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Abstract

The effect of nature and pressure of ambient environment on laser-induced breakdown spectroscopy (LIBS) and ablation
mechanisms of silicon (Si) have been investigated. A Q-switched Nd-YAG laser with the wavelength of 1064 nm, pulse
duration of 10 ns, and pulsed energy of 50 mJ was employed. Si targets were exposed under ambient environments of inert
gases of argon, neon, and helium for different pressures ranging from 5 to 760 torr. The influence of nature and pressure of
ambient gases on the emission intensity of Si plasma have been explored by using the LIBS spectrometer system. The
plasma parameters such as electron temperature and number density were determined by applying Boltzmann plot and
Stark broadening method, respectively. Our experimental results suggest that the nature and pressure of ambient
environment play a significant role for generation, recombination, and expansion of plasma and consequently affect the
excitation temperature as well as electron density of plasma. The surface morphological analysis of laser-irradiated Si
was performed by using scanning electron microscope (SEM). Various kinds of structures, for example laser-induced
periodic surface structures or ripples, cones, droplets, and craters have been generated and their density and size are
found to be strongly dependent upon the ambient environment. A quantitative analysis of particulate size and crater
depth measured from SEM images showed a strong correlation between plasma parameters and the growth of micro/
nanostructures on the modified Si surface.

Keywords: Silicon; Laser-induced breakdown spectroscopy; Emission spectroscopy; Surface morphology; Periodic
surface structures

1. INTRODUCTION 2002; Bogaerts et al., 2008; Cowpe et al., 2009; Shaikh
et al., 2013).

In this technique, a pulsed laser source is employed to the
target surface. The high intensity of the laser vaporizes the
target forming a transient plasma or plume, which subse-
quently expands away from the sample surface (Shaikh
et al., 2006). The plasma consists of neutrals, ions and elec-
trons as well as excited species. The de-excitation of excited
atoms generates the characteristic photons, which can be de-
tected with optical emission spectroscopy (Chen et al.,
2006). Multi-photon ionization and inverse Bremsstrahlung
process (IB) lead to the excitation and ionization of investi-
gated material resulting in high-temperature plasma forma-
tion (Shaikh et al., 2006; Cowpe et al., 2009; Farid et al.,
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Laser-induced breakdown spectroscopy (LIBS) has been
used for a variety of applications such as environmental mon-
itoring, material analysis, thin-film deposition (Shabbir et al.,
2017), micro-machining, nanostructuring, biological identifi-
cation, and plasma characterization (Shaikh er al., 2006;
Farid et al., 2012; Chen et al., 2013; Khan et al., 2013;
Akram et al., 2014; Dawood et al., 2015). LIBS historically
has been a qualitative technique, but over recent years it has
been developed into a pseudo-quantitative materials micro-
analysis technique that is capable of determining the elemen-
tal composition of solids, liquids, and gases (Tognoni et al.,
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example the nature as well as pressure of background gases
(Arshad et al., 2016), laser parameters (fluence, pulse width,
wavelength, and spot size), physical and chemical properties
of the target material. The plasma parameters can be deter-
mined from the emission spectrum of the plume (Cowpe
et al., 2009; George et al., 2010).

The ambient environment plays a significant role for the
evolution and expansion of laser-induced plasma. It has
been observed that shape, size, and dynamics of the expand-
ing plume are completely modified by introducing the ambi-
ent gas. The physical processes such as confinement effect,
shielding effect (Tognoni et al., 2002; Giacomo et al.,
2012), formation of shock waves (Giacomo et al., 2012),
and the interaction of the plume with an ambient gas make
plasma significantly important for various applications
such as ion implantation using laser-induced plasma as ion
source (Ahmed et al., 2016), pulse laser deposition of thin
films (Bogaerts et al., 2008), and micro/nanostructuring of
various kind of materials (George et al., 2010; Sobhani &
Mahdieh, 2013). The growth of laser-induced surface struc-
tures is also strongly dependent upon the nature and pressure
of ambient gas (Farid et al., 2012; Chen et al., 2013).The
high value of excitation temperature and density of generated
plasma lead to more energy deposition to the lattice of the
target and enhances the growth of various micro/nanostruc-
tures on an irradiated surface.

Experiment with some similarities such as effect of ambi-
ent environment and influence of its pressure variation on the
mass ablation rate, the plasma temperature, and the electron
number density has been investigated by several groups
(Kim et al. 1997; Cristoforetti et al., 2004) performed a quan-
titative analysis on Zn—Al alloy and observed that with the
increase in ambient pressure of buffer gases the spectral
emission intensities increases, and found more dominant in
case of argon (Ar) ambience.

Mateo et al. (2012) described the effects of Air, Ar, and
helium (He) ambience and pressure on LIBS intensity from
several emission lines measured in samples such as brass,
Cu, Al, and Si. In a very brief description, they concluded
that the maximum emission intensity was observed for
Ar ambience because of the lower ionization potential as
compared with He. Shaik et al. (2006) determine the
plasma parameters of Cd by the fundamental, second, and
third-harmonic generations of Nd:YAG laser as well as the
effect of pressure of ambience environment. Similarly from
our previous group, a research conducted by Farid et al.
(2012) highlighted the influence of ambient pressure and
nature on Cd Plasma characteristics.

In more recent experiment, the importance of photolumi-
nescence of Si nanocrystals with nanosecond laser ablation
has been reported (Mahdieh & Momeni, 2014). Mahmood
et al. (2010) explored the effects of laser parameters on
nitrogen-assisted ablation of Si and revealed the formation
of fibrous structures, which are responsible for the enhance-
ment of optical absorption. While investigating the ablation
mechanisms involved in surface modification and structural
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development on Si, only few contribution are reported de-
scribing the association between surface morphology and in-
fluencing parameters, for example effect of air and vacuum
ambient on Si, laser-induced polarization, and double-pulse
LIBS analysis of Si by the scientific community (Hayat
et al., 2012; Penczak et al., 2012; Khalil, 2015). The spectro-
scopic analysis of Nd:YAG laser-induced Si plasmas in air at
atmospheric pressure was performed by Liu et al. (1999).The
generation and evolution of plasma during femtosecond laser
ablation of Si are studied by steady-state and time-resolved
spectroscopy in air, N,, SFg, and under vacuum (Chen
et al.,2013). The surface density of sub-micron/nanoclusters
and optical reflectivity of the irradiated Si were studied in
terms of number of laser pulses and laser fluence (Sobhani
& Mahdieh, 2013).

The aim of present work is to investigate the variation of
nature and pressure of different ambient environments on
emission spectroscopy of Si plasma. LIBS of Si (100) was
carried out by exposing the target under ambient environ-
ment of inert gases of Ar, neon (Ne), and He for different
pressures ranging from 5 to 760 torr by employing the LIBS
technique. The plasma parameters such as electron temperature
and electron number densities were determined by Boltzmann
plot and Stark broadening method, respectively. The surface
morphological analysis of laser-irradiated Si (100) was per-
formed by scanning electron microscope (SEM). A correlation
of excitation temperature and electron number density of
plasma plume with the growth of surface structures of Si
for various ambient environments have been evaluated and
quantitatively justified by conducting a statistical analysis
with the help of Gwyddion software.

2. EXPERIMENTAL DETAILS

Commercially polished single crystal Si (1 0 0) with dimen-
sions of 10x6x% 1 mm3, were selected as target materials.
Prior to laser treatment, these substrates were cleaned by son-
ication in acetone (15 min) and in isopropanol (15 min)
before being dried under an Ar stream.

A linearly polarized Q-switched Nd:YAG (1064 nm,
10 ns, and 50 mJ) laser was employed for the ablation and
plasma production. Before and after the experiment laser flu-
ence was maintained at 2.4 J/cm?. A schematic of experi-
mental setup is shown in Figure 1. The plasma plume was
evolved after focusing the incident laser beam by using a
lens of focal length 50 cm. The incident beam propagation
was perpendicular to the surface of the target. The Si targets
were mounted on target holder under vacuum chamber
(10~° mbar). For fresh surface exposures, the target was ro-
tated with the help of stepping motor to avoid non-uniform
pitting and crater-formation. The radiations emitted from
the Si plasma were collected by LIBS2500 (Broadband
200-980 nm, Resolution 0.1) plus spectrometer system
(Ocean Optics, USA).The spectrometer system consisted of
LIBS-Fiber bundle with seven Si CCD array detectors.
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Fig. 1. The schematic representation of LIBS setup.

The data acquired to provide full spectral analysis by spec-
trometer was stored in a PC through OOILIBS software.

The delay time between the laser trigger and data collec-
tion was 1.25 ps, which was kept constant for all measure-
ments. In order to investigate the effect of three inert gases
Ar, Ne, and He were filled in the chamber one by one at var-
ious pressures ranging from 5 to 760 torr where the pressure
could be controlled with mbar precision.

Two sets of experiments were performed. In the first set of
experiment, laser beam with single shot hit the target. Plasma
plume was generated inside the vacuum chamber and emis-
sions were collected by LIBS spectrometer by using an opti-
cal fiber. In the second set of experiment, the target was
exposed by 200 pulses of laser. Surface morphology of the
laser-treated Si (1 O 0) was investigated by using SEM
(JEOL JSM-6480 LV). Surface modifications were explored
at the center and boundary regions of targets by using statis-
tical analysis tool Gwyddion.

3. RESULTS AND DISCUSSION

3.1. Emission intensity

Figure 2 shows the emission spectra of Si plasma with spec-
tral notation of Si (I), Si (I), and Si (III) representing the ion-
ization stages one, two, and three of neutral and singly
ionized Si species. The effect of nature and pressures of dif-
ferent ambient environments of Ar, Ne, and He on emission
intensity of Si plasma is shown in Figure 3. This figure exhib-
its the variation in the emission intensity of all gases of Si for
the pulse energy of 50 mJ and pressure ranging from 5 to
760 torr. The data is obtained for spectral transition lines of
Si (I) from that shown in Table 1, which is evidently found
in the previous literature (Khalil, 2015). It is observed that
the intensity of emission spectrum initially increases with in-
creasing pressure and attains its maxima at a pressure of
50 torr, and then decreases with further increase in pressure
up to 760 torr. This behavior is same for all gases. However,
the overall value of emission intensity of Ar is higher than
those in Ne and He. It is found that the emission intensity
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Fig. 2. The emission spectrum of laser-induced Si plasma under ambient en-
vironment of Ar at a pressure of 10 torr.

is strongly dependent upon the pressure of ambient gases.
For lower pressure, the free plasma expansion takes place
and hence due to lower rate of excitation and de-excitation
smaller intensities are observed. As pressure increases from
5 to 50 torr, the free expansion of plasma is restricted due
to confinement effect (Akram et al., 2014). This restricted
expansion causes enhancement of collisional excitation and
consequently the emission intensity increases. Further in-
crease in pressure causes shielding effect (Giacomo et al.,
2012), and therefore emission intensity decreases. It shows
that nature and pressure of ambient gases play an important
role in the emission spectra of Si plasma.

3.2. Electron temperature

Two plasma parameters, electron temperature and number
density are evaluated by the emission spectra of Si.
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Fig. 3. The emission intensity of Si plasma under the ambient environments
of Ar, Ne, and He.
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Table 1. Spectroscopic parameters of Si lines used for the determination of excitation temperature and electron number density

Element Transitions Wavelength [A(nm)] Transition probability (A) (><108 s’l) Statistical weight (g,,) Energy level E,, (cm)
Si(I) 1So-"P° 390.552 0.118 3 40,992
Si(D) 3po_tpo 777.796 0.000157 5 57,468
Si(D) 'D3-[1.5], 844.439 0.007 5 59,191

The emitted intensity of photons that is obtained due to exci-
tation and de-excitation of electrons influence on electron
temperature and number density of ionic and neutral species.
For the determination of electron temperature, Boltzmann
distribution has been employed, which is given by the fol-
lowing relation (Narayanan & Thareja, 2004; Shaikh er al.,
2006; Luo et al., 2010):

Amndmn _ En N(T)
ln(gm Amn) - _<KTE> * h’(ﬁ) ’ W

where “A,,”, “Inn”> and “A,,” are the wavelength, intensity,
and transition probability between m (upper state) and n
(lower state), respectively. The “g.,,” and “E\,” are statistical
weight and energy of the upper state m. “U (T")” is the parti-
tion function, “N(T)” is the total number density, “k” is the
Boltzmann constant, and “7T.” is the electron temperature.
In order to determine the plasma temperature from Eq. (1),
a Boltzmann plot of the logarithmic term (A\pn/in/€mAmn)
versus E,, for the observed spectral lines was applied that
yields a straight line and its slope is equal to — 1/kT,
under the assumption of Boltzmann distribution.

Relevant spectroscopic parameters for transition lines of Si
(D has been taken from NIST database (Milan & Laserna,
2001). The overall evaluated value of electron temperature
of Si plasma at various pressures (5-760 torr) for ambient en-
vironment of Ar, Ne, and He ranges from 2900 to 7000 K as
shown in Figure 4. The observed highest value of electron
temperature is for Ar, for Ne, and then for He. The values
of electron temperature initially increase with increasing pres-
sure, then attain their maxima, and then decrease by further in-
crease in pressure. It is also observed that electron temperature
attains its maxima at 500 torr for Ar, for Ne it is 200 torr, and
for He it is 100 torr. It varies from 3087 to 6901 K for Ar,
3057 to 6204 K for Ne, and 2984 to 5419 K for He.

3.3. Number density

The electron density of Si plasma was determined by taking
the consideration of the stark-broadening mechanism. The
energetic-emitted species in plasma are directly influenced
under the effect of electric field and consequently shift
their energy levels. The Doppler line broadening is negligible
as compared with the stark broadening. The electron density
of the plasma related to stark broadening of the emission
lines at full-width at half-maximum (FWHM) is given by
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the following relation (Shaikh er al., 2006; Nakimana
et al., 2012).

N, N\ —1/3
A\ijp = 2w<w) + 3.5A<1016> [1—12Np™ ']

Ne
x w<1016), 2)

where AA,,;, is the FWHM broadening of the line, N, is the
plasma electron number density, w and A are the electron
impact width parameter and the ion-broadening parameter,
respectively, and Np is the number density of particles in
the Debye sphere given by equation (Shaikh et al., 2007;
Farid et al., 2012).

T3/2(eV)

Np = 1.72x10° —&——~.
P N2 (cm3)

©))

The first term in Eq. (2) refers to the electron broadening and
the second term is the contribution from ion broadening,
which is very small in our case and can be neglected, and
Eq. (2) reduces to (Milan & Laserna, 2001; Luo et al., 2010).

Ne
A)\I/Z = 20)(1016). (4)

The Lorentzian fit to the observed experimental data for the
Si (I) transitions yields the FWHM. The thickness of the

7500 ' ' ' ' ' ) ' : M—_—
—=— Ar | ]

—e— Ne |4

o o=~

o o

o o

o o
1 1

6000
5500 -
5000 -

&

4000 +

(1.}

(=]

(=]
1

W W

000 -

Electron Temprature (K

[
(4]
(=]
(=]

T T L; T ¥ T ¥ T x T 3 T 4 T ¥ T ;-3 T
<100 0 100 200 300 400 500 600 700 800
Pressure (torr)

Fig. 4. The comparison of excitation temperature of Si plasma under ambient
environments of Ar, Ne, and He for different pressures ranging from 5 to 760 torr.
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plasma is related to a complex interaction mechanism be-
tween the atoms/ions and the radiation, which is emitted
and successively reabsorbed; the result on the spectra is the
occurrence of self-absorption and a pronounced nonlinearity
in the calibration function at increasing concentration (Bu-
lajic et al., 2002). The condition for the validity of the
Local Thermodynamic Equilibrium is satisfied by using the
following Mc-Whirter criteria (Shaikh et al., 2006).

Ne > 1.6 x 10" T2(AE), ®)

where “AE (eV)” is the energy gap and “T,” is the excitation
temperature.

Figure 5 shows the resulting variation in the evaluated
electron density of Si plasma for various pressures of
Ar, Ne, and He. These values vary from 8.24 X 10" to
9.70x 10" em™ for Ar, 8.01x 10" to 9.67x10'7 cm™>
for Ne, and 7.79 x 10'7 t0 9.62 x 10'” cm™? for He, under
the pressures ranging from 5 to 760 torr. Initially the electron
number density increases than decreases by further increasing
in pressure upto 50 torr afterwards again increases and attains
its maximum value at 500 torr for all ambient gases. Electron
number density shows a slight diversion from the trend in the
case of Ar at initial pressure.

3.3.1. Discussion

LIBS results show that nature and pressure of the ambient
environments of Ar, Ne, and He significantly effects the
plasma parameters, for example emission intensity, electron
temperature, and electron number density. The observed
highest value of emission intensity, electron temperature
and electron density is for Ar, than Ne, and than for He.
The values of emission intensity initially increases with
increasing pressure and attains its maxima at 50 torr and
then decreases by further increase in pressure for all ambient
environments (Harilal et al., 1998). Similarly the values of
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Fig. 5. The comparison of electron number density of Si plasma under am-
bient environments of Ar, Ne, and He for different pressures.
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electron temperature, initially increases with increasing pres-
sure and attains its maxima at 500 torr for Ar, 200 torr for Ne,
100 torr for He, and then decreases by further increase in
pressure. While the electron number density for the ambient
environments Ne and He, shows the decreasing trend upto
50 torr, and then increases by further increase in pressure.
However, for the case of Ar a trivial nonlinearity in electron
number density is observed, which appears in the form of
hump (at low pressure). But remaining trend follows the
same order as Ne and He do. This slight nonlinearity in elec-
tron number density with increasing pressure could be due to
the lowest ionization potential of Ar as compared to Ne and
He (Womer, 1931). The maximum value of electron number
density for all gases Ar, Ne, and He are obtained at the pres-
sure of 500 torr.

The initial increase in the emission intensity and excitation
temperature is due to a rapid expansion of plasma and the
electrons and ions collisions. For lower pressures, a large
number of collisions between the expanding plasma and am-
bient atmosphere takes place (Akram et al., 2014). When the
pressure increases, the collisional frequencies of plasma
species are enhanced by momentum transformation and cas-
cade growth of electrons also increases (Farid et al., 2012).
The confinement effects also enhance the plasma parameters.

Fig. 6. SEM micrographs of laser-irradiated Si under the ambient environment
of Ar at various pressures of 5 torr (a, b), 100 torr (c, d), 300 torr (e, f), and
760 torr (g, h).
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The breakdown of ambient gases serves as energy buffer and
transfers its energy by thermal ionization, which increases
the emission intensity, excitation temperature, and number
density (Tognoni et al., 2002; Gondala & Khalil, 2012).
As the pressure further increases upto 760 torr a strong con-
finement effect takes place, which in turns increases the fre-
quency of elastic collisions of electron with the background
gas. This results in a strong shielding effect that reduces
the absorption of laser energy to the target surface and also
reduces the ablated mass from the target. Therefore, the
cascade condition is not favorable for high pressures,
which supersedes the rate of growth of energy of free elec-
trons via IB ionization, and results in low excitation temper-
ature at high ambient pressures (Harilal et al., 1998; Tognoni
et al., 2002).While in case of number density for low pres-
sures initially the mean free path of ionized species is
larger, therefore plasma expands more freely. As the pressure
of the ambient gas increases, greater confinement of the
plasma takes place, which enhances the elastic and inelastic
collisions and thereby the recombination processes. This is
supported by the fact that the initial increase in pressure
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decreases the electron density. Further increase in pressure
enhances the number density, which is due to the increased
number of particles per unit area as well as due to the fact
that the energy gained by the recombination superseding
the cooling due to increased intraplume collisions (Harilal
et al., 1998).

It is observed that the nature of the gas also plays an effective
role on plasma parameters as the line intensities in the Ar envi-
ronment are much higher than those of Ne and He at the same
pressure. This is due to the fact that the plasma expansion is
slower in the heavy gas than the light gas due to its higher inertia
(Shaikh ez al., 2008, 2013; Gondala & Khalil, 2012), which
keeps the plasma temperature high for a longer time and
produces a strong plasma emissions. The other possibility is
the plasma shielding, which is higher in the case of Ar because
of its lower ionization potential than Ne and He (Ilida, 1990).

The interaction between the expanding plasma and
ambient gas causes the ionization of ambient gas, which con-
tributes to the increase in electron density. The transfer of ki-
netic energy from the plasma plume to the background gas
via Coulomb scattering and ion—neutral collisions is clearly

Fig.7. SEM images revealing the surface morphology of grown nanoparticles at peripheral ablated area resulting from the laser irradiation
of the Si under Ar environment at various pressures of: (a) 5 torr, (b) 100 torr, (c) 300 torr, and (d) 760 torr.
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observed at low-pressure regime of He (George et al., 2010).
Since the ionization energy of He is greater than Ar and Ne,
more increase in electron density is expected in Ar environ-
ment .It is clear from the results that Ar, Ne, and He exhibit
the similar trend by giving the maxima at 500 torr (George
etal.,2010). However, initially for all ambient environments,
for the pressure upto 50 torr, a decreasing behavior is ob-
served and this is due to the recombination losses of ions.
The nature of the background gas greatly influences the
cascade growth of the electron by absorption of laser pulse.
The necessary condition for the development of cascade like
growth is given by (George et al., 2010; Farid et al, 2012).

de _ 4“'[2621 Veff ZmeUeffE
dr M

©)

MeCw?

where ¢ is the free electron energy; e and m are the charge and
the mass of an electron; M is the mass of the background gas;
E is the first ionization energy of the gas; v is the effective
frequency of electron—neutral collision; / is the radiation in-
tensity; and w the frequency of the radiation.

The first term in the equation expresses the growth rate of
the energy absorption by IB process, and the second term
gives the maximum energy loss rate of plasma by cascade
growth due to its elastic and inelastic collisions with the neu-
tral gas particles (Iida, 1990).

The E/M is the decisive factor for calculating the energy
loss in the cascade growth. The evaluated E/M for He is
6.14, for Ne is 1.07, and for Ar is 0.39. This means that
the cascade condition is more favorable for Ar as compared
with Ne and He atmospheres. Hence, the plasma formed in
Ar atmosphere is more absorptive than that in Ne and He,
which directly influences the values of electron temperature
and number density (Farid ef al., 2012).

The thermal characteristics of the ambient gas are also re-
sponsible for variation in plasma parameters of Ar, Ne, and
He. The thermal conductivity (at 300 K in 1073 W/m/K)
of He (152) is large enough as compared with Ne (49) and
Ar (18). Therefore, the plasma in He environment cools rap-
idly as compared with Ne and Ar, thus resulting in a low tem-
perature of plasma in the He atmosphere.

The rate of change of electron temperature in the plasma
depends upon the sum of three terms viz., elastic collision,
electron heating due to collision excitation and de-excitation
of metastable ions, and recombination of ions. The rate of
loss of electron energy at short times is mainly influenced
by the elastic collision term Qa, and is given by (Harilal
et al., 1998; George et al., 2010; Farid et al., 2012; Khan
et al., 2013).

)

On = OcallB
Mg

2m, [SkTeT/ 2
where “o.,” is the elastic scattering cross section of the elec-
trons, “Mp” and “ng” are the mass and density of the back-
ground gas atoms, respectively. “k” is Boltzmann constant,
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“T.” is electron temperature, and “m,” is the mass of electron.
Hence, the cooling process is inversely proportional to the
mass, so that the lighter gases are efficient for rapid cooling.
He being the lighter gas as compared with Ar and Ne gives
rise to rapid cooling. Therefore, the minimum value of
plasma temperature is achieved for a gas of minimum
mass, that is He (Khan et al., 2013).

It is concluded from above results that plasma emission in-
tensity, excitation temperature, and electron number density
are strongly influenced by the nature and pressure of the am-
bient gases.

3.4. Surface morphology

SEM micrographs of Figure 6 show the surface morphology
of central ablated regions of Si exposed to 200 pulses of Nd:
YAG laser under the ambient environment of Ar, filled at
various pressures of 5 torr (a and b), 100 torr (c and d),
300 torr (e and f), and 760 torr (g and h). In Figure 6,
images labeled as (a, c, e, and g) illustrate the crater formation
(an overall view), whereas images (b, d, f and h) represent the
corresponding magnified view of the periphery of ablated
crater for all ambient environments.

Fig. 8. SEM micrograph of laser-irradiated Si under the ambient environment
of Ne at various pressures of 5 torr (a, b), 100 torr (c, d), 300 torr (e, f), and
760 torr (g, h).
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In case of Ar environment for the pressure of 5 torr, an el-
liptical crater is seen. This crater has been splitted up into
three parts. One part of crater is magnified in Figure 6b in
which laser-induced periodic surface structures (LIPSS) or
ripples are grown. For the pressure of 100 torr in Figure 6¢
three distinct parts of crater are merged together and ripples
are also vanished, which are seen in the magnified view of
Figure 6d. By further increasing pressure upto 300 torr in
Figure 6e various parts of the craters again indistinguishable,
but ripples are again grow in both as well as in peripheral area
of the crater and magnified in Figure 6f. The redeposition at
the peripheries of crater also increases significantly for this
pressure. When the pressure increases upto a maximum
value of 760 torr, the width of crater increases and maximum
number of distinct ripples are grown.

SEM images of Figure 7 labeled as (a, b, ¢, and d) show
the magnified views of Figure 6b, 6d, 6f, and 6h at the
boundaries at various filling of pressures (a) 5, (b) 100, (c)
300, and (d) 760 torr. For the pressure of 5 torr the liberation
of micron-sized particulates and droplets, development of
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conical structures and globules are seen in Figure 7a. With
the increase in pressure upto 100 torr in Figure 7b size and
density of particulates, droplets, and cones increase. By fur-
ther increase in pressure upto 300 torr in Figure 7c¢ both the
size and the density of particulates, spherical globules, and
droplets increases significantly. However, large numbers of
nano-sized particles are also seen. The transformation of
droplets and particulates into channels is observed at the
highest pressure of 760 torr is shown in Figure 7d.

SEM images of Figure 8 represent the modified surface
morphology of Si after exposure to 200 laser pulses in the
ambient environment of Ne. For the pressure of 5 torr inFig-
ure 8a again an elliptical crater with LIPSS or ripples is seen,
but no splitted part is observed as in the case of Ar environ-
ment. Ripples are seen in the magnified view of Figure 8b.
For the pressure of 100 torr in Figure 8c the length of the
crater decreases and width of crater slightly increases. The
magnified view of ripples is shown in Figure 8d. By further
increasing pressure upto 300 torr in Figure 8e the crater is
splitted up into two parts. Lower part of the crater is

Fig. 9. SEM images revealing the surface morphology of grown nanoparticles at peripheral ablated area resulting from the laser irradiation
of the Si under Ne environment at various pressures of: (a) 5 torr, (b) 100 torr, (c) 300 torr, and (d) 760 torr.
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magnified in Figure 8f in which micro ripples and cones are
observed. When the pressure increases upto a maximum
value of 760 torr, the crater is further splitted up into three
parts as shown in Figure 8g. One part of the crater is magni-
fied in Figure 8h in which ripples are also seen.

SEM images of Figure 9 represent the peripheries for dif-
ferent pressures of (a) 5, (b) 100, (c) 300, and (d) 760 torr.
For the pressure of 5 torr in Figure 9a molten droplets and
particulates are seen. The decrease in number density and in-
crease in size of particulates and droplets are observed with
the increasing pressure upto 100 torr in Figure 9b. At the pres-
sure of 300 torr in Figure 9c size of particulates and droplets
increases and some of these grow in the form of clusters
with non-uniform size and density distribution. For maximum
pressure 760 torr the the non-uniformly distributed droplets
and particulates takes the elliptical and conical shape and
their size distribution again reduces shown in Figure 9d.

SEM images of Figure 10 represent the modified surface
morphology of Si after exposure to 200 laser pulses in the am-
bient environment of He. For the pressure of 5 torr in Figure 10a,
an elliptical crater with diffused boundary is observed and mag-
nified in Figure 10b. For the pressure of 100 torr in Figure 10c
again an elliptical crater with larger size is seen. The ripples
appearing at the boundary of crater become distinct, which is

—
SO0t

Fig. 10. SEM micrograph of laser-irradiated Si under the ambient environ-
ment of He at various pressures of 5 torr (a, b), 100 torr (c, d), 300 torr (e, ),
and 760 torr (g, h).
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clear in the magnified view of Figure 10d. By further increasing
pressure upto 300 torr in Figure 10e, the size of the crater further
increases and ripples become more distinct as clearly seen in
Figure 10f. When the pressure increases upto a maximum
value of 760 torr in Figure 10f the crater boundary becomes
diffused and ripples are almost vanished magnified in
Figure 10h (Peng et al., 2012).

SEM image of Figure 11 reveal the surface morphology of
grown structures at various pressures of (a) 5, (b) 100, (c)
300, and (d) 760 torr. For the pressure of 5 torr in Figure 11a
particulates, cones and droplets are observed. For the pressure
of 100 torr in Figure 11b particulates and droplets are merged
together and cones disappear. By further increase in pressure
upto 300 in Figure 11c the size of molten droplets and partic-
ulates remains same. For a maximum pressure at 760 torr the
droplets and particulates merge together and have been trans-
formed into cone formation. Nanoparticles are also seen at the
upper left periphery of the SEM image (Fig. 11d).

Upon irradiation with linearly polarized Nd:YAG
(1064 nm) nanosecond laser pulses under normal incidence,
usually two distinct types of LIPSS are observed, which are
either parallel or perpendicular oriented to the beam polariza-
tion. In our case, LIPSS are observed in orientation perpen-
dicular to incident laser beam polarization. These are
generated by interference of the incident laser beam with a
SEW (surface electromagnetic wave) generated on surface,
which might include the excitation of SPPs (surface plasmon
polaritons) (Bonse et al., 2002; Bashir et al., 2012; Behren-
berg et al., 2012). Surface defects, inhomogeneities, and cap-
illary waves can also lead to the formation of ripples (Peng
et al., 2012). The formation of ripples is also explainable
on the basis of the Kelvin—Helmbholtz instability. When the
pressure further increases the merging of the structures is
caused by recondensation of the evaporated material on the
surface and also depends upon the ambient pressure (Togno-
ni et al., 2002; Farid et al., 2012; Khan et al., 2013). The ap-
pearance of LIPSS is more dominant in Ar than Ne and He
due to the lower ionization potential of Ar gas and rapid cool-
ing in He gas. Argon was found to be most efficiently heated
by IB, generating buffer plasma, which optically shields the
target surface, thus reducing the amount of ablated mass. The
shielding effect also takes place in the presence of other gases
(Tida, 1990). Growth of particulates, droplets, ripples, and pe-
riodic surface structures in the presence of inert gases envi-
ronment is attributed to enhanced absorption of laser
energy in the target surface (Wang et al., 2007). For increas-
ing pressure absorbed laser energy increases, the size of drop-
lets and particulate increases, whereas the number of droplets
and particulates decreases. The increase in surface absorption
produces atomization and vaporization in the surface.

It is observed from the above Figures 6, 8 and 10 that the
pressure of Ar, Ne, and He plays a significant role for the
growth of structures on a Si surface. When a pulsed laser inter-
acts with the Si surface, this results in the plasma formation.
Due to increase in electron—ion collisions, the more energy
transfer takes place and material temperature increases.
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Fig. 11. SEM images revealing the surface morphology of grown nanoparticles at peripheral ablated area resulting from the laser irradi-
ation of the Si under He environment at various pressures of (a) 5 torr, (b) 100 torr, (c) 300 torr, and (d) 760 torr.

Therefore, high-density and hot plasma is produced. When
the pressure reaches upto 50 torr, the maximum value of
excitation temperature causes the enhanced melting and abla-
tion of Si as a consequence of the confinement of the vapor
plasma, which prevents electrons or ion from rapidly escap-
ing from the observation point and facilitate the atomization
of droplets and particulates (Tognoni et al., 2002).Further
increase in pressure the laser—material coupling efficiency
is reduced by the plasma-shielding effect and the inclusion
of ambient atmosphere that cools down the hot electrons
by collisions, leading to a more efficient electron impact ex-
citation and plasma recombination (Harilal et al., 1998),
which in turn decreases electron number density and corre-
sponding ripples and other structures are diminished. With
further increase in pressure the number density increases so
the corresponding ablation efficiency also increases.

3.5. Particulate size and crater depth analysis

Dependence of ambient gas pressure on emission signal of
plasma induced with infrared laser pulses was studied and
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correlated with morphological features observed in SEM.
Figure 12 represents a relationship between particulate
size estimated from the SEM analysis and the effect of
varying pressure of Ar, Ne, and He ambience. In Ar envi-
ronment with the increase in pressure upto 100 torr, size
and density of particulates are increased. By further in-
crease in pressure upto 760 torr, linear trend is observed
as both the size and the density of particulates increase sig-
nificantly from 1.45 to 3.46 um. Particle size increases
from 3.52 to 5.50 pm under Ne ambience by increasing
pressure from 5 to 100 torr, by further increasing the pres-
sure (as previously discussed in Section 3.4) the size of par-
ticulates and droplets increases slightly which are clearly
observable from Figure 9b, 9c, but at the maximum pres-
sure of 760 torr the size of the particle size decreases to
4.8 um. Under He environment at the initial pressure
(5-100 torr) the particles are merging, which leads toward
decrease in particles size from 2.16 to 1.92 pym. Further in-
creasing the pressure from 300 to 760 torr, a slight increase
in particles size increases, which interestingly agreed by
observing Figure 11a—d.
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Fig. 12. The comparison of measured average particle size of laser-
irradiated Si in ambient environments of Ar, Ne, and He for different pres-
sures ranging from 5 to 760 torr.

Growth of particulates, droplets, ripples, and periodic sur-
face structures in the presence of inert gases environment is
attributed due to enhanced absorption of laser energy in the
target surface (Wang, 2007). For increasing pressure ab-
sorbed laser energy increases, the size of droplets and partic-
ulate increases, while by further increasing in pressure the
number of droplets and particulates decreases because of
the saturation region arrived at this stage.

Figure 13 illustrates the information about increasing, de-
creasing, and saturation of craters depth of the ablated Si
target by varying pressure in discussed ambience. It is
worth mentioning that our statistical analysis obtained from
SEM images is in good agreement with the theoretical esti-
mation of intensity and electron temperature (Figs 3 and 4)
as discussed in the previous section.

By increasing pressure from 5 to 100 torr, a prominent in-
crease in crater depth in all ambient environments is ob-
served. This increase in crater depth corresponds to
enhance absorption of laser at lower pressure, resulting in
large mass removal of Si target (also visible in SEM Figs
6b, 8b, and 10b). This pressure (100 torr) seems to constitute
the best compromise between large amount of ablated mate-
rial and a high electron temperature, resulting in the highest
emission signal (as shown in Fig. 3).

However, a saturation, followed by a slight decrease, in the
crater depth is observed by increasing the pressure to
760 torr. This can be attributed due to the energy losses of
the plasma caused by the collisions with the buffer gas mol-
ecules, which increase with the buffer gas density and pro-
duce a faster decay of the temperature at the times
considered for the measurements (Cristoforetti et al.,
2004). As it is being discussed that Ar has the lowest ioniza-
tion potential than Ne and He, therefore plasma shielding
effect will be the other possible reason of minimum crater
depth (45 pm) compared with other.
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Fig. 13. The comparison of measured crater depth of laser-irradiated Si in
ambient environments of Ar, Ne, and He for different pressures ranging
from 5 to 760 torr.

4. CONCLUSIONS

The nature and pressure of the ambient environment have
significantly influenced the emission intensity, excitation
temperature, electron number density, and surface morphology.
Initially excitation temperature increases with the increase in
pressure, attains a maximum, and afterwards decreases
with further increase in pressure. The initial increasing
trend in emission intensity and electron temperature is due
to the confinement effect. The decrease in electron temper-
ature with further increase in pressure is attributed to shield-
ing effect. Electron number density initially increases, then
decreases, and finally increases with increasing pressure.
This is again attributed to confinement, recombination,
and enhancement of electron impact ionization. The maxi-
mum values of excitation temperature and electron
number density are obtained from Ar and least from He.
Morphological features such as particulate size and crater
depth approximated by statistical analysis interestingly
showed similar trends as concluded in our theoretical esti-
mation of emission intensity and electron temperature.
The surface modification of laser-irradiated target also de-
pends upon the nature and pressure of an ambient gas and
is correlated with the values of excitation temperature and
electron density. These results show that the plasma charac-
teristics and grown surface structures depend on the laser
energy absorption, which is influenced by the confining
and shielding effects of plasma and nature of ambient gases.
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