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ABSTRACT: Silicon (Si) nanoparticles (NPs) and self-organized high
spatial frequency laser (HSFL) induced periodic surface structures
were fabricated by means of femtosecond ablation of bulk Si target in
acetone. The ablation was performed with ~40 fs (fwhm) pulses and
different input energies of ~500, ~200, ~150, ~100, ~50, and ~10 yJ.
Fabricated NPs and nanostructures (NSs) were characterized by UV—
visible absorption spectroscopy, photoluminescence (PL) spectrosco-
Py, Raman spectroscopy, transmission electron microscopy, and field
emission scanning electron microscopy. The average sizes of the NPs
were estimated to be in the 4—135 nm range. From the PL studies of Si
NPs of different sizes, we have observed a size-dependent shift toward
blue spectral region. We could tune the observed PL peak in the
spectral range of 440—515 nm. The crystalline and amorphous nature
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of the Si nanoparticles and nanostructures was investigated using

selected area electron diffraction and Raman spectra. Complex refractive index, conduction band electron density of the Si NPs,
estimated by measuring the effective spot size corresponding to each input energies, were observed to play a crucial role in
determining the periodicity of HSFL induced periodic surface structures. Experimentally measured periodicity of gratings was in

good agreement with the theory.

B INTRODUCTION

Semiconductor nanoparticles (NPs) have been attractive
candidates for their applications toward the fabrication of
new materials such as optical gain media,"* nanocrystalline
based solar cells,® light emitting diodes,**® bioimaging
processes,”” and photonics® due to their unique properties
compared to the bulk. The optical, electronic, and structural
properties of semiconductor NPs and nanostructures (NSs) are
purely size dependent. When the dimensions of material are
confined to nanoscale, energy spectrum turns discrete resulting
in enlargement of the material’s band gap. The properties of
nanomaterials deviate significantly from those of bulk and
isolated molecules. Silicon (Si) NPs are promising because of
their outstanding properties resulting in applications in a variety
of fields such as optoelectronics, photovoltaics,9 and biomedical
fields.">"" Si is an indirect band gap semiconductor material
with an intrinsic band gap, which ranges in the infrared region.
Phonons play an important role in the process of optical
transitions in bulk silicon. When bulk Si is reduced to
nanoscale, the zero-phonon optical transitions are moderately
permitted. These zero-phonon optical transitions increase the
radiative recombination rate through a band-to-band recombi-
nation process.'>~'* In Si NPs enlargement of energy difference
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between the eigen states leads to increased band gap.
Consequently quantum confinement effects'*' render efficient
photoluminescence (PL) in the visible region.'”'® Especially, Si
NPs being microelectronic compatible photonic materials have
attracted more attention due to their size dependent PL with
the prosperity of silicon surface chemistry."” Additionally,
luminescent Si NPs are capable materials of demonstrating
large third order nonlinear response®®>' and possess potential
for specific applications such as second harmonic generation.”*

Silicon NPs have been fabricated through a variety of
techniques such as sol—gel synthesis,”> vapor deposition,**** rf
sputtering,26 heavy ion irradiation,’
and several other chemical and physical methods. Among all
these techniques for manipulation of bulk materials to
nanoscale, laser ablation in liquid media (LAL)**7* is one of
the fast, simple, and versatile methods. Furthermore, LAL
guarantees extremely stable NPs without using any capping
agents with a highest degree of occupation. Particularly,
ultrashort pulsed laser ablation (ULA)*~* is a unique material
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processing technique that provides distinct advantages in
applications over the nanosecond and continuous wave (cw)
laser ablation. In addition, ultrashort laser pulses allow less
thermal damage and a nearly melt free ablation, if carried out
close to ablation threshold. Owing to the large peak intensities
associated with picosecond (ps) and femtosecond (fs) laser
pulses, absorption involves multiphoton processes. Further-
more, within ps and fs time scales the energy cannot be
transferred from electron to the lattice instantly. Thermal
descriptions maintain individuality between electron and lattice
temperature. Therefore, two-temperature model becomes
necessary in order to describe thermal phenomena.** In the
process of SiNPs fabrication, when an ultrafast pulse is incident
on silicon target, valence band electrons can respond first to
absorb visible/IR wavelengths and transitions occur from
valence band to conduction band. In the case of fs pulses in the
near IR region, linear and nonlinear absorption (multiphoton
absorption) are the dominant mechanisms. Absorption of laser
energy by the valence electrons creates quasi-free carriers.*
The excited electrons transfer their energy to lattice through
electron—lattice coupling, and the corresponding characteristic
time is ~1 ps. Collisions between the electrons and lattice leads
to higher temperatures in the vicinity of laser focused regions,
and consequently, material transits to a super critical fluid state,
and vaporization occurs via the interaction of surrounding
liquid media creating a multifaceted structure of nanomaterials.

Thus far people have reported the influence of pulse duration
and pulse energies in size distribution of the fabricated Si
NPs. 046 Among recent significant reports, Intartaglia et al *o%7
had fabricated Si NPs in liquid media with ~100 fs laser pulses
at different pulse energies. The writing conditions in their
experiments were different (laser beam was focused at a single
point on the target) from our experiments. In our experiment,
the focused laser pulses (~40 fs, fwhm) were scanned on the
surface of the Si substrate to draw periodic lines with a given
separation rather than mere focusing. Furthermore, the scan
separation between the structured lines was chosen in such a
way as to ablate the preablated line on the material surface, two
or multiple times, and is labeled as double/multiple line
ablation (separation of 30 wum). Recently, our group has
reported the fabrication of Ag NPs and NSs by ultrafast double
line ablation.”® In addition to NPs, laser induced periodic
surface structures (LIPSS) in semiconductors have also been
investigated using ps and fs lasers.*">> The phenomenon
responsible for the formation LIPSS was extended to the fs
regime about 10 years ago.”* In this regime, LIPSS (spikes or
ripples) can be produced when the laser fluence is
approximately equal to the threshold fluence of the material.
Recently, our group has reported the fabrication of aluminum
NSs achieved through fs laser ablation of Al in water
demonstrating the formation of subwavelength sized nano-
ripples.®* In the present article we report our results from the fs
ablation studies of Si in liquid acetone. We have specifically
investigated (a) pulse energy dependence of the average size of
generated Si NPs, (b) PL studies of the created NPs, (c)
formation of subwavelength LIPSS on the surface of Si, and (d)
model our experimentally observed data for estimating the
periodicity of LIPSS.

B EXPERIMENTAL DETAILS

Si NPs and NSs were synthesized by ablating bulk silicon in
acetone using 1 kHz chirped pulse amplified Ti:sapphire laser
system (LEGEND, Coherent) delivering nearly bandwidth
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limited laser pulses of ~40 fs pulse width at 800 nm. The
amplifier was seeded with ~15 fs pulses (bandwidth of $5—60
nm, fwhm) from an oscillator (MICRA, Coherent, 1 W, 80
MHz, 800 nm). The average power from the amplifier was ~2.5
W. The initial laser beam of diameter 8 mm was focused on the
surface of Si substrate with the help of a 25 cm focal length of
the lens. The Boron doped-type Si (100) target with very low
resistivity (<0.005 -cm) was cleaned in an ultrasonic cleaner
with acetone. The Si target was submerged under the acetone
in a Pyrex cell, and the effective thickness of liquid layer above
the Si target was ~7 mm. Complete details of the experimental
detail are reported in our earlier works.>>™>’

The theoretical beam waist (2w,) estimated at the focal point
in air was ~40 ym. Typical range of pulse energies used was
10—500 pJ, and the input energy was controlled by a
combination of Brewster angle polarizer and half wave plate.
The target was placed normal to the laser beam on a three-
dimensional motorized stage [Nanodirect] with a resolution of
25 nm. The X-Y stages were moved in such a way to draw
periodic lines on the substrate with a separation of ~30 ym
using scanning speeds of 0.3 and 0.5 mm/sec in X and Y
directions, respectively. Typical duration of each scan was ~40
min. The refractive index and thickness of liquid (acetone)
layer play a crucial role in affecting the laser fluence at the focus
on the surface of the target. Consequently, the position of the
focal plane shifted toward the target, which modified the beam
waist on the target surface. Modification of beam waist results
in deposition of less amount of fluence on the target. In the
present case, focus was adjusted to be exactly on the surface of
the target through compensating the shift caused by the
presence of liquid layer following the procedure reported by
Menendez-Manjon et al.>® After completion of the scan,
prepared colloids were collected in air tightened glass bottles.
The substrates on which ablation was carried out were cleaned
and preserved. To avoid the ambiguity, in addressing prepared
colloidal Si NPs in acetone were designated as Si-500, Si-200,
Si-100, Si-50, Si-25, and Si-10, and the corresponding substrates
as SiS-500, SiS-200, SiS-100, SiS-50, SiS-25, and SiS-10 for
pulse energies 500, 200, 100, 50, 25, and 10 yJ, respectively.

The surface morphology, structural properties, and elemental
composition of the Si NPs were characterized by transmission
electron microscopy (TEM), selective area electron diffraction
(SAED), Raman spectroscopy, and energy dispersive X-ray
analysis (EDAX), respectively. TEM, SAED, and EDAX were
performed with FEI Tecnai G2 S-Twin200 kV instrument via
placing a drop of Si NP colloids on carbon coated copper grids
and incubated for 24 h to dry the sample at room temperature.
The absorption shoulder peak position of Si colloidal solution
was recorded by UV—visible absorption spectra with a Jasco V-
670 instrument. A WITec Alpha 300 spectrometer was used to
record the Raman spectra at an excitation wavelength of 532
nm (cw) and photoluminescence spectra with an excitation
wavelength of 355 nm. A drop of Si NPs solution was placed on
glass coverslip and allowed to dry for photoluminescence
measurement. The sample on the coverslip can be easily
identified through the in-built optical microscope (with an
objective lens of 40X) and the spectrum was collected by the
in-built detector in the WITec instrument simultaneously. To
avoid the heating effect through the accumulation, low power
(5 mW) was used for both studies. Similarly, surface
morphologies of the laser exposed portions of the Si substrates
were carried out through a scanning electron microscopy
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Figure 1. TEM images illustrate the Si NPs synthesized by fs laser ablation of bulk Si in acetone: (a) Si-S00 (inset bottom shows core—shell type Si
NP), (b) Si-200, (c) Si-100, (d) Si-50, (e) Si-25, and (f) Si-10. Insets show their particle distribution plots.

(SEM) [Ultra SS from Carl ZEISS with S kV accelerating
voltage] instrument.

B RESULTS AND DISCUSSION

Characterization of Si NPs. Morphology and size
distribution of the fabricated Si NPs were carried out by
TEM measurements. From the TEM images presented in
Figure 1, the shape of the particles seems mostly spherical in
nature and different size distributions are observed for different
pulse energies. These images confirmed the formation of

nonagglomerated spherical nanoparticles in each case. Figure 1
represents the TEM images of colloidal Si NPs synthesized in
acetone as a function of pulse energy. The insets of this Figure
illustrate the histograms of size distribution with an average size
ranging 20—100 nm in Si-S00 [Figure 1a], 5—70 nm in Si-200
[Figure 1b], 2—25 nm in Si-100 [Figure lc], 2—15 nm in Si-50
[Figure 1d], 15—80 nm in Si-25 [Figure le], and 80—250 nm
in Si-10 [Figure 1f]. Gaussian fits of the histogram provided the
average particle size of ~65 nm for Si-500, ~35 nm for Si-200,
~10 nm for Si-100, ~4 nm for Si-50, ~40 nm for Si-25,
and~13S5 nm for Si-10. Average size was observed to decrease
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as the pulse energy decreased from ~S00 to ~S0 uJ [Figure
1d]. However, the average size increased when the pulse energy
was further decreased to ~10 yJ [Figure 1f]. Size distributions
and yield of NPs depend solely on cavitation bubble dynamics
arising from the target surface. Even the origin and complete
dynamics of cavitation bubble followed by NPs fabrication are
not clearly understood, especially in the ps/fs ablation case.
From our knowledge and data from previous reports we
understand that low input energies generate a sustainable
cavitation bubble of smaller size, whereas at high input energies
the cavitation bubble cannot sustain for long times.
Consequently, in the latter case pressure developed across
the bubble is less since it collapses instantaneously, which might
produce agglomerates of large dimensions. However, in the
former case, sustainability of the bubble develops higher
pressures and, as a result, the collapse results in the formation
of lower sized NPs.>

Figure 2 depicts the HRTEM image of a single Si
nanoparticle (Si-50) exhibiting parallel Si lattice planes with

Figure 2. HRTEM image of Si NP depicting the clear view of lattice
planes observed at a characteristic separation 3.27 A, which
corresponds to the plane of Si lattice set (200), and the inset shows
its numerical electronic diffraction.

an interplanar separation of 3.27 A (indicated with a white
mark) corresponding to (200) lattice planes of Si. Figure 3
illustrates the SAED pattern of colloidal Si NPs in (a) Si-500,
(b) Si-200, (c) Si-100, (d) Si-50, (e) Si-2S, and (f) Si-10. The
SAED pattern was observed to show concentric rings
corresponding to individual lattice planes. The first three
planes were considered for discussion in each pattern. The
diffraction pattern for Si-500, Si-200, Si-100, and Si-50
confirmed that most of the Si NPs were observed to possess
poly crystalline nature and that the pattern for Si-2$ and Si-10
revealed single crystalline nature of the Si NPs. Figure 3
illustrates SAED patterns, and measured interplanar spacings
agree very well with respective Si crystal planes in the literature.
In addition to this, we observed one more lattice plane with a
spacing of 1.59 A, which agrees with the Si0,(220) plane in Si-
500 [Figure 3a], and 2.97 A, which agrees with SiO, (110)
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plane in Si-200 [Figure 3b]. Insets of Figure 3 demonstrate the
EDAX spectra of colloidal Si NPs. The peaks associated with Si
and oxygen were observed in all cases (pulse energies) except
for Si-50 and Si-100 samples. This confirmed that Si NPs were
successfully generated without any significant impurities.

Raman spectroscopy provides crystalline/amorphous infor-
mation of Si NPs. Figure 4 depicts the Raman spectra of Si-10,
$i-25, Si-50, Si-100, Si-200, and Si-500. Si-30, Si-100, and Si-
200 s were observed to have both amorphous and crystalline
nature through the exhibition of 484 cm™" as well as 512.3 cm™"
Raman signatures in the spectra. Similarly, Si-10, Si-25, and Si-
500 exhibited crystalline phase through elevation of the 516.9
cm ™" mode, typical of nanocrystalline Si. To avoid confusion in
peak positions, each spectrum in Figure 4 was shifted vertically
for better comparison. From these plots, the peak position,
representing the crystallinity of Si NPs, was observed to shift
toward lower wavenumber region along with the broadening of
Si crystalline peak, as the particle size decreased.®*”®* As
evident from the Raman spectra (Figure 4), signatures in the
470—492 cm™' region, a prominent amorphous peak was
observed at 484 cm™ for Si-200, Si-100, and Si-S0. A sign of
such phase was not observed for other Si NPs (Si-500, Si-25,
and Si-10) and pure Si wafer. The peak position at 520.8 cm™
(crystalline) of pure silicon wafer was taken as a reference for
quantifying the peak shift observed in this study. The shift to
lower wavenumber region and strong asymmetry observed
when the input energy decreased from 500 yJ (Si-S00) to SO uJ
(Si-50) could be from phonon confinement®® in the nano-
crystals and amorphous contribution (484 cm™). With further
decrease in pulse energy from SO yJ (Si-S0) to 10 yJ (Si-10),
lesser asymmetry was observed, which could be due to low
amorphous phase of Si NPs,** and this, possibly, could be the
reason for increased sizes of Si NPs. In the course of ablation
beneath the liquid molten layer, Si is subjected to an abrupt
cooling (of ~10'*—10" K/s), which provokes resolidification of
the molten droplet. This kind of rapid cooling, and hence the
solidification, leads to the observed amorphization. In general,
two kinds of amorphization of Si NPS were observed by earlier
groups: (a) core—shell type in which amorphous silicon (SiO,)
acts as shell on the core crystalline Si and (b) complete
amorphization of Si, which is particular for the particle
dimensions less than 10 nm.*>%

The fabricated colloidal Si NPs possessed strong absorption
band in the UV spectral region. Figure 5 illustrates the UV—
visible absorption spectra of Si NPs in acetone. A methodical
blue shift was observed in peak position of absorption spectra
with respect to a decrease in average size of NPs, which
demonstrates that the band gap of NPs increased. Si NPs in Si-
500 showed a strong absorption peak positioned at ~338 nm
and a broad peak near 400 nm. When the pulse energy was
decreased the peak position shifted toward shorter wavelength
side (blue-shifted) along with an increase in the peak intensity.
Beyond a certain increase in energy, the position of absorption
peak was red-shifted (for larger particles). The shifted
absorption peak positions were 316 nm (Si-200), 308 nm
(8i-100), 304 nm (Si-50), and 336 nm (Si-25). In the case of
Si-10, a broad continuous band between 340—800 nm (mean
size of NPs was ~135 nm) with a broadened peak near ~420
nm was observed. The broad continuous band is attributed to
the broad distribution in size of fabricated NPs. The occurrence
of UV band absorption for Si NPs with smaller size was
reported earlier.’” Intartaglia et al.’® have studied the
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Figure 3. SAED pattern descriptions illustrate the Si NPs synthesized by fs laser ablation of bulk Si in acetone: (a) Si-500, (b) Si-200, (c) Si-100, (d)
Si-50, (e) Si-25, and (f) Si-10. Insets show their respective EDAX images.

absorption band near 300 nm and attributed it to the carbon
byproducts.

PL measurements were carried out for the fabricated
colloidal Si NPs by depositing them on a glass slide (coverslip),
and the results are presented in Figure 6. For the purpose of
comparison, PL intensity was normalized at the peak position.
Shifting of the PL peak position with respect to the average size
of the Si NPs was observed, and the data is plotted in Figure 7.
PL peak position was observed to have blue-shift for decreasing
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energies in the 500—50 pJ range. However, it was red-shifted
for decreasing energies in the 50—10 yJ range. It was observed
that the position of the PL peak purely depended on the size of
NPs. First, the position of the PL peak was tuned from 483 to
440 nm and later from 440 to 515 nm. The tuning range of PL
spectrum from 483 to 440 nm is attributed to decrease in the
size of NPs, which could be from quantum confinement
effects.”” PL observed in the spectral range of 440—515 nm can
possibly be attributed to increase in the size of particles, which

dx.doi.org/10.1021/jp501152x | J. Phys. Chem. C 2014, 118, 7139-7151



The Journal of Physical Chemistry C

L) v ] T W]y T
-+ ~512cm ,516 cm —;:i'_w E
[ -1 g —Si25 ]
' ~484 cm N | o
L ! — S8i-100 4
! \ — S§i-200 |
B 5 —— Si-500,
[ ~300 cm N

Norm. Raman Intensity

400 r
Raman Shift (cm )

Figure 4. Raman spectra of Si NPs (prepared in acetone) in (i) Si-500,
Si-25, and Si-10 with crystalline peak around 516 em™, (ii) Si-200, Si-
100, and Si-50 with crystalline peak around 512 cm™ and amorphous
peak around 484 cm™’, and (iii) bulk Si with crystalline peak at 520
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Figure S. UV—vis absorption spectra of Si NPs (prepared in acetone)
in (i) Si-SO0 with shoulder peak at 338 nm (broad peak around 400
nm), (ii) Si-200 with shoulder peak at 316 nm, (iii) Si-100 with
shoulder peak at 308 nm, (iv) Si-SO with shoulder peak at 304 nm, (v)
Si-25 with shoulder peak at 336 nm, and (vi) Si-10 shoulder peak 340
and strong broad peak at ~420 nm.

300 700

is a result of diminishing quantum confinement effect. Many
earlier reports discuss the PL of Si NPs in the visible spectral
region of 400—590 nm.®*7°~73

Characterization of Silicon Substrates. Inherent nature
of the silicon nanostructures was evaluated by recording the
Raman spectra. The crystalline (amorphous) nature of the NSs
induced by fs pulses on Si substrate was characterized by a
Raman spectrometer (WI-Tec instrument) using 532 nm
excitation. Inspection of the Raman plots of the NSs on SiS-
500, SiS-200, SiS-100, SiS-50, SiS-25, and SiS-10, and bulk Si
illustrate the similar pattern to that of NPs and comparison of
the plots in regions determined as crystalline and amorphous
phases, as shown in Figure 8. Raman spectra showed a shift
toward lower wavenumber and broadening of 520 cm™" peak

7144

Si-10
Si-25 ]
o Si-50 1
Si-100
! $i-200
—— Si-500 ]

miscence

L““* Jju

483 nm "“M'

Norm. Photolum

i i & 'l ™ 'l ™ 'l ™ 'l &
400 450 500 550 600 650
Wavelength (nm)
Figure 6. Photoluminescence spectra of Si NPs (prepared in acetone)
in (i) Si-500 with emission peak at 487 nm, (ii) Si-200 with emission
peak at 468 nm, (iii) Si-100 with emission peak at 447 nm, (iv) Si-S0

with emission peak at 440 nm, (v) Si-2S with emission peak at 483 nm,
and (vi) Si-10 with emission peak at S15 nm.
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Figure 7. Plot depicts the tuning of emission peak of Si NPs prepared
in acetone with respect to the pulse energy.

for all NSs suggesting the presence of nanocrystalline Si.
Furthermore, a prominent peak was also observed near 470
cm™, which could be from amorphous nature of NSs formed
on Si substrate for all the cases.

The surface morphology of the ablated area of the Si
substrates was characterized by FESEM imaging. Figure 9
depicts the FESEM images of formed laser induced periodic
surface structures (LIPSS) with high spatial frequency (HSF)
via femtosecond laser double/multiple line ablation on Si
substrates (a) SiS-500, (b) SiS-200, (c) SiS-100, (d) SiS-50, (e)
$iS-25, and (f) SiS-10. In some of the earlier studies,”* 5* few
probable mechanisms were proposed to explain the production
of low spatial frequency (LSF) LIPSS with a period of nearly
half of the laser wavelength and high spatial frequency (HSF)
LIPSS with period much less than the incident wavelength of
laser achieved via fs laser ablation. Gemini et al.”’reported self-
organized structures with spatial periodicity of ~600 nm on Si
using laser fluences just above the ablation threshold. They,
however, irradiated the target with a large number of pulses.
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Figure 8. Raman spectra of HSFL (nanostructure) on the Si substrates
depict asymmetric crystalline peak around 520 cm™, amorphous peak

around 470 cm™’, and bulk Si with crystalline peak at 520 cm ™.

The dependence of spatial periodicity on laser fluence was
accounted by the parametric decay of laser light into surface
plasma waves. Miyazaki et al.* investigated the fundamental
mechanisms of fs laser induced periodic surface nanostructure
formation in diamond-like carbon and GaN and demonstrated
that the nanostructure formation can indeed be controlled.
Derrien et al.*' investigated the mechanisms of ripple formation
on Si using fs pulses and demonstrated the transient evolution
of density of the excited free-carriers. Liu et al.** presented an
interesting anisotropy phenomenon observed in fs laser
processing of crystalline Si. Their results indicated that the
surface patterning was dependent on the input laser polar-
ization. In most of the earlier studies the mechanisms were
discussed for ablation performed in air/vacuum, whereas in our
case we performed ablation in liquid. In the present case,
HSFLIPSS (HSFL) with an increased periodicity was observed
as the pulse energy decreased from 500—10 pJ and was
confirmed from the FESEM images. A closer look at the images
ascertained that Si NP grains were observed on top of the
HSFL. The mechanism of the formation of HSFL could be
explained from the changes in physical properties of material,
i.e,, the complex refractive index. When silicon absorbs fs pulses
it results in the formation of quasi-free electrons in the
conduction band of solid Si in a time scale <1 ps (electron—
phonon recreation time). Absorption of incident light by the
valence band electrons and formation of quasi-free electronic
states modify the complex refractive index (n*) of the excited
state and conduction band electron density (N,). According to
the Drude model,*** complex refractive index and conduction
band electron density are related by the following equation

2 2
2 N.e'7y

B 4r%* 2
someffme<Tz 7+ 1)

n* = |n

(1)

where e is charge of electron (= 1.6 X 107" ¢), m, is the
electron mass (= 9.11 X 107! kg), A is the wavelength of the
laser (= 800 nm), &, = 8.85 X 107 Fm™, ¢ is the velocity of
light (= 3 X 10° m/sec), n is the refractive index, which
depends on wavelength (1) (= 3.675 at 800 nm), m. =
effective mass of carriers occurred after the excitation (0.18),
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and 74is Drude’s damping time constant for excitation of silicon
in fs regime (= 1 fs). These values have been taken from
published literature.**® N, is the electron density in the
conduction band.

The estimation of electron density (N,) in the conduction
band under fs laser excitation of silicon, which depends on the
laser fluence (intensity) along with the changes of linear and
nonlinear absorption phenomena occurring after fs excitation
were explained earlier by Harzic et al.® using the following
relationship:

(1-R)
2 [2nt,

Nesz a, + pF
C

)

where R is the surface reflectivity of silicon parallel to the
normal (= 0.329)%” and a, and S are the linear and nonlinear
absorption coefficients of silicon, respectively. Values of & (1 X
10*) and f (6.8 X 107 cm/W) in the fs regime were
considered from earlier reports.®® Effective pulse duration
estimated was t, ~ 70 fs at the site of sample (effect of
dispersion in pulse length when pulse passes through the
media), 4 is the Planck’s constant, and F is the fluence of laser
pulses used to ablate the solid.

The observation of HSFL structures are explained on the
basis of complex refractive index (n,*) and conduction band
electron density (N,). It was observed that N, was directly
related to the fluence of the laser on the target surface and n*
directly depends on the N,. From the theoretical base both n*
and N, were observed to have a direct dependence on the laser
fluence. To investigate the effect of fluence on the formation of
the HSFL on silicon surface, effective spot size on the silicon
target for different input energies was estimated experimentally.
Microscopic images of laser drawn single lines on silicon surface
are shown in Figure 10. Barcikowski et al.*> demonstrated that
the width of line structure on the ablated surface was
considered as the effective beam waist of the laser beam.
Figure 10 confirmed the differences in effective spot size (width
of the line) even when the experiment was carried out at similar
conditions of liquid level above the target and position of focus
except the input laser pulse energy. From the data presented in
Figure 10, estimated spot sizes were ~60, ~80, ~100, ~120,
~270, and ~320 pm for the input energies of ~10, ~25, ~50,
~100, ~200, and ~500 yJ. Figure 11a depicts estimated spot
sizes and corresponding fluences for each input laser energy.
From the estimated spot size and number of pulses per spot
and separation between the lines, we confirmed that double line
ablation occurred on SiS-10 and SiS-2$ since the separation (30
um) between the lines was almost half compared to the spot
size on the target. Consequently, half of the ablated line was
again exposed to the laser beam ablating it for the second
time.* An effective number of pulses calculated [from w(z)/d
where d is pulse spacing] was ~400 and ~540 per spot on SiS-
10 and SiS-25, respectively. In the case of SiS-50, SiS-100, SiS-
200, and SiS-500, the estimated spot size was much greater than
the separation with corresponding fluences at the point of
ablation on the target being ~0.35, ~0.5, ~0.63, ~0.88, ~0.34,
and ~0.6 J/cm?, respectively. Consequently, overwriting of the
surface took place and the effective number of laser pulses per
spot estimated was ~990, ~1600, ~4500, and ~5000,
respectively.

On the basis of the variations in the scheme of ablation,
effective fluence (spot size and number of pulses) on the Si
surface, better yield of NPs [data presented in Figure 1] was
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Figure 9. FESEM images of HSFL structures were fabricated on Si substrate by fs laser ablation of bulk Si in acetone: (a) SiS-500, (b) SiS-200, (c)

SiS-100, (d) SiS-50, (e) SiS-2S, and (f) SiS-10.

obtained in the case of Si-50 and Si-100. However, in the case
of Si-10, Si-25, and Si-200, the estimated fluence was near to
the ablation threshold of silicon, and therefore, we could see a
mere ablation. In the case of Si-500 the dynamics of ablation
were unexpected. As the estimated spot size (~320 um) at this
fluence on the silicon surface was much greater than the given
separation between the lines (30 um), overwriting of the
surface could have occurred many times up to the level of
saturated ablation, which is designated as multiple ablation.
Consequently, we could not obtain better yield of NPs, and
correlation between the theoretical and experimental estima-
tions of periodicity failed. Similarly, differences in effective
number of laser pulses on the silicon surface led to the
production of nanograting with an average periodicity on SiS-
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10, SiS-25, SiS-50, SiS-100, SiS-200, and SiS-500 being ~120,
~125, ~130, ~155, ~125, and ~230 nm, respectively. These
values are in good agreement with the theoretically calculated
(A = A/2n*) period of the gratings of ~121, ~127, ~134,
~150, ~120, and~133 nm for the substrates SiS-10, SiS-25,
SiS-50, SiS-100, SiS-200, and SiS-500, respectively. Theoretical
estimation of the grating periodicity was carried out by
estimating the electron densities of the conduction band (N,)
and complex refractive index (n*), which are tabulated in
Table 1. Except the case of SiS-500, in the other five cases we
noticed a strong coincidence between theory and experiment,
and the data is presented in Figure 11b. Furthermore, our
experimental observation of grating period for the substrates
SiS-10, SiS-25, SiS-50, SiS-100, and SiS-200 were in excellent
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Figure 10. Microscopic images of the laser drawn single line on silicon surface with (a) 10, (b) 25, (c) 50, (d) 100, (e) 200, and (f) SO0 4J.

agreement with the prediction of the fluence dependence of
grating period reported by Miyaji et al.”® However, we observed
disagreement in the case of SiS-500. The observed discrepancy
for SiS-500 could be due to the large increment of beam spot
on the target Si surface at that particular input pulse energy. We
expect that large number of pulses per spot created a different
grating period. From the experimental observations we could
conclude that better yield of Si NPs with tunability of PL peak
and self-organized HSFLIPSS fabricated through the ablation of
silicon in acetone occur below the input laser energy 500 uJ.
We could observe good agreement between the theory and
experiment for periodic silicon gratings, which were fabricated
below the pulse energy of 500 yJ.
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Very recent reports suggest the true potential of Si NPs and
NSs. Bagga et al.”" studied protein-functionalized luminescent
Si NPs prepared using infrared ultrafast laser ablation of silicon
in an aqueous solution of Staphylococcus aureus protein A. Their
detailed studies clearly revealed that the protein A-capped Si
NPs are suitable for biological applications. Blandin et al.”*
prepared ultrapure Si-based colloidal nanoparticles using
ultrafast ablation in liquids. They demonstrated the possibility
of fast synthesis of nonaggregated, low-size-dispersed, crystal-
line Si-based NPs, and because of their superior purity and PL
properties they argue that these NPs possess potential for
biological in vivo applications such as drug vectoring and
therapeutics. Simitzi et al.”® reported the culturing of PCI12
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Table 1. Summary of Theoretically Calculated Values of
Electron Density (N,) and Complex Refractive Indices (n*)

pulse energy electron densityg(Ne) complex refractive

S. No. (u]) X 10*! cm index (n*)
1 10 0.94 3.31
2 25 1.34 3.14
3 N 1.72 2.98
4 100 2.38 2.67
5 200 0.92 3.32
[ 500 1.69 2.99

cells on patterned Si surfaces consisting of arrays of microcones,
which exhibited different geometrical characteristics and surface
chemistry. It was demonstrated that microcones could influence
the differentiation of PC12 cells. Wang et al.’* reported seed-
free growth of diamond patterns on Si surfaces achieved by
surface patterning using direct writing with fs pulses followed
by laser-assisted combustion synthesis. They believe that such
patterns on nondiamond surfaces have potential applications
such as cutting tools, protective coatings, heat sinks, etc. Li et
al” assembled Si nanoflowers from Si nanospheres created
using ultrafast ablation, and they demonstrated si%niﬁcant,
enhanced second harmonic generation. Dasog et al. ¢ argue
that trace N, and O, contamination in nanocrystalline Si
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provided a rational explanation for the blue PL observed. Their
study, they argue further, definitively demonstrated that the Si
NCs prepared by solution methods contain N,/O, and that
exposure to N,-containing reagents in the presence of O,
induces blue PL.

Our future research studies will (a) incorporate further
tuning the PL emission peak using different scanning
procedures, using ps pulses for ablation, etc,, (b) investigate
the ultrafast nonlinear optical properties of these Si NPs, (c)
include applications of Si NSs for SERS after coating them with
thin layers either Ag or Au, and (d) study the fs/ps laser
irradiation effects on the generated NP’s to create uniform
particles <5 nm in size for photonic applications.

B CONCLUSIONS

In summary, the dependence of the yield of the Si NPs and the
periodicity of the produced HSFLIPSS on the input laser
energy in the process of double/multiple line ablation in
acetone were investigated systematically through the estimation
of effective spot size on the target and corresponding fluences.
Size dependent tunability of the PL peak position of the Si NPs
was discussed in detail. Complex refractive index and electron
density in conduction band were estimated from the effective
fluence, and a theoretically estimated period of gratings agreed
well with the experimentally observed periodicity for the
substrates SiS-10, SiS-25, SiS-50, SiS-100, and SiS-200 except
for SiS-500, which was discussed. The present set of
experiments revealed that, to obtain a better yield of the Si
NPs along with a superior tunability of the PL peak and self-
organized HSFLIPSS, ablation of silicon in acetone should be
performed below the input laser energy of 500 yJ.
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