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Abstract

In the present study, the germanium (Ge) sample has been studied by laser induced breakdown
spectroscopy which leads to the formation of plasma plume in the ar. This research work
comprises on pure Ge sample, and it has been studied using laser irradiance 1.83x10" watt.crm?
and Q-Switched Nd:YAG laser pulse (A ~ 1064 nm wavelength and © ~ 5 ns pulse width). The
spatialy resolved plasma plume parameters are investigated, such as variation of electron
temperature T, and dectron number density n. as a function of detector paosition. These parameters
show variation in the plasma plume and yidd dectron temperature T, from 12340 to 7640 + 1200
K. Whereas electron number density n. varies from 3.6x10™ to 1.60x10" cmi3with the changein
detector pasition is moving away from plasma plume from 0 to 3 mm. The results show that
electron temperature T, and electron number dendty n, are estimated from the Boltzmann plot
method and by using Lorentzian function at spectrd line using FWHM full width at hdf
maxi mum at 265.11 nm (4p5s3p2 — 4p? 3pz) wavelength of Ge (1) ling, respectively.
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Introduction

In recent years the application of laser an effective analysis technique and gives the

removal of the sample has been widely used
for many aspects, included as (analysis
techniques, industrial applications,
archeological and geological applications)
[2-2]. The technique of laser plasma
formation through laser induced breakdown
spectroscopy (LIBS) is  a  complex
phenomenon; in this method, the laser is
irradigted with material [3-4], and these
emissions of radiations are given by optical
emission spectroscopy [5-6]. LIBS can be
used to analyze any state of matter, either
solid, liquid, gas, or aerosols, with the
advantages of situ analysis[7-8]. The LIBSis

enhanced signal for the analysis of a sample.
The ablation method leads to plasma
formation and creating high laser irradiance
wattcn? at the target surface[8-10].

Laser induced plasma is mainly
influenced by the pulse duration of laser light,
whereas plasma formation time is
microseconds [11-15]. In this work, we have
used Nd:YAG laser, which has a nanosecond
pulse duration. The pulse duration further
interacts with plasma plume, which is known
as laser plasma interaction [14-15]. Laser
plasma interaction gives the absorbance of
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lazr light into the plasma plume. The
remaining laser light cannot reach the target
surface, while some part of laser light is
reflected through the surface reflectivity of the
sample after plasma formation[16-19].

During the last few years, several
research groups have sudied various
invedtigations  about the analytical
peformance of Ge plasma [20]. They
deposited Ge wafers using laser induced air
breakdown technique which formed the layers
comprised of nanoscale and Ge nanocrydals
[20]. Further groups deposited the Ge films by
pulsed laser deposition methods in helium gas
atmosphere, and Ge plasma plume was
produced by KrF laser at a laser wavelength of
A = 248 nm [21]. Some more studies have
been examined about the temporally and
soatially resolved velocity of Ge species by
using an excimer laser and producing the Ge
plasma in the oxygen environment [22-24].

Materialsand Methods

LIBS  gspectrum  anmalysis was
performed with the Collection of radiation
from plasma plume It was observed that
irradiation of Nd:YAG laser Nova - Quantel,
France (A = 1064 nm, with a pulse width of 5
ns the repetition rate of 10 Hz) was used to
ablate the plasma plume. LIBS experiment
was performed by the duration of 5 ns, and
time integration was 3 ms [25]. The sample
was managed in such a way as to prevent air
breakdown before the Ge sample surface by
using a focusing quartz crygal lens of 20 cm
focal lengh. The portion of the laser beam
irradiated at the sample surface was about 0.5
mm in diameter. For every laser shot each
time, a new surface of Ge sample was
provided by 3d rotation holder to avoid
surface damage caused by high laser
irradiance.  The LIBS Ocean Optics
LIBS2500+ spectrometer system triggered the
Q-Switched of the Nd:YAG laser. The

Nd:YAG laser flash lamp triggered the LIBS
2500+ goectrometer detection system with a
synchronized laser pulse. This allowed the
gpectrum to record in the range from 200 nm
to 800 nm. While processing the digitized
light signal into spectrum form, data recorded
wasan average of 3 laser shots

Resultsand Discussion

Our present research work mentioned
the effect of laser produced Ge plasma with
variation in digance from plasma plume. This
is known to atially resolve Laser-induced
plasma spectroscopy. The above related work
is mainly related to the variation in both ionic
and atomic transition lines. Moreover, this
novel behavior shows the recombination rate
in laser ablated Ge plasma; meanwhile, the
main objective of our study would help
calculate recombination rate, thin films on a
Ubdrate, pulse laser deposition, and other
plasma plume parameters This behavior has
been influenced by sample property, laser
parameters, and ambient conditions on laser
ablated Ge.

The plasma plume leads to generate
the emission spectrum of a Ge as given in
Fig. 1(@). The emission spectrum of Ge
plasma was at a different distance from the
target surface while keeping the other
parameters constant. The gpectrum region
from 200 to 430 nm is predominantly
associated with the neutral Ge lines As the
disance from the Ge plasma increased, the
dructure of the singly ionized nitrogen
semed to be disppearing. This shows a
decrease in relative intendty. Whereas some
singly ionized Ge line has also appeared and
aong with hydrogen alpha line a 656.28 nm
is detected.

Fig. 1(b) shows the observed Ge (I)
lines and their associated transitions This is
the enlarged portion of the spectrum that



3% Pak. J. Anal. Environ. Chem. Vol. 22, No. 2 (2021)

covers wavelengths from 240 to 280 nm. All
these lines come from the transitions, which
are labeled in the gpectrum and their
corresponding wavelengths according to the
LS coupling scheme. The dronges line
corresponds to 265.1 and 259.3 nm, and their
multiplet triplet structure is assigned as 4p5s
%, — 4p® 3pra, whereas weak emission
corresponds to 249.8, and 253.3 nm and their
multiplet structure from singlet to triplet are
assigned due to these transition lines 4p5s *p;
— 4p?3m 1, singlet transition sructure of Ge
(1) 4P4d D, — 4P2 D, a 241.73 nm, and
triplet transition structure of Ge (1) 4P5s Py
— 4P? 3p, & 275.5 nm. Another multiplet
triplet structure of Ge (1) 4P5s 3pg 1 — 4P? 3Py
at 270.9 and 269.1 nm.
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Figure 1. (a) Emisson spectrum of ger mani um plasmagenerated
by 1064 nm of Nd: YAG laser pulseat 05 mm from slicon sample
surface at irradiance 1x10™ Wem?, (b) Emisson spectrum of
germanium plasmapr edomi natel y assod atedwith Ge | lines

Besdes the Ge (I) lines, we also
observed Ge (1) lines, the strong emission at
589.3 and 6021 nm. A doublet due to the
45°5p 2pap, 110 — 4s°5s %Sy, transition of Ge
(I) singly ionized spectral line. In the
following section, we will discuss the plasma
parameters those has been analyzed from the
emission gpectrum of laser produce Ge
plasma.

In the present study with the LS
coupling scheme, it was observed tha Ge
neutral transition lines through LS coupling
rules. From these rules, the gound state
configuration comes to be 4s” 4p”, which has
five sub levels namely *Py °P; °P; 'D; !S.
These sub levels were drawn in increasing
energy levels, and their asociated excited
dates are 3Pp °Py °P; Py, and these excited
dates are dtached with the state 4p5s. This
has four sub levels, whereas, for the
4p4d excited date, there exist 7 sub levels
lDz 3D2 3D1 3D3 3F2 3P2 1F3, al the excited
dates, and their ground states areillugrated in
Fig. 2.
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Figure 2. Energyleve diagram of Ge- | lines observed in present
research wor k
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Recombination Rate in  Germanium a different distances It was found tha
Trangtion Lines according to the LS coupling scheme, the
dronges line corresponds to Ge (1) 265.1 nm

Current work also comprises the and Ge (I) 259.2 nm, and their multiplet triplet
variation in the intensity of Ge transition lines  sructure is assigned as (4p5s 3p, — 4p? °py.2).
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Figure 3(a), (b) represent variationin intensty and ther ratio a Ge | 265.11 nm and 259.25 nm, (c), (d) represents variation i nintensity
and their ratio at Ge Il 589.33 nm and 602.10 nm, (e), (f) represent variationinintensity at Ge | 265.11 nm and Gell 589.33 nm
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We aso observed that Ge (1) linesthe
strong emission a 589.3 nm and 602.1 nm a
multiplet doublet due to the (4s°5p 2paiz, 112 —
4$552S)) transition of Ge (I1) singly ionized
spectral line. Fig. 3(a) and Fig. 3(b) represent
variation in intensity and the intengty ratio of
triplet at 265.1 nm (4p5s 3p, — 4p 3py), 259.2
nm (4p5s 3p, — 4p® °p,). Similar pattern of
variation in intensity and ratio of doublet to
doublet gructure transition of Ge ionic (II)
lines a 589.3 nm (4s°5p 2ps» — 45755 2Sy)y)
and 602.1 nm (4s°5p *py, — 4s%5s 2Syy) is
shown in Fig. 3(c) and Fig. 3(d), respectively.
Another gudy of Ge neutral transition Ge (1)
with ionic transition Ge (I1) triplet and doublet
structure from Fig. 3(e) and Fig 3(f). Which
represents variation in intensity and also the
intensity ratio at 265.1 nm (3p4s 'py — 3p?
1D,) and 589.3 nm (35%4p %pa;2. — 3s%452Sy).
Hegazy et al. [26] worked on the ratios of
several transitions at the wavelength ratios of
coppers neutrals 324.7 / 327.2 nm and on
manganese neutrals 478.3 / 475.4 nm further
on magnesium neutrals 5184 nm / 517.3 nm.
Hegazy et al.[27] same authors group, further
worked on ratios of several transitions at
wavelength ratios of tin ionic 325.3 nm /
321.2 nm. Santos et al. [23] worked on ratios
of several transitions of Ge**/ Ge', Ge*'/Ge,
Ge'/Ge using the different laser irradiance. In
the present resarch work, the intensty
variation and their ratios are followed by the
relation.

. hv
I(IJ):ENigiAij (1)

The comparison of Fig. 3(a) with
Fig.3(c) reveals tha the intensity of Ge
neutrals in Hg. 3(a8) decays exponentially.
Whereas the Ge ionic lines in Fig. 3(c) follow
different decay rates, Fig 3(e) represents
another dudy for Ge ionic with neutral.
Beddes, it is also deduced from the
comparison of Fig. 3(d) and Fig 3(f) the

intensity ratio of Ge ionic lines and Ge ionic
with neutral is low with Fig. 3(b), which isthe
intensity ratio of Ge neutral lines. The above
dudy of ionic species shows a different trend
with the neutral species of Ge plasma
Considering this work, this seems tha the
disance variation parameter predominantly
affects ionic lines and also neutrd lines. This
happens with the change in distance from
detector podtion to spectrometer.

Te and Ne Variation in Germanium Plasma
Plume

The present research work electron
temperature of Ge plasma has been estimated
by using the Boltzmann plot method [25, 28].
The electron temperature of Ge plasma is an
important parameter that comes from the
technique of laser induced emission
ectroscopy employed to generate the plasma
plume.

In[—/lijlij j:ln[N(T)j—i )
hcA, g, z KT

When left hand side of eq (2) is plotted
vs upper level energy. This yieldsthe electron
temperature of Ge plasma through Boltzmann
plot by using five Ge neutrals transitions lines,
which are included as, 269.1, 241.7, 259.6,
270.9, and 275.5 nm. The=e lines are free from
<lf absorption and assumed from the peak
profile shape, and no variation was observed
except intensity variaion in these spectral
lines NIST database was used to calculate
plasma parameters [29], as given in Table 1.
The estimated electron temperature of Ge
plasma is found to be 12340 to 7640 K
with the gspatially resolved manner from Ge
sample surface with systematic error is 12340
+1200 K. This rises from the calculated
intensity of peaks used and trandgtion
probability of lines.
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Table 1. Spectroscopic data for germanium spectrd lines.

Waveength (nm) Ok A (s Ex(cm™)
241.7 5 9.6E+07 48480
259.3 5 71E+07 39118
270.9 1 28E+08 37452
2755 3 1.1E+08 37702
269.1 3 1.8E+08 37702

The deailed information about

electron temperature for Ge plasma observed
at 0.3 mm digance was 12340 K. The éectron
temperature of Ge plasma is 7640 K, and
again with the increase in the distance at 0.9
mm apat same decreasing trend was
observed, at 1 mm distance the electron
temperature difference start increases till 3
mm far from plasma creztion point. The result
obtained that the order of decreasing factor for
electron temperature is 1.61. The plasma
recombination rate shows that as the distance
from the plasma creation point increases, its
recombination rate decreases [30-31].

Plasma parameters are essential
specifications for the generation  of
nanoparticles and thin films on the substrate.
For these reasons, electron number density is
essential. M oreover, electron number density
has been estimated using Ge transition line at
wavelength 265.1 nm (4p5s °p, — 4p? *py)
and taking the stark width broadening by
usng the Lorentzian function. The same
method has been employed by diverse groups
[32-33], as givenin Eq. 3.

N, =~ [Mﬂ;%jlom (3)

In order to calculate electron number
density, Lorentzian fitting was employed, and
remaining features such as w values were
taken from reference data. This w value is
known to be the electron impact width
parameter. Using these parameters, calculated
electron number density for Ge plasma liesin
therange of 3.64x10* cmi®,

The laser produce plasma parameters
can be counted from LTE plasma These
parameters, electron number densty, electron
temperature, are followed by electron
collision. This creates a high electron number
dengty, and as a consequence, a high collision
rate is resulted [34]. At 265.11 nm
wavelength, this transition should be free from
«lf absorption.  This <If  absorption
phenomenon was counted from the method of
peak profile, and no variation in the shape of
265.11 nm wavelength was observed at spatial
and irradiance parameters.

Concluson

The spectroscopic dudy from Ge
plasnma was investigated a variaion in
disance from detector position to sample
arface. Plasma parameters such as electron
temperature and electron number density were
verified by LTE plasma. Distance variation
parameter, known to be spatially resolved,
grongly influences electron temperature and
eectron number dendty of Ge plasma Ge
sample surface, where plasma created, showed
a high decreasing trend in spectral lines,
whereas at far from Ge sample surface, it
showed decreasing trend in spectral lines.
Moreover, ionic lines decayed rapidly than
neutral lines. The spectroscopic studies of
thee trangtion lines at gpatially resolved
regimes revealed that the decreasing factor for
Ge neutrals at 265.1, 259.3, was 30.75, and
20.73, respectively, and the decrease in ratio
265.1/259.3 nm was 1.0. The decreasing
factor for Ge ionic lines 589.3 and 602.1 nm
were 854 and 9.37, respectively, and the
decrease in the ratio of ionic line 589.3/602.1
nm was 0.91.
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