
Nanoparticles of Si of height 1–5 nm are found on the sur-
face. This result is consistent with the size determined by the
Raman spectroscopy. Similar results were found for other
laser-etched samples.

Figure 5 shows the photograph some of the optical fringe
patterns observed experimentally with increasing intensity of
the probing laser beam. The reflected beam from the sample

during etching was recorded by a CCD camera. Initially, at
lower power an oval-shaped reflected spot is observed with-
out any fringe patterns. As the intensity is increased gradu-
ally, the spot becomes brighter and a concentric fringe pat-
tern is observed, as shown in Fig. 5. On increasing the laser
power from 30 to 70 mW, the number of rings increases
from 3 to 7. As the probing laser intensity increases, the
refractive index changes resulting in the nonlinear phase
variation across the incident laser beam. This leads to a
change in the optical fringe pattern.

As we have discussed earlier, Eq.s1d can be used to cal-
culate the changes in real refractive index atr =0. For a
sample containing the nanoparticles prepared by laser-
induced etching for an irradiation time of 30 min and inci-
dent power density of 20 W/cm2, Raman spectroscopy pro-

FIG. 4. sColor onlined AFM picture of a laser-etched sample
showing nanoparticles of Si.

FIG. 5. sColor onlined Photograph of fringe patterns at different
incident laser powers:sad 30 mW, just after irradiation andsbd
30 mW, scd 50 mW, andsdd 70 mW, after 30 min of irradiation.
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vides the mean crystallite size,L0=40, L1=30, andL2=45.
Putting these values in Eq.s1d, we have calculated the
changes in real refractive index for different values of laser
intensitiesIsrd and are plotted in Fig. 6sshown by starsd. The
enhancement of real refractive index is noticed here from 0.3

to 0.7 on increasing the laser power from about
30 to 70 mW. Correspondingly, the theoretically generated
and experimentally observed number of rings are also plotted
in Fig. 6 sshown by open circles and solid squares, respec-
tivelyd. This will also depend on nanocrystallite sizes and
distributions. These data further emphasize that nonlinear
phase arises across the beam on increasing laser power in-
tensity for a particular mean crystallite size. Vijayalakshmiet
al.4 have also reported increase in refractive indexsDnd in
laser ablated silicon nanostructures as high as 0.5.

On the whole, the nonlinear optical properties of Si nano-
particles formed by LIE were examined. The observed fringe
patterns in Fig. 5 are the results from the nonlinear change in
refractive index of the medium containing nanoparticles. We
have attempted to correlate the nonlinear optical effect with
both the incident laser intensity and the size of the nanopar-
ticles. The magnitude of the nonlinear refractive index was
found to increase linearly with increasing laser power for a
particular size of nanoparticles. The value as high as 0.7 was
calculated using self-phase modulation for the mean crystal-
lite size of 4 nm. Thus the nonlinear effect can be the basis
for the possible application of NS as an efficient material in
nonlinear optical devices.
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