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Abstract:

We report here a detailed analysis of the ultrashort laser pulse irradiation effects on a
single crystalline silicon surface. A systematic study has been performed to understand the
surface morphological changes under irradiation with ultrashort laser pulses by changing
different input laser parameters such as laser fluence, laser pulse number, and incident laser
polarization. Field emission scanning electron microscopy images reveal the formation of laser
induced periodic sub-wavelength surface structures directly on bulk surface. The orientation of
the formed sub-wavelength surface structures is perpendicular to the incident laser polarization
and their morphology and spatial periodicity strongly depend on the applied laser fluence and
laser pulse number. The sub-wavelength surface structures are accompanied by the formation
of a large density of silicon nanoparticles which possess broad visible photoluminescence
ranging from 410 nm to 680 nm which is due to superficial oxidation of silicon during laser
irradiation. The amount of oxygen incorporated into silicon strongly depends on laser

parameters such as laser fluence and number of laser pulses.
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1. Introduction

Silicon (Si) is a key semiconductor material having important technological
applications both in photonics and microelectronics owing to the low cost and feasible
incorporation of Si into diverse devices. Different forms of Si like amorphous, nanocrystalline,
and porous have been used for different types of applications such as solar cells, photonics, and
electronics [1-5]. Still, Si is a poor light emitter and cannot be used to detect many important
communications wavelengths because of its indirect band gap [6]. Since last two decades a lot
of large-scale research is going on towards manipulating the properties of Si by different
methods for utilization in different applications [7-9]. Surface processing by using ultrashort
laser pulses is one such important method over others which has received significant attention
over the past few years because ultrashort lasers interact directly with any kind of material and
then melt, ablate and alter their surfaces for a wide variety of applications [10-15]. Ultrashort
laser treatment of materials has advantages like the reduction of the heat-affected areas and
rapid energy delivery when compared to the effects induced by longer pulsed lasers, which
makes the usage of ultrashort lasers as a potential tool in the material processing at micro and
nanoscale [16]. It has been widely reported that during the ultrashort laser interaction with the
material laser-induced periodic surface structures (LIPSS) or ripples are formed on the surface
of a material. Different researchers have reported the fabrication of LIPSS on a variety of
materials with potential applications of the fabricated nanostructures for micro-fluidics [17,
18], nanogratings for antireflection coatings [19, 20], colorization of metals [21] and substrates
for the detection of biomolecules and explosives by the tool surface-enhanced Raman
scattering (SERS) [22-25].

Coming to the interaction of ultrashort laser pulses with Si different reports are
available to date [26-30]. The specific phenomena of LIPSS formation on Si surface have been
studied by varying different input laser processing parameters like incident laser wavelength,
laser fluence, laser beam profile, pulse duration, number of incident laser pulses, angle of
incidence, and laser polarization. The LIPSS are in general formed under single or multiple
laser pulses irradiation at low fluence around the ablation threshold, where the ripples have
their wave vectors parallel to the laser E-field, and the ripple period strongly depends on the
incident laser wavelength [31-33]. It is observed that the spatial periodicity of the ripples
strongly depends on the dielectric medium that surrounds the material [34]. The LIPSS
formation on Si by ultrashort laser irradiation and the dependence on different laser parameters



as well as the surrounding dielectric medium is well reported. But the theoretical understanding
is still under debate. Lee et.al, have recently proposed a mask-free patterning method of Si by
combining the conventional wet chemical etching process with ultrashort laser direct writing
LIPSS patterns on Si surface [35]. Nivas and coworkers have studied the formation of LIPSS
on Si by irradiating Si with laser in atmosphere and in high vacuum and highlighted the oxygen
ambience in the air plays an important role in the surface ripple formation [36]. lonin and their
group have reported that the periodic nanostructures grow from subwavelength to micron sizes
with wavelength, fluence, exposure time of the irradiating laser [37]. In another report they
have shown that structural modification occurs in the deep subsurface of Si due to ultrashort
intense laser irradiation and this formation is attributed to inhomogeneous ablation in valleys
of surface ripples and formation of different polymorphs of crystalline Si embedded in
amorphous Si [38]. The formation of microstructures within the laser spot on the Si irradiated
with femtosecond optical vortex beam and their dependence on the laser fluence was also
reported earlier [39]. Even though there were many reports available on the formation of LIPSS
on Si surface for various applications still there are gaps like the analysis of the structure of
LIPSS, the modifications observed in the surrounding area of the laser irradiated position on
Si surface, influence of the debris collected during irradiation on the LIPSS formation and their
luminescence characteristics and formation of fine structured LIPSS. In this report, we
investigate thoroughly these gaps with an elaborate analysis on the influence of different laser
input parameters in the formation of LIPSS on Si surface under ultrashort laser irradiation of
Si surface in ambient air atmosphere. We have also investigated the structural and optical
properties of the laser fabricated nanostructures on silicon surface with various laser

parameters.
2. Experimental details

P-type (1020 Q cm) (1 1 1) Si wafers have been used for the laser irradiation
experiments. Prior to that the Si wafers have been etched with 8% hydrofluoric acid for 5 min
to remove the native oxide layer on the surface. The Si samples were irradiated by multiple (N)
femtosecond laser pulses in an ambient air environment. The laser source utilized in irradiation
experiments was a Ti:Sapphire oscillator-amplifier system (Spectra Physics, Spitfire) operating
at a wavelength of ~ 800 nm and delivering ~ 1 mJ output energy pulses at a repetition rate of
1 kHz. Duration of each laser pulse was about ~ 110 fs. The fs laser pulses are linearly
polarized. Neutral density filters and the combination of half wave plate and a polarizer have



been utilized to adjust the irradiation fluence. The laser beam is made to incident normal to the
Si surface and focused with the help of a microscopic objective lens of numerical aperture of
0.25 and writing is performed transverse to the laser propagation direction. In order to account
for the reflection losses of the lens all the energy/fluence measurements were performed after
the lens. Computer controlled translational stages (Newport, USA) were arranged to translate
the sample in X, y, and z directions. Scanning of the sample was done in both along and normal
to the laser polarization direction. Several variable parameters such as laser fluence (F), number
of incident laser pulses (N), and polarization of the incident laser pulses are involved in the
experimentation. We examine the extent to which these parameters affect the final morphology
and chemical composition of the laser irradiated surface. Detailed characterization of the
morphological changes, structural properties, and chemical composition of the Si surface after
laser irradiation have been performed by field emission scanning electron microscope
(FESEM), micro-Raman spectroscopy, and energy dispersive X-ray analysis (EDAX)
associated with FESEM, respectively. The EDAX measurements are performed with electron

accelerating voltage of 20 kV and the beam is scanned normally on the sample surface.
3. Results and Discussion

Morphology of the irradiated Si surface:

Figure 1. Surface morphology of Si surface after irradiation with fs laser pulses in air with
(@) F = 0.22 Jem and (b) F = 0.26 Jcm fluence respectively. Solid and dashed arrow in
figure 1(a) represents direction of the laser polarization and the direction of sample

translation respectively.

Figure 1 shows FESEM images of the structures directly written on the Si surface by a
single scan along the +X direction in the air as a function of a superimposed shot number of

linearly polarized fs laser pulses N at various irradiation fluences F respectively. The



spontaneous nature of LIPSS inside the features results from the enhanced near-field due to the
excitation of surface plasmons, which was discussed in the next section. Spatial periodicity (A)
of LIPSS is significantly smaller than laser wavelength and two different kinds of periodic
gratings have been noticed for the range of laser fluences and irradiated number of pulses
(scanning speeds) on the Si surface. The first one corresponds to periods less than 320 nm
which was assigned as high spatial frequency LIPSS (HSFL) or deep sub-wavelength ripples
where the ratio of A to the laser wavelength (A), at normal incidence is lower than 0.4. On the
other hand, sub-wavelength periodic features with periods between 320 nm and 800 nm,
namely low spatial frequency LIPSS (LSFL) or near sub-wavelength ripples appear with A/A
ratio values between 0.4 and 1.0. Figure 1(a) shows the formation of HSFL features which are
aligned parallel to the incident laser beam polarization under the lower fluence of F =0.22 Jem"
2, Under irradiation with the fluence of F = 0.26 Jcm™ coexistence of LSFL features oriented
perpendicular to the laser polarization and HSFL features along the laser polarization are
observed as shown in figure 1 (b). Decreasing the pulse number (N < 200 i.e., by increasing
the scanning speed) at both these fluences we didn’t observe any surface texturing on Si and
the threshold fluence for the modification of Si surface is found to be 0.2 Jem™. Spatial
periodicity (A) of HSFL and LSFL features is found to be 220 £ 5nm and 770 + 20 nm,

respectively.



Figure 2. FESEM images of Si surface in air after irradiation with fs laser pulses. Figures (a), (c),
(e), (g) and (i) are written with laser fluence of 0.3 Jem’; (b), (d), (), (h) and (j) are written with laser
fluence of 0.42 Jem?. Figure 2(k) shows magnified FESEM image of laser induced periodic features
of figure 2(g). Applied number of laser pulses is labeled on the images, laser polarization and writing

directions are indicated by the solid and dotted arrows, respectively in figure 2(a).



At higher laser fluence, between 0.3 and 0.5 Jcm™2 surface morphology was found to be
dependent on the pulse number and we noticed three main stages of ripple dynamics: primary
random nanoroughness (formation of nanoparticles), ripple formation (sub wavelength
features), and grooves formation. The nanoroughness is found to emerge with the initial laser
pulses N = 20 under the irradiation of both the fluence 0.3 and 0.42 Jcm™2 as shown in figure 2
(@) and (b). Repetitive irradiation of such random nanoroughness results in the appearance of
LIPSS with periods in the range 0.74 < 4 < . Features in Figures 2(a), 2(c), 2(e), 2(g) and 2(i)
are fabricated with laser fluence of 0.3 Jem, while figures 2(b), 2(d), 2(f), 2(h) and 2(j) are
fabricated with 0.42 Jcm™, with different number of pulses respectively. As can be seen in
figures 2(c) and 2(e) LSFL features which are discontinuous in nature are formed under
irradiation of N = 33 and 50 pulses of 0.3 Jcm™ fluence. Under the irradiation with 0.42 Jcm™
fluence for N = 33 and 50 we observed the formation of LSFL all over the visible laser modified
region as shown in Figures 2(d) and 2(f), on further increasing the applied number of pulses,
some aperiodic structures develop in the centre of the visible laser modified region, while long
continuous LSFL are formed along the edges of the both sides of laser modified region for N
=100 and 200 as shown in the Figures 2(h) and 2(j). But with the lower fluence of 0.3 Jcm™
for N =100 and 200 regular and continuous LSFL are formed all over the laser modified region
as shown in the Figures 2(g) and 2(i). The spatial separation of the LSFL features are found to
decrease from 770 to 560 nm by varying the parameters like fluence from 0.2 to 0.5 Jcm2and
number of laser pulses, indicating decrease in periodicity with increase in fluence and also with
increase in the number of applied laser pulses. Figure 2(k) shows a magnified FESEM image

of laser induced periodic ripples of figure 2(g).

Upon further increase of fluence, another characteristic feature of few-um sized grains
develops all over the laser modified region as shown in Figure 3 which is fabricated with a
fluence of F = 0.65 Jem™ and N = 100. Figure 3(b) & (c) are the magnified images of Figure

3(a) which show the formation of nanoparticles (NPs) inside the grains.

Figure 3. (a) FESEM micrographs of Si surface in air after irradiation with laser fluence of

0.65 Jem™. (b) and (c) represents high resolution images of (a).



In general, the investigated LSFL are oriented nearly perpendicular to the laser
polarization, which is a remarkable characteristic for such an ultrafast laser induced
nanostructures. When we rotated the laser polarization from 6 = 0°, § = 45°, 9 = 90° and 0 =
135°, orientations of LSFL were found to be rotated by 6 = 0°, = 45°, # = 90° and 6 = 135°,
accordingly. In addition, our results with vertical and horizontal scanning of Si demonstrate
that the scanning direction have no influence on the surface morphology and orientation of
LSFL. These results are shown schematically in figure 4, which were fabricated with fluence
ofaF=0.3Jcm?and N = 100. These observations indicate that the formation and arrangement
of LIPSS were strongly related-te dependent on the polarization of laser light and independent

of sample scanning direction.

Figure 4. (a) FESEM micrographs of LIPSS on Si surface after irradiation in air with laser
fluence of F = 0.3 Jem and N = 100 pulses with different polarization directions and writing
directions. Laser polarization and writing directions are indicated by the solid and dotted

arrows, respectively.



Structural and optical properties of femtosecond laser excited Silicon

Figure 5. Optical properties of fs laser irradiated single-crystalline silicon as a function of
the excited carrier densities Ne for the irradiation wavelength of 800 nm. (a) Real and
imaginary parts of dielectric function, dotted line in the plots indicates the critical carrier
density above which the Si surface exhibits a sharp transition from semiconductor to metallic
nature, (b) Refractive index n*(Ne), (c) Extinction coefficient k*(Ne) and(d) Surface
reflectivity R*(Ne).

Under irradiation of femtosecond laser pulses on Si surface, electrons will be excited
from the valence band to the conduction band through linear and two-photon absorption
processes [40]. As the excitation takes place at a much shorter time than the electron-phonon
relaxation time, free electron density Ne in the conduction band increases by laser irradiation.
The changes in the dielectric function due to the generation of free carriers in the conduction
band of the material can be described by the below equation according to Drude model [41],

Band-filling effect and renormalization of the band structure are neglected here
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where e is the charge of the electron, me free electron mass, &, is the vacuum dielectric
permittivity, ® optical angular frequency, 1o IS the Drude damping time, mopt is the optical
effective mass of the carriers and Ne is the free carrier density under fs laser irradiation.

The complex dielectric function of the fs laser excited Si surface ¢* is expressed as the
following equation with the Drude term (free carrier response) added to the dielectric function
of unexcited Si (&) [42]

e = (n*+ik*)?
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Where n* and n is the refractive index, k* and k is the extinction coefficient of the laser
excited Si surface and unirradiated Si surface respectively.
Real and Imaginary parts of the dielectric function of fs laser irradiated surface as a

function of free carrier density are expressed as
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Refractive index, extinction coefficient and surface reflectivity of the laser irradiated Si

surface are expressed as
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Excitation dependent behavior of the optical properties of the fs laser excited Si surface

as a function of Ne is shown in figure 5. Figure 5(a) shows the real and imaginary parts of the



dielectric function calculated by using Egs, (2) and (3), figure 5(b) and 5(c) illustrates
corresponding refractive index [n"(Ne)] and extinction coefficient [k”(Ne)] which are calculated
by using Egs. (4), (5) and 5(d) show the surface reflectivity [R*(Ne)] as function of Ne
calculated by Eq (6) can been seen in figure 5(d).

As shown in figure 5(a) with the increase in the carrier concentration, the real part of
the dielectric function of the fs laser excited Si surface decreases and above a particular carrier
density called as critical carrier density (Ner = 4.8x102! cm™) it becomes negative, which means
that semiconductor virtually becomes a metal and such a process is called as non-thermal phase
transition [43]. Hence the fs laser generated free-electron plasma induces a sharp transition
from semiconductor to metallic behaviour. Refractive index and the extinction coefficient of
the laser-excited silicon surface both significantly depend on the carrier densities. Starting from
the values of non-excited Si, for increasing Ne, the refractive index exhibits a minimum before
it increases again as shown in figure 5(b). Similarly, a strong carrier-dependent behavior of the
extinction coefficient can be seen in figure 5(c). Transparent Si surface under lower electron
density starts absorbing the incident radiation with the increase in the carrier concentration as
shown in figure 5(c). Simultaneously, the surface reflectivity of the fs laser excited Si surface
under normal incident radiation increases significantly during the transition from
semiconductor to a metallic nature as shown in figure 5(d). From these observations, we can
comment that due to the excitation of the valence band electrons to conduction band with fs
laser irradiation, the surface of fs laser irradiated Si changes into a highly reflective metal like
behavior from a semiconductor like behavior, which is famously known as non-thermal phase
transition [43]. It was described that the surface irradiated with short pulsed laser with damage
threshold fluence will behave like a metallic surface, no matter for metal, semiconductor or
dielectric surface which supports the surface Plasmon generation [44].
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Figure 6. Carrier density of fs laser irradiated single-crystalline silicon as a function laser

fluence under normal incidence.



Under fs laser irradiation the carrier density in the conduction band of silicon can be
estimated as a function of the laser fluence using a model that considers linear and two-photon
absorption [41]

1—R 1—R
N, (¢o) = %{“ +ﬁ¢oﬁ}

(7)

Where « is the linear absorption coefficient, g is the two-photon absorption coefficient,
R is the surface reflectivity, v is the frequency of incident radiation, h is the Planck constant
and to is the pulse duration of the incident radiation. Carrier density as a function of laser
fluence under normal incidence is shown in figure 6, which was plotted using Eq (7). Optical
and physical constants have been used from literature [41, 42]. A metallic surface gives rise to
the possibility of exciting surface plasmons which are the excitation of longitudinal charge
density oscillations. The interference of the incident laser light and the generated surface
plasmons cause a periodic modulation of the surface. Light can be coupled into SPPs from free
space only by matching the momentum of the SPPs. Surface plasmons cannot be generated as
the surface plasmon momentum always exceeds the incident light momentum [42, 45, 46]. As
shown in figure 2(a) and (b) under irradiation with initial laser pulses (N = 20) at both the
fluences of 0.3Jcm and 0.42 Jem, the rapid localized energy deposition followed by a rapid
expansion and cooling of Si surface can result in nano-particle generation [47, 48] making the
surface irregular. Repetitive irradiation of such a roughness results to the nano-ripple formation
due to the excitation of the surface plasmons at the roughened Si surface by the incident laser
light [49-51]. Hence, a roughness of appropriate periodicity that satisfies the quasi-momentum

matching condition [52] must be satisfied and is given by
ks—kiSII’IQ:G (8)

Where ks is the wave vector of surface plasmon (ks = 27/4s), ki is the wave vector of incident
laser (ki = 2znsin6/4i), where J; is the incident laser wavelength, n is the refractive index of the
ambient medium, and |G| is the quasi-momentum provided by the surface roughness. On further
irradiation laser interacts with the surface of enhanced roughness giving rise to the formation
of grating like LSFL surface (random nano-structures) in which ripples are discontinuous and
anisotropic in nature as can be seen in figure 2(c) and 2(e), which is due to the weak excitation
of surface plasmons [44]. It is known that both localized and propagating surface plasmons
along a surface can be excited by coupling laser light to nanostructures. Garrelie et al.

experimentally demonstrated the effect of an initially structured surface on the SPP generation



which gives the experimental evidence of grating assisted surface plasmon laser coupling [33].
On increasing the number of laser pulses, grating-assisted surface plasmon-laser coupling
occurs, which results in the deepening of ripples. Thus due to grating-assisted surface plasmon-
laser coupling long continuous LSFL are observed all over the laser modified region with
0.42 Jem fluence for N = 33 and 50 (figures 2(d) and 2(f)), whereas with a lower fluence of
0.3 Jem2for N =100 and 200 (figures 2(g) and 2(i)) regular and long continuous ripples are
observed. Bonse et al explained theoretically and experimentally that the appearance of LSFL
depends on the density of generated carriers in the conduction band of the laser excited silicon,
which were formed only in a relatively narrow range of laser generated carrier concentration
(which corresponds to laser fluence) and at a higher density of generated carriers the LSFL
feature vanishes [52]. Our experimental results also show that formation of LSFL are only
possible with fluences ranging between 0.3 and 0.5 Jem (with appropriate pulse number) all
over the laser modified region and at a higher fluence of 0.65 Jcm (which is greater than the
single-pulse ablation threshold, [53] LSFL are not observed anymore in the laser modified
region where a threshold for generated carrier density for the formation of LSFL is exceeded.

The spatial periodicity of the ripples depends on the angle of incidence, laser
wavelength, refractive index of the ambient medium and surface plasmons (which depends on
the carrier density of the irradiated Si surface).

From Eq 8 we have

2n 2musing® 2z
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Spatial period (A) of the ripples formed by the interference of laser with SPPs is expressed as
R
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In the present study laser is incident normally (i.e., 8 = 0°) on the silicon surface therefore the

spatial period can be expressed as
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&* is the dielectric constant of the fs laser excited Si surface and &y is the dielectric constant of
the surrounding medium. Hence spatial periodicity of laser induced ripples depends on the
dielectric function of laser irradiated Si surface and surrounding dielectric medium (air in the
present study) and is given by

A= =X (8r*(NE)+8d )2 +& (N,)°
€4 {8r*(Ne)(8r*(Ne)+8d)+8i*(Ne)2} (11)

Where & (Ne) and & (Ne) are the real and imaginary parts of the dielectric constants of the fs

laser irradiated Si surface.

Figure 7: Raman spectra of pristine and fs laser irradiated Si surface.

To understand the structural changes in the fs laser irradiated Si surface micro-Raman
spectroscopy has been utilized as this method is very important and nondestructive to measure
the structural changes induced in Si [56-59]. The Raman spectra of pristine and laser irradiated
Si have been recorded using micro-Raman spectrometer (model LABRAM-HR) with a 632 nm
wavelength as the excitation wavelength under similar conditions. Figure 7(a) shows micro-
Raman spectra between 200 and 800 cm™ of reference spectrum of non-irradiated single-
crystalline Si surface along with surfaces irradiated with F = 0.3, 0.41, and 0.64 J/cm™. For
comparison resolution of the vertical axis of figure 7(a) has been increased as shown in figure
7(b) and each spectrum was shifted vertically. The spectrum is dominated by the narrow 520.5
cm™ mode, arises from the first-order Raman scattering of the longitudinal optical (LO) and
the transverse optical (TO) phonon modes. In addition to the band at 520.5 cm™, a broad band
around 475 cm® can be seen in the laser irradiated Si surfaces, which is attributed to first-order
scattering of vibrational TO phonon modes of amorphous silicon (a-Si), which is a

characteristic feature of a-Si arising due to the formation of a thin amorphous top-layer due to



the fs-laser irradiation [60-62]. The asymmetry towards the lower wavenumber side indicates
the modifications in the laser irradiated region which are attributed to the nanostructured Si
formed as a result of irradiation. A Broad peak observed at 357 cm™! is due to the presence of
some other high pressure phases of Si which are more predominantly observed in the high
fluence irradiated samples [39]. This indicates that new high pressure phases are embedded in
the nanostructures formed after high fluence irradiation. Thus, Raman spectra reveal the
formation of a thin amorphous layer on a crystalline Si and a formation of high pressure phases

under the fs-laser irradiation with the variation in irradiation fluence.

Silicon oxidizes instinctively in air to form a thin native oxide layer of thickness around
few nm. Oxidation happens via direct reaction of oxygen atoms or molecules with the surface
atoms. Under laser irradiation in an oxygen-rich atmosphere (air) surface oxidation of silicon
is a well-known phenomenon [63-67]. Laser irradiation enhances the diffusion of oxygen into
the silicon substrate gives rise to surface oxidation of Si. Ium thick oxide layers have been

reported using laser-enhanced oxidation of silicon surfaces [67].

Figure 8: Photoluminescence spectrum of fs laser irradiated silicon surface under the
excitation of 365 nm wavelength. (a) Function of laser fluence (F) used to irradiate the
silicon surface and (b) function of laser pulses (N) with fluence F = 0.3 Jcm™ used to

irradiate the silicon surface

We obtained strong photoluminescence (PL) which covers almost entire visible region
(430-680 nm) from fs laser irradiated Si surface in air due to the presence of a large amount of
oxidized Si nanoparticles. PL spectra are recorded in a confocal geometry distinguishing the
laser irradiated region to the rest of the Si wafer by exciting the sample with 365 nm
wavelength. Luminescence is collected in the wavelength range from 400 to 700 nm within

and around the laser irradiated region. All the measurements were performed at room



temperature. Figure 8(a) shows the PL spectra of the samples irradiated with 0.3, 0.44, and 0.65
Jlem? fluence and N = 100 pulses respectively. The peak wavelength, which is approximately
580 nm, is the same for all the three samples irradiated with the same number of laser pulses N
but with different fluences, and the peak luminescence intensity increases with increasing the
laser fluence. Figure 8(b) shows the PL spectra of the samples irradiated with N = 100 and 200
pulses and 0.3 J/cm? fluence. It is observed that peak luminescence intensity increases with an
increase in the irradiation number of laser pulses. The PL emission properties of fs laser
irradiated Si surface that are observed are most likely due to the oxidation of Si surface under
fs laser irradiation. Further fluorescence microscopy imaging which displays the fluorescence
images collected by excitation at 365 nm are shown in figure 9. Figure 9(a) shows the
fluorescence image of laser irradiated Si surface with F = 0.3 Jcm2fluence and N = 200 pulses
in full spectral range configuration and the corresponding FESEM image of surface
morphology of Si surface is shown in inset. Selected spectral range fluorescence microscopy
images (wavelengths labeled in the images) of the irradiated Si surface are shown in the figures
9 (b)-(e). Figure 9(f) corresponds to the selected spectral range fluorescence image of Si surface
irradiated with F = 0.65 Jem™, which also shows the emission from debris surrounding the

fabricated microstructure.



Figure 9: Fluorescence imaging microscopy of fs laser irradiated silicon surface. (a) Full
spectral range fluorescence image of microstructure fabricated with F = 0.3 Jem?2 and N =
200 pulses. (b), (c, (d) and (e) corresponds to fluorescence images selected at four different

wavelengths of the microstructures fabricated with fluence F = 0.3 Jcm using N = 100 and
200 pulses. (f) Fluorescence image of the microstructure fabricated with fluence of F = 0.65

Jem™2,



Figure 10: EDX measurements on unirradiated and fs laser irradiated silicon surface.

Square shaped marked area indicates the region where EDX measurements were performed.

To determine the origin of the photoluminescence, we analyzed the chemical
composition of the laser irradiated Si surface by using Energy dispersive X-ray spectroscopy
(EDX). EDX spectra of pristine Si and laser irradiated Si (with fluence of F = 0.3 Jem™)
surfaces are shown in figure 10. EDX spectra obtained from laser irradiated region (with
fluence of F = 0.3 Jcm™) show only Oxygen and Silicon peaks, whereas from the pristine Si
surface no oxygen signal is observed. It is also observed that as the pulse number N or fluence
F increases, the intensity of oxygen signal increases, while the Si signal is decreased, as shown
in figure 11 indicating that the amount of oxygen incorporated into the Si surface increases
with increasing N or F. Increase in the amount of oxygen content may correspond to a higher
atomic ratio of oxygen to silicon. These results indicate superficial oxidation of silicon surface
upon irradiation with fs laser pulses in air. As reported earlier under laser irradiation in oxygen-
rich atmosphere surface oxidation takes place due to diffusion of oxygen into melted Si during

irradiation [63-67]. The diffusion coefficient of oxygen in liquid silicon is six orders of



magnitude greater than that in solid silicon [67]. The greater the oxygen to silicon ratio that we
observed from the samples irradiated at higher fluence may therefore be attributed to a large
increase in the surface temperature. From the EDX analysis it is clearly evident that the
presence of oxygen impurities on the fs laser irradiated silicon surface and the increase of both
the oxygen to silicon ratio and luminescence intensity with laser fluence (F) or applied number
of laser pulses (N) demonstrates that the PL emission comes from the oxidized silicon on the
fs laser structured silicon surface. Results of luminescence from the sample after etching
support this hypothesis, when an fs laser irradiated silicon surface is etched in 8% hydrofluoric
acid (HF) solution for about 10 min, the PL disappears. Figure 11 (c) shows the effect of etching
on photoluminescence from the laser irradiated silicon surface. Practically no
photoluminescence could be observed from the laser irradiated region after etching in HF. In
addition, it was reported that the silicon surface irradiated in a vacuum will not show any

photoluminescence [63].

Figure 11: The atomic ratio of oxygen to silicon in silicon microstructures induced by
femtosecond laser (a) with different fs laser fluences and N = 200 pulses and (b) with
different number of laser pulses N and a laser fluence of 0.3 Jcm™. (c) Etching effect on the
photoluminescence of femtosecond laser irradiated silicon surface.

Effect of debris on the formation of periodic structures on Si surface:

Formation of sub-wavelength structures at the irradiated region of Si surface is
accompanied by a significant amount of debris in and around the laser irradiated region. In
order to obtain information about microscopic properties such as size, shape, and chemical
composition of microparticulates, situated in and around the ablated regions the formed debris
is analyzed by using different techniques including FESEM and TEM.



Figure 12: FESEM micrographs (under different magnifications) showing the morphology of
Si debris formed on the surface under irradiation with femtosecond laser pulses as a function

of laser fluence and distance from the laser irradiated region.

Figure 12 shows typical FESEM images of the debris formed around the irradiated
region onto the sample surface by using fluences: 0.65 J/cm? (a) - (d), 0.41 J/cm? (e), (f) and
0.3 J/cm? (g), (h). Morphology of debris is found to be dependent on factors like fluence and
distance from the irradiated region. With the increase of fluence more accumulation of debris
is observed and the density of the debris is found to get decreased moving away from the
microstructure. Figure 12(a) and 12(e) shows the debris distribution ~ 5 pm away from the

microstructure fabricated with the fluence F = 0.65 and 0.41 J/cm™, indicating that the debris



are irregular sized particles and are composed of a continuous deposition of cotton-like
aggregates containing few spherical shaped nanoparticles. Debris distribution ~ 20 um away
from the laser irradiated region with the fluence of F = 0.65 Jcm is shown in figure 12(c),
indicating that the density of debris decreases when moving away from the laser irradiated
region and at the larger distance of ~ 50 um away from the laser exposed region, isolated
spherical shaped Si nanoparticles were observed. Under the irradiation with a lower fluence of
F = 0.3 J/cm? no cotton-like debris were observed and due to scattering of ablated matter, debris
in the form of isolated deposits of spherical shaped nanoparticles with dimensions ranging from
10 to 200 nm on the Si surface is observed as shown in figure 12(g). Figures 12(b), 12(d), 12(f)
and 12(h) corresponds to high resolution images of 12(a), 12(c), 12(e) and 12(g) respectively.

The debris was collected onto a carbon-coated TEM grid by placing grids near the laser
irradiated region. TEM analysis of the debris indicates that the larger particles accumulated
around the laser irradiated region seemed as if they were formed with smaller aggregating
particles as shown in figure 13. TEM images of debris obtained after irradiating with fluence
F = 0.65 Jem™2and at a distance of ~ 5 and ~ 20 um away from the microstructure is shown in
figures 13(a) and 13(b). Figures 13(c) and 13(d) corresponds to the TEM images of debris
obtained at a distance of ~ 5 um away from the microstructures fabricated using a fluence of F
= 0.41 and 0.3 J/cm? respectively. These nanoparticles possess a well-distinguished core-shell
structure and can be observed from high-resolution images shown in figure 13(e) and 13(f).
Formation of core-shell structure in Si nanoparticles obtained by fs laser irradiation of Si wafer
in air is due to difference in heat transfer from inner and outer parts of nanoparticles to the
surrounding environment. The cooling rate of the outer parts of the particles are higher than in
the center, so the amorphous shell is formed, whereas the cooling rate inside the particle is low
and a highly oriented crystalline structure is established.



Figure 13: (a)- (d) TEM images showing the morphology of Si debris formed on the surface
under irradiation with femtosecond laser pulses as a function of laser fluence and at different
distances from the laser irradiated region. (e) and (f) shows formation core-shell Si

nanoparticles in the collected debris.

The fs laser machining of the Si surface in air produced a significant amount of debris
indicating that material is removed in the form of very small particles, such as small-scale
clusters or atoms in the present laser irradiation conditions with fluence over the ablation
threshold of 0.3 Jcm™. The ejected atoms and atomic clusters are formed to larger particle
sizes in the range of 100 nm, aggregating to form cotton-like fragments on the solid substrate.
TEM analysis of debris shown in figure 13 indicates that cotton-like aggregates are composed

of small sized Si nanoparticles. The time sequence of the rounding, solidification, and



crystallization of the nanodroplet is considered as follows. Under fs laser irradiation with
fluence well above the ablation threshold ablated matter is considered to be in a supercritical
fluid state. During the cooling process, in hundreds of picoseconds duration a free liquid surface
is formed after passing through the nucleation stage. This kind of rapid cooling, and hence the
solidification, leads to the observed amorphization. In general, two kinds of amorphization of
Si NPs were reported (i) complete amorphization of Si, which is particular for the particle,
dimensions less than 10 nm and (ii) core—shell type in which amorphous silicon forms as shell
on the crystalline Si core [54, 55]. Thus under fs laser irradiation surface layer of the Si is
lifted up as a high temperature fluid, and finally decomposes into liquid fragments and the
morphology and composition of the cooled liquid fragments depend on factors like laser

fluence and distance from the irradiated region.

4. Conclusions

A detailed study is performed to understand the irradiation effects of intense 800 nm,
110 fs, 1 KHz laser pulses on single crystalline Si. Surface morphology has been studied as a
function of various experimental parameters like fluence, number of laser pulses and
polarization direction. HSFL structures aligned parallel to laser polarization direction with
periods less than 320nm when A/A less than 0.4 are formed at lower laser fluence of
0.22 J cm™. LSFL features appeared when the ratio A/A is in between 0.4 and 1 with periods
ranging from 320 to 800 nm. At a fluence of 0.26 Jcm™, coexistence of LSFL and HSFL are
observed perpendicular and parallel to laser polarization directions respectively. At higher
fluence, between 0.3 and 0.5 Jcm2, surface morphology depended on laser polarization, fluence
and pulse number with formation of nanoparticles, subwavelength features (LSFL) and
grooves. The orientation of LSFL is observed to be perpendicular to the incident laser
polarization direction and it is independent of the scanning direction. With further increase in
fluence to 0.65 Jcm2, few micrometer sized grains along with nanoparticles are seen all over
the laser modified region. Non-thermal phase transition upon irradiation is observed with the
excitation of electrons from valance to conduction band. Formation of LSFL depended on the
laser fluence and also on the density of generated carriers in the conduction band. LIPSS is
accompanied by the formation of Si NPs which again depended on the laser fluence. FESEM
images depict spherical NPs and cotton like irregular shapes with sizes from 10 to 200 nm
respectively at low and high fluences respectively. Raman scattering studies confirmed the

formation of high pressure phases in the irradiated region. Strong luminescence in the visible



region is exhibited in the irradiated region due to the presence of large amount of oxidized Si

NPs as confirmed by EDX analysis. Increase in oxygen to silicon ratio and luminescence

intensity increased with laser fluence or applied number of pulses. Luminescence is not

observed once the sample after etched with HF clearly indicates the emission due to the oxygen

related defects. These significant results highlight the importance of the fabrication method

adapted to achieve applications in various photonic technologies.
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