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Abstract: The overall plasma parameters of the titanium plasma, including electron temperature, electron density,
plasma frequency, Debye length, number of particles in the Debye sphere, and plasma coupling coefficient,
were studied using laser-induced breakdown spectroscopy (LIBS). The relationship between increasing the
laser energy from 400 to 700 and the plasma parameters was determined. The results showed that increasing
the laser energy from 400 to 700 in steps increased the electron temperature from 0.472 to 0.500 eV
(determined from a Boltzmann plot). The electron density was found to be directly proportional to increasing
energy, increasing from 4.348 x 10'7to 5.797 x 10'7 cm™ (determined by Stark broadening). The increase in
energy also raised the plasma frequency from 592.142 x 10'° to 683.726 x 10'° Hz. This is attributed to
improved ablation efficiency, increased ionization, and plasma-laser interaction. With increased laser energy,
the Debye length decreased from 7.74 x 107¢ to 6.90 x 10°¢ ¢cm, and the number of particles in the Debye
sphere decreased from 845 to 799. This is because electrostatic potentials are screened over a shorter range,
consistent with increased ionization and charge-carrier density at high ablation energies. The plasma coupling
coefficient also indicated that the titanium plasma has weak coupling, as I' < 1. The solar cell results showed
that as power increased, the efficiency of the titanium films increased from 0.07% to 1.27%. These results
support the possibility of controlling titanium plasma conditions by selecting laser energy and highlight the
usefulness of LIBS for accurate plasma characterization.

1 INTRODUCTION white, odorless, hydrophobic, stable metal oxide with
remarkable opacifying potential and naturally

available as titania, readily circulates [12]-[15]. Its
low price, good oxidizing capacity, chemical stability,
and high refractive index make it an indispensable
semiconductor material across many technological
domains [16]-[19]. By 2011, globally, TiO:
nanoparticle production had surpassed 10,000 tons
annually [20]. Due to its insolubility, inertness, fire
resistance, wide band gap, and high surface
properties [21]-[24], TiO2’s applications are
numerous and wide-ranging: for dye-sensitized solar
cells, self-cleaning, photocatalysis and chemical
sensing systems, as well as for microelectronics,
electrochemical processes, and antimicrobial

LIBS is an ever-evolving and powerful technique for
elemental analysis, analyzing solids, liquids,
aerosols, and gases under a broad range of
experimental conditions [1]-[4]. This has made LIBS
a stable and mature analytical method [5]. Titanium
dioxide (TiO:2) thin films and nanoparticles have
gained considerable attention for their extensive
applications in electrochromic devices, photovoltaics,
microelectronics, and optoelectronic systems [6]-[9].
Among metal oxide nanoparticles, TiO: is
particularly valuable for its thermal, optical,
electrical, and chemical properties [10]-[12]. TiOz, a
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applications [25]-[30]. Pulsed laser deposition (PLD)
remains the most effective and controllable method
for producing Ti-based thin films [31]. In PLD, a
high-energy pulsed laser irradiates a solid titanium or
TiO: target to generate a plasma plume to deposit
ablated species onto a heated substrate and result in a
uniform thin film [32], [33]. PLD offers several
benefits, including stoichiometric transfer of target
composition, fine-grain control over film thickness
properties, compatibility =~ with  various gas
atmospheres, and the production of high-quality
nanostructured films [34], [35]. These characteristics
render PLD an appealing choice for modulating the
structural, optical, and functional properties of TiO:
thin films for advanced applications [36]. While TiO-
materials are widely studied and LIBS is an
established analytical method, few studies have
examined the properties of the titanium plasma
generated during LIBS. Accurate measurements of
plasma parameters (e.g., electron temperature (Te),
electron density (ne), Debye length, and plasma
frequency) are also essential to ensure high-efficiency
ablation dynamics, enhancing emission signal quality
and the accuracy of elemental analysis. However,
very few works have systematically evaluated the
relationship between LIBS plasma diagnostics and
structural, optical, or functional properties of
titanium-based materials. Thus, this study aims to fill
this gap by characterizing the plasma properties of
titanium resulting from LIBS ablation and how
plasma-based properties affect the performance and
characteristics of titanium-based thin films or
nanocatalysts. This work aims to systematically
investigate the plasma parameters of titanium
produced by LIBS at laser pulse energies of 400, 500,
600, and 700 mJ.

2 EXPERIMENTAL

In Figure 1, the optical emission spectrum of the
titanium plasma produced when it is run in air is
shown using LIBS. The plasma was fabricated by a
Q-switched Nd: YAG laser with a wavelength of 1064
nm, a duration of pulse of 9 ns, pulse frequency of 6
Hz, and pulse energies from 400 to 700 ml]. A
concentrated laser beam was concentrated on the
titanium particle at an incidence angle of 45°. The
titanium plasma plume expanded above the target
surface upon irradiation. Plasma light from irradiation
was collected with an optical fibre at 45° to the target
surface to capture additional signals and minimize
geometric losses. The emission was sent to the
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spectrometer, where the LIBS spectra were recorded
and analyzed by a computer.

A titanium sheet was used as a solid target and
ablated with an Nd:YAG laser in deionized water,
forming a titanium-based plasma and nanoparticles.
Two laser pulse energies, 400 and 700 mJ, were
chosen based on the plasma diagnostics results.
Following interaction with the laser in the liquid, a
transient plasma plume formed, and finally, a stable
colloidal suspension of Ti-based nanoparticles was
born. These nanoparticle solutions were deposited
FTO glass substrates via drop-casting and then dried
to obtain nanostructured thin films. The deposited
layers were also thermally annealed in air to promote
oxidation and develop the film's features. For the
photovoltaic application, aluminum back electrodes
were deposited by physical vapour deposition to
complete the device structure. The newly fabricated
structures were subsequently electrically contacted

and characterized using current—voltage (J-V)
measurements to assess their photovoltaic
performance.
£

Spectro \
Titanium plasma
= " Laser beam
Laptop Optical fiber

45° 45°

£
Titanium

Figure 1: The LIBS system set-up.

3 RESULTS AND DISCUSSION

LIBS analysis characterizes the plasma produced
from titanium during laser ablation. The laser pulse
then rapidly heats and wvaporizes the material,
producing a dense vapor plume above the titanium
surface. The laser subsequently interacts with this
vapor cloud, which, in turn, leads to further ionization
and a vivid plasma plume. The plasma expands and
cools as it evolves, as depicted in Figure 2. These
processes  regulate  the  spectral  emission
characteristics obtained using LIBS measurements.
To quantitatively analyze the emission features of
titanium plasma, the selected Ti spectral lines and
their intensities at different laser energies were
studied. Table 1 lists the standard spectroscopic
parameters used in the Boltzmann analysis, including
the transition probabilities (gcAwi), the lower and
upper energy levels (Ei, Ej), and the characteristic
wavelengths of the Ti I emission lines. Indeed, the
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following parameters deliver the atomic data to
determine the population distribution of excited states
within the plasma. The experiments have shown a
range of intensities for specific Ti emission lines at
laser energies of 400 to 700 mJ (Table 2). As the laser
energy increases, the emission lines become stronger.
This indicates higher excitation and ionization rates
within the plasma. Using these intensity values is the
main input required to prepare Boltzmann plots,
which enable the determination of the electron
temperature at each laser energy. The -electron
temperature, a key diagnostic parameter that reflects
the electron energy distribution, provides insight into
plasma excitation conditions and laser—matter
interaction dynamics.

- Wik et Laser Pulse Interaction:

Nd:YAG Laser ;\'\\ IS 7 ;/;- Rapid heating & Vaporization
Titanium Target

- i % Dense Vapor Cloud

Nd:YAG Laser -5 ‘b Formation
T e
Further lonization &

Nd:YAG Laser Plasma Plume

Production

Expansion, Cooling,
& Spectral Emission

Time

Figure 2: Stages of titanium plasma formation and emission
in the LIBS process.

Table 1: Standard values of Ti.

Wavelength (nm) | giAwi« 108 | Ei(eV) Ej (eV)
4449143 11 1.887 4.67301
453.3240 9.71 0.848 3.58265
461.7268 7.66 1.749 4.43335
475.8118 7.84 2.249 4.85424
499.1067 6.42 0.836 3.31943

Figure 3 shows the emission spectra of the
titanium plasma generated at different laser pulse
energies (400, 500, 600, and 700 mlJ) in the

wavelength range of 200-600 nm. A marked increase
in spectral intensity occurs with increasing laser
energy. For instance, at 455.25 nm, the Ti I line shows
an intensity approximately 5.1 times higher than that
obtained at 400 mJ. Likewise, at 323.45 nm, the Ti II
line exhibits an increase of about 3.9 times for the
same energy range. This increase in emission is
attributable to more effective material ablation and to
higher ionization intensity at higher laser energies. As
the energy of the incident laser pulse increases, a
greater fraction of the laser power is absorbed by the
titanium surface and the expanding plasma plume.
This results in higher electron temperatures, higher
excitation rates, and greater collisional ionization. As
a result, the plasma is denser and more emissive,
yielding higher spectral lines. Such effects are
consistent with the typical dynamics of laser—matter
interactions  previously investigated in LIBS
studies [37], [38].

The Boltzmann plot method, based on both the
plasma temperature and the population density of the
emitting species, was employed to assess excitation
and ionization processes in the plasma through
spectral measurements [39]. Using multiple emission
lines of the same element allows the relative
population density of excited states to be estimated.
But the Boltzmann method can accurately determine
an excitation temperature only under local thermal
equilibrium (LTE) conditions in plasma, where the
level populations follow the Boltzmann distribution
[10]. Te may be obtained from the slope of the linear
fit of the Boltzmann plot under LTE. Equation (1)
describes the relationship used to calculate the
electron temperature from measured line intensities,
transition probabilities, and the energy levels of
selected Ti spectral lines [15]. This temperature is an
essential diagnostic index for describing the plasma
energy distribution, ionization capability, and the
overall  dynamics of the  laser—material
interaction [40]:

Table 2: Observed wavelengths and their intensities of Ti at different laser energies.

400 (mJ 500 (mJ 600 (mJ 700 (mJ
Otélelrn\jc)i d Intensity Otélelrn\jc)i d Intensity O}l;ggrn\z d Intensity O}l;ggrn\z d Intensity
444.9143 789.623 444.9143 1139.62 444.9143 2100.94 444.9143 1686.79
454.8763 984.906 454.8763 1309.43 454.8763 2398.11 454.8763 1975.47
461.7268 271.698 461.7268 478.49 461.7268 988.68 461.7268 778.3
475.8118 280.189 475.8118 409.43 475.8118 988.68 475.8118 735.85
501.4186 653.774 501.4186 881.89 501.4186 1770 501.4186 1279.25
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Figure 3: The emission plasma spectra of Ti generated at different laser energies.
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where [;; is the relative intensity of the emission line
between the energy levels i and j, 4;; its wavelength,
gji 1s the degeneracy or statistical weight of the
emitting upper level i of the studied transition, and Aj;
is the transition probability for spontaneous radiative
emission from the level i to the lower level j, E; is the
excitation energy of level i, and k is the Boltzmann
constant. For Boltzmann chart emission pattern, one
needs multiple emission lines from the same atomic
species and ionization step. Five Ti I lines at 444.91,
454.87,461.72,475.81, and 501.41 nm were selected
for temperature determination in this study.
Boltzmann plots of In [(A;; I;j)/(he Ajj gj)] versus upper
energy level E; for various laser pulse energies are
plotted in Figure 4. The slope of each linear fit is
—1/(kB Te), which permits the electron temperature
T e to be calculated. The equations with fit and the
coefficients of determination (R?) are also shown in
Figure 4; values approaching unity indicate high
linearity and verify that the plasma approximates
local thermal equilibrium. The calculated electron
temperatures range from 0.472 to 0.500 eV, as
summarized in Table 1. A larger laser pulse energy
results in greater material ablation and a denser, hotter
plasma. The reason is that the target surface initially
absorbs a larger fraction of the incident laser energy,
which is then transferred to the expanding plasma
plume. The ionization and excitation rates thus
increase, leading to higher emission intensities and
higher kinetic energies of the plasma species.
Consequently, the electron temperature rises with
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increasing laser energy due to typical laser-plasma
interaction [41].

The electron density of the titanium plasma was
determined using the Stark broadening method,
which rela tes the widening of spectral lines to
interactions with charged particles. According to the
Stark effect, expressed in (2) [42]:

()

where s is the Stark broadening parameter, Nr is the
reference electron density, and AA is the corrected
line's broadening in nm. The electron density is
obtained from the full width at half maximum
(FWHM) of the chosen emission line after adjusting
for instrumental broadening. The Stark width o is the
theoretical broadening produced by electron—ion
collisions. When charged species increase in density,
perturbations to atomic energy levels become
stronger, further broadening spectral lines. Therefore,
Stark-induced broadening has proven to be a
reasonable technique for estimating the electron
density of laser-produced plasmas. Evaluated
electron densities calculated from Ti I spectral lines
range from 4.348 x 10" cm™ to 5.797 x 107 cm,
showing a consistent increase with the increase in
laser pulse energy. Since the ablation process is more
aggressive and the ionizations are stronger, this trend
results in denser plasma at higher energies. Figure 5
shows the Ti II emission line, fitted with a Lorentzian
profile, in the wavelength range 308-310 nm for laser
energies of 400—700 mJ. The peak intensity increases
monotonically from 2.0 x 10° a.u. at 400 mJ to
approximately 4.4 x 10° au. at 700 mJ - an

AL
fle = [2(05 Ny,
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Figure 4: Boltzmann curve illustrating plasma emission from a Ti target at various laser energy levels.

enhancement factor of roughly 2.2x. Further stepwise
increases in intensity at 500 and 600 ml] were
consistent with this process. This systematic increase
in intensity indicates better removal of the material
and higher ionization and is consistent with other
titanium emission lines in this work.
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Figure 5: Stark broadening effect in Ti plasma at different
laser energies.

As illustrated here, when laser pulse energy is
raised, both T. and n. increase. Because more
energetic input increases ablation rates, the vaporized
material is more abundant. This increases the number
of atoms excited and ionized within the plasma
plume [43]. And the plasma's growing size absorbs
part of the subsequent laser radiation - which is called
plasma shielding - and so contributes more energy.
This additional absorption increases the plasma
temperature. Elevated plasma temperature increases
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the electron-impact ionization processes, leading to
an increased number of free electrons and ultimately
higher electron density [44]. Collectively, higher laser
pulse energy intensifies ablation, reinforces plasma—
laser interactions, and further increases thermal and
collisional processes, leading to a cumulative rise in
Te and nc.

The plasma frequency (f;) was determined from
electron density values obtained from Stark
broadening analysis. The plasma frequency can be
calculated using the familiar relation [45], [46].

f, (Hz) = 8.98 x 10° /n, . 3)

This means that the plasma frequency is directly
proportional to the square root of the electron density.
Such a pattern is observed in Table 3 and shown in
Figure 6 below, where the plasma frequency rises
monotonically with laser pulse intensity. Because of
this, the electron density is greatly increased at high
ablation energies, and the plasma frequency is
directly proportional to the square root of the electron
density. The resultant increase in f, is evidenced by
the enhancement of the collective electron response
and the appearance of higher plasma oscillations at
high laser doses [47], [48].

In a plasma, charged particles collectively shield
the Influence of external electric fields through a
process called Debye shielding. The collective
behaviour we see in this case maintains the plasma's
quasi-neutrality, with the overall densities of positive
and negative charges remaining, on macroscopic
scales, almost equal. The size of screening of electric
potentials is defined as the Debye length (Ap), which
is the fundamental depth to which electrostatic
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perturbations are considerably lessened [49], [50].
For Debye shielding to be relevant, the plasma must
meet certain criteria. In general, a necessary number
of electrons must be present in a spherical zone of
radius Ap, a region of the plasma known as the Debye
sphere. The number of particles in this sphere, called
the Debye number (ND), is one of the key criteria to
establish the medium as a real plasma. Np > 1 is
normally present for a plasma so that many charged
particles are involved in this shielding process. Both
Debye length and Debye number depend directly on
T. and n. (Fig. 7). Higher electron temperatures
increase electron thermal motion and thus lead to
larger Debye lengths. Yet, greater electron density
makes the plasma’s ability to protect electric fields
increase, so that Ap decreases instead of increasing
[51], [52].

700

580

350 450 500 550 600

Laser energy (mJ)

650 700 750

Figure 6: The relation between plasma frequency and
different laser energies.
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Figure 7: Relations between T., n., and different laser
energies.

These relationships are described mathematically
by (4) and (5) [53], [54]:

— ’EOKBTE
}"D - neez ’ (4)
Np = Tn A3, (5)

L (eV)
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The degree of both plasma temperature and
electron density is crucial for determining Debye
length and Debye number. As shown in Table 3,
higher laser pulse energy leads to a slight increase of
Te and a significant increase in electron density. Due
to the inverse correlation between electron density
and Ap, the higher plasma density at higher laser
energies will result in a significantly lower Ap.
Indeed, the length of Debye length varies from 7.74 x
107 cm at 400 mJ to 6.90 x 107¢ cm at 700 mJ. This
reduction in Ap directly changes the size of the Debye
sphere and, with it, the Debye Number (Np), which
decreases from a value of 845 to 799 as the laser
energy increases. Although the decrease in Nb is
small, it reflects a stronger, denser combined plasma
environment [55], [56]. A decrease in the Debye
suggests that electrostatic potentials are screened over
a shorter distance, consistent with enhanced
ionization and increased charge-carrier density at
higher ablation energies. Such behaviour is consistent
with the formation of a more compact, strongly
interacting plasma plume as the laser energy
increases [57], [58].

To further quantify the strength of interparticle
interactions in the plasma, we measured the plasma
coupling parameter (I'). This parameter relates the
Coulomb interaction energy in the plasma between
the charged particles to their thermal kinetic
energy [59], [60]:

e?

" 4m€oakgTe

(6)

where e is the elementary charge, &yis the vacuum
permittivity, kgis the Boltzmann constant, T,is the
electron temperature, and ais the average
interparticle distance (Wigner—Seitz radius), defined
as [61]:
3\
a= (4nne) ’ (7)
Following the general decrease in the Debye
length and Debye number described earlier, as the nc
increases with laser pulse energy, the mean
interparticle spacing decreases, augmenting Coulomb
interactions and, over time, raising the plasma
coupling parameter, as shown in Figure 8. At the same
time, the calculated I" values were less than unity at
all energies studied, indicating that the plasma has
weakly coupled behaviour. This behaviour is fully
consistent with the Debye analysis, confirming the
interpretation of a denser, but non-strongly coupled,
plasma plume at higher ablation energies [62].
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Figure 8: Variation of the plasma coupling parameter (I') as
a function of laser pulse energy [63].

The uncertainties associated with the calculated
plasma parameters, Te, n., AD, and Np were evaluated
by accounting for fluctuations in laser pulse energy
(£5%) and spectral fitting errors arising from the
Boltzmann and Stark analyses. The estimated
uncertainty in the electron temperature is
approximately +0.02 eV. In contrast, the electron
density carries an uncertainty of about +0.3 x 10"
cm>, primarily due to variations in the Stark
broadening measurements and fitting precision. Since
the Debye length depends on both T. and n., its

propagated uncertainty is somewhat larger, on the
order of +0.4 x 107° cm. This reflects the combined
Influence of uncertainties in temperature and density
on the electrostatic screening distance. Consequently,
the Debye number Nb, which scales with Ap?, exhibits
an even more pronounced propagated uncertainty of
roughly 20%. The uncertainty in the plasma coupling
parameter (I') was calculated using standard error
propagation, given its dependence on electron
temperature and density [64], [65]. Consequently, the
uncertainty of I is found to be on the order of 6-8%
so that the plasma is classified as weakly coupled (I
< 1) [66]. J-V profiles of the Ti-based photovoltaic
devices (400 mJ and 700 mJ of laser pulse energies)
are depicted in Figures 9 and 10. The electrical
properties of TiO2 and Si were used in a solar cell, as
shown in Table 4. A comparison was made between
the results in 400 mJ and 700 mJ. They observed
higher solar cell efficiency at higher laser energy and
found the highest efficiency for the TiO:z cell film at
E=400 mJ (0.07%) and E=700 mJ (1.27%). This is
because increased energy improves film homogeneity
and density, as reported by [67]. The best results were
at a laser energy of 700 mJ.

Table 3: Plasma parameters for Ti plasma at different laser energies.

E (mJ) Te(eV) | nx107(cm?) | £,(Hz) x10° | Ap x10°5(cm) Ng A (nm) r
400 0472 4.348 592.124 7.74 845 8.19 0.373
500 0.486 4.928 630.364 7.38 829 7.85 0.377
600 0.496 5.507 666.413 7.05 808 7.57 0.384
700 0.500 5.797 683.726 6.90 799 7.44 0.387

0.05
o
1 0.8 -0.6 0.4 0.2 0 0.2 0.4
’5 0.05
é -0.1
g
3

Voltage (V)

Figure 9: I-J diagram of the Silicon solar Cell at E=400 mj.
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Figure 10: I-J diagram of the Silicon solar Cell at E=700 mj.

Table 4: Solar cell parameters measurements.

PCE Jsc
E (mJ) (%) FF (%) (mA.cm?) Voc (V)
400 0.07 44.77 -0.18 0.856
700 1.27 19.51 -12.56 0.519

4 CONCLUSIONS

Based on a comprehensive spectroscopic analysis of
titanium plasma, a clear relationship is observed
between increasing laser energy, plasma parameters,
and solar cell efficiency. As the laser energy increases
from 400 to 700 mJ, several significant changes
occur. First, the emission lines of Ti I and Ti II
become more clearly resolved in the recorded spectra.
Second, both the electron temperature and electron
density increase with rising laser energy. This direct
correlation indicates that the plasma conditions of
titanium can be effectively controlled to improve
diagnostic performance using the Laser-Induced
Plasma Spectroscopy (LIPS) technique. In addition,
the Debye length and the number of particles within
the Debye sphere decrease with increasing laser

energy. Meanwhile, the coupling coefficient
increases, suggesting that the titanium plasma
operates within a weakly coupled regime.

Furthermore, a noticeable improvement in solar cell
efficiency is observed as the laser energy increases.
These results demonstrate that titanium plasma
conditions can be effectively controlled through
careful adjustment of laser energy, and they further
emphasize the capability of Laser-Induced
Breakdown Spectroscopy (LIBS) as a reliable and
precise diagnostic tool for plasma characterization.
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