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This work shows aims to study the effect of plasma characteristics induced by a pulsed
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laser from a nickel-titanium (Ni-Ti) target at varying laser energy with the composition
phase, structural, and surface morphology of the ablated nanoparticles. The increasing
intensity of Ti Il lines at higher energies, while absent of nickel, indicates differences
between the excitation capabilities of the two metals. The electron temperature increases

with the pulse energy, affecting the crystallinity and phase composition of the prepared
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nanoparticles. The plasma density increased with the laser energy due to the rise in the
ionisation process. The XRD analysis of Ni/Ti NPs demonstrates that increasing laser
energy leads to an increase in the Ni phase, enhanced crystallinity, and reduced strain in
the nanoparticles. The FE-SEM images confirm the variation in morphology with
increasing laser energy, enhancing the particles' uniformity. The 900 mJ laser energy
ablation is more suitable for applications requiring high density such as in biomedical
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1. Introduction

Nitinol (NiTi), a nickel-titanium alloy, receives
significant attention for different fields of applications
due to its exceptional properties, including shape
memory and superelasticity [1]. NiTi nanoparticles
have low toxicity and noble biocompatibility, which
makes them candidates for implant coatings [2]. NiTi
nanoparticles can also be used to coat biomedical
devices such as surgical instruments [3]. NiTi NP was
found to be angiogenic, which extends its applicability
in tissue engineering [4]. NiTi NPs strongly depend on
the proportion of the two elements and the grain size
[5].
Pulsed laser ablation in liquid (PLAL) has
developed as an active route for synthesizing
nanomaterials. It is an environmentally friendly and
cost-effective approach with controlled structural and
morphological properties of the prepared nanoparticles
[6,7]. The PLAL technique produce high-purity
nanoparticles (NPs) without additional agents, making
it advantageous for biomedical applications [8]. The
formation of nanoparticles by PLAL is governed by
complex physical and chemical processes within the
laser-induced plasma [9], affected by laser parameters
such as pulse energy, wavelength, and pulse duration
[10,11].

The plasma characteristics, including electron
temperature (T.) and their number density (n.), are
essential factors that affect the characteristics of the
ablated nanoparticles [12]. The energy distribution
within the plasma directly affects the vaporization of
target material, nucleation and particle growth [13].

Optical emission spectroscopy (OES) is a powerful
technique for plasma diagnosis by examining the
emission spectra of excited species within the plasma
[14]. This technique gives provides date about plasma
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conditions, which correlate with the structural and
chemical properties of the synthesized nanoparticles
[15]. It can also be used to control nanoparticle
composition, enhancing their suitability for
biomedical applications [16].

This study aims to investigate the effect of laser
energy on the plasma characteristics induced near the
surface of the Ni/Ti target and their correlation with
the structural and morphological properties of the
created alloy nanoparticles. The research focuses on
the phase change of the generated phases with the
laser energy.

2. Experimental Part

The OES was used to investigate the plasma
characteristics during pulsed laser ablation of Ni/Ti
nanoparticles (NPs) at different laser energies. The
correlation between laser energy with both plasma
characteristics and the properties of the generated
nanoparticles was examined. A target was prepared by
my mixing nickel and titanium powders at a 50/50
Ni/Ti atomic ratio using a ball mill, followed by
pressing under 5 tons of pressure to form a 2.0 cm
diameter disk. An Nd:YAG laser (Diamond-288) with
a wavelength of 1064 nm was employed at varying
pulse energies (600, 700, 800, and 900 mJ) Plasma
characteristics were analyzed using a spectrometer
(Thorlabs-CCS 100/M) over a wavelength range of
200 to 400 nm. For each sample, 200 laser pulses were
applied. The synthesized Ni/Ti nanoparticles were
than drop-cast onto a glass substrate and dried at 70°C
for further characterization.

The structural properties and phase composition of
the deposited nanoparticles (prepared at different laser
energies) were analyzed using SHIMADZU-6000 X-
ray diffractometer. The morphology of the samples

PRINTED IN IRAQ 469



IRAQI JOURNAL OF APPLIED PHYSICS

was introduced by an Inspect F50, FEI field-emission
scanning electron microscopy (FE-SEM).

3. Results and Discussion

Figure (1) displays the plasma emission spectral
generated during laser ablation of a Ni/Ti target
across 250 - 700 nm wavelength range ,recorded at
four distinct pulse laser energies (600, 700, 800, and
900 mJ). The spectra exhibit characteristic emission
lines of titanium (Ti) and nickel (Ni), whose relative
intensities show significant energy dependence .All
observed spectral features were identified by
comparison with reference atomic emission data from
the National Institute of Standards and Technology
(NIST) [17], confirming the presence of neutral (Ti I,
Ni I) and singly-ionized (Ti II, Ni II) in the plasma.
The emission intensity increases significantly with
rising the laser energy from 600 to 900 mlJ. This
behaviour results from enhanced ablation rates and
greater plasma excitation at higher energy levels
generating more excited atoms and molecular species
[18,19].
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Fig. (1) Plasma emission spectra of the laser induced plasma at
different pulse energies from Ni/Ti target

The appearance of neutral titanium spectral lines
(Ti I) indicates a substantial portion of the ablated
species remains in the ground state. The
intensification of single-ionized titanium lines (Ti II)
with increasing laser energy confirms elevated plasma
temperatures. In contract, nickel demonstrates
significantly higher resistance to ionization under
these experimental conditions.

Variation in emission lines intensities accurately
reflect relative changes in the plasma  species
concentrations, though they cannot determine absolute
quantities due to the determine of the spectral intensity
on multiple factors including transition probability,
statistical weight of energy levels , and instrument
characteristics .Consequently ,this technique reveals
trends in particle distribution dynamics rather than
providing absolute concentration measurements.

Figure (2) presents the emission intensity variation
of selected spectral line corresponding to the Ni I
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(351.51 nm) and Ti I (455.25 nm), along with their
intensity ratio as a function of laser energy .Analysis
reveals significantly stronger laser energy dependence
for Ni emission compared to Ti, with Ni I line
intensity being substantially weaker than Ti I lower
laser energy. This observed display primarily
originates from fundamental differences in the
materials physical and thermodynamic properties,
particularly  their  binding  energy, thermal
conductivities, and vaporization temperature [20].
Titanium‘s characteristically lower density and
reduced thermal conductivity than Ni, contributing to
a higher initial ablation rate of Ti at lower laser

energies to overcome its binding forces and
vaporization initiate than Ni [21].
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Fig. (2) Variation of emission line intensity of the Ni I (351.51

nm) and Ti I (455.25 nm) and their ratio

The intensity of both Ni and Ti emission lines
increases with the laser energy. However, the rate of
growth is more distinct for Ni compared with Ti. The
increase in intensity indicates enhance ablation
efficiency of Ni and increasing the excitation
probability of Ni species in the plasma. The ratio of Ni
I (351.51 nm) to Ti I (455.25 nm) emission intensities
increased with increasing laser energy. The observed
trends indicate the significance of laser energy in
controlling the relative ablation of Ni and Ti, which
are governed by their intrinsic material properties and
interaction dynamics with the laser pulse [22].

As shown in Fig. (3), the Boltzmann plot analysis
used to determines the induced plasma's electron
temperature (T.) of the induced plasma during Ni/Ti
thin film deposition. Based on the fundamental
assumption that plasma excitation follows a
Boltzmann distribution. 7 is derived from the inverse
slope of the linear fit in the Boltzmann plot, utility
NIST atomic data for Ti I emission listed in table (1).
The observed linear relationship strongly validates of
the experimental data. 7, increases with the increase in
laser energy. This temperature is elevation results
directly from greater energy deposition into the
plasma at higher laser energies, which promotes more
efficient excitation of atomic species to elevated
electronic states.
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Fig. (3) Boltzmann-plot at different laser energies using the Ti I
emission lines

Table (1) The NIST data corresponding to the used Ti I
emission lines in Boltzmann plot

Wavelength (nm) grAix108 Ei(eV) Ej (eV)
444.9143 11.0 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

The elevated electron temperature significantly the
ablation dynamics by enhancing the kinetic energy of
the ablated species, which improving atomic mobility
during film formation [23]. This effect manifests in
the resulting thin films through two key structural
improvements: increased crystallite sizes and reduced
internal strain. Also, the substantially higher plasma
temperature at 900 mJ creates a strongly ionized
environment, which may contribute to oxidation
processes when oxygen is present in the deposition
chamber.

Figure (4) shows the Lorentzian fitting analysis of
the Ti IT 308.80 nm emission line, which illustrates the
influence of laser energy on the spectral broadening in
the laser-induced Ni-Ti plasma. The observed
broadening primarily results from Stark effects, while
minor broadening mechanisms related to electron
number density (n.) are neglected. Stark broadening
originates from the electric field generated by free
electrons surrounding emitting species. The full width
at half maximum (AL) exhibits a progressive increases
from 600 to 900 mJ, directly high laser energies. This
relationship stems from increased ionization efficiency
at elevated energies, yielding higher free electrons
concentration.

Plasma density (ne) is quantitatively determined
through Stark broadening according to the relation n.

= (%) N: [15], where s is the electron impact

parameter for Ti II at 308.80 nm, Nr is the reference
electron density [24], and AX is the determined line's
broadening

Table (2) displays the plasma parameters induced
by laser ablation of a Ni/Ti target at the different pulse
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energies. The electron temperature increases from
0.451 to 0.496 eV while the electron density from
3.913x10"7 to 5.507x10"7 cm3 as the laser pulse
energy increases from 600 to 900 mJ. The higher
electron temperature causes more ionization, resulting
in more free electrons in the plasma plume.
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Fig. (4) Lorentzian fit for Ti I1, 308.80 nm line at different pulse
energies

Table (2) Plasma parameters at different pulse energies from

the Ni/Ti target
E(mJ) | Te(eV) | nex10'(cm?) | fp(Hz) X100 | Ap x105(cm) | No
600 0.451 3.913 561.738 0.798 833
700 0.455 4.928 630.364 0.714 752
800 0.473 5.362 657.586 0.698 763
900 0.496 5.507 666.413 0.705 809
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The plasma frequency, which describes the
oscillation of free electrons in response to external
fields, also exhibits a rising trend corresponding to the
rise in electron density. The Debye length shows a
decreasing trend as laser energy increases due to a
stronger Coulomb interaction within the plasma due to
increased electron density. These results influence
plasma behaviour and its interactions with
surrounding materials. The number of particles within
a Debye sphere (Np) exhibits fluctuations across
different pulse energies.

Figure (5) displays the XRD patterns of the
deposited Ni/Ti NPs prepared by PLA at 600, 700,
800, and 900 mJ pulse laser energies. The diffraction
peaks observed correspond to different crystalline
phases of the hexagonal Ti phase and cubic Ni phase,
and there is a minor presence of cubic NiO, according
to the JCPDS card no. 96-900-8518, 03-1051, and 96-
432-0488, respectively.

The crystallite size, determined using the Scherrer

formula [25]D = /3.255?9) where 3 is the breadth of a

diffraction line, and 0 is the diffraction angle. The D
values increase with increasing laser energy. The
crystallite size of Ni increases from 16.5 nm at 600 mJ
to 19.3 nm at 900 mJ, indicating grain growth at
higher laser fluences. Similarly, the crystallite size of
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Ti increases slightly, although at a slower rate
compared to Ni.
The lattice strain (€) was calculated according to

the relation [26] € = @. The € values decreas as

the laser energy increases. The higher strain at low
laser energy due to rapid condensation of ablated
species and limited atomic rearrangement. As the laser
energy increases, the additional energy allows strain
relaxation, resulting in improved crystallinity. The
increasing Ni content and reduced strain at higher
laser energy may alter the mechanical and functional
characteristics of the thin films, making them more
suitable for applications such as biomedical coatings.
Table (3) displays the XRD parameters of Ni/Ti thin
films deposited by different laser pulse energies.
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Fig. (5) XRD of the as-deposited Ni/Ti composite films using
different pulse laser energies

As the laser energy increases, an evident variation
in the phase composition is observed. The phase ratios
for Ti and Ni were determined according to the
summation of intensities corresponding to diffraction
lines, as listed in table (4). At 600 mJ, the film mainly
comprises the Ti phase, making up 60.8% of the total
composition, while the Ni phase accounts for only
31.7%. The dominance of Ti at lower laser energy
suggests that the ablation rate of Ti is initially higher
due to differences in material properties. However, as
the laser energy increases, the Ni phase percentage
increases progressively, reaching 38.0% at 900 mJ due
to the enhanced ablation efficiency of Ni. Since Ni has
a higher density and thermal conductivity than Ti, it
requires more significant energy input to reach the
vaporization threshold.

Figure (6) displays the top-view FE-SEM
micrographs at two magnifications (30 kx and 120 kx)
examining morphological variations in Ni/Ti NPs
synthesized at 600 mJ and 900 mJ laser energies. The
600 mJ samples demonstrate characterized by larger
nanoparticles (64-99 nm diameter range) with
irregular packed and pronounced clustering, this
morphological behavior stems from reduced likely

ISSN (print) 1813-2065, (online) 2309-1673

’ A
‘I

© ALL RIGHTS RESERVED

/f(‘“q Iragl Journal of
el

Applied Physics

AP

Vol. 21, No. 4, October-December 2025, pp. 469-474

kinetic energy of the ablated species at lower laser
energies, resulting inefficient surface diffusion and
non-uniform particle dispersion during deposition. In
contrast, the 900 mJ samples exhibit significantly
improved morphological characteristics, featuring
smaller nanoparticles (20-55 nm diameter range) with
enhances size uniformity and spatial distribution. This
transformation arises from increased laser fluence,
which promotes more efficient energy transfer to the
target material, thereby improving sputtering yield and
nanoparticles refinement. The higher deposition
energy simultaneously induces two beneficial effects:
greater film densification and reduced surface

roughness. The improved uniformity at 900 mJ can be
attributed to higher plasma density.

()
Fig. (6) FE-SEM images of as-deposited Ni/Ti films on glass
slides at (a) 600 mJ and (b) 900 mJ laser energies

Table (4) Phase composition percentages according to the XRD

peak intensities
Phase | 600mJ | 700 mJ | 800 mJ | 900 mJ
Ni 31.7% | 329% | 355% | 38.0%
Ti 60.8% | 59.3% | 56.2% | 53.0%
NiO 7.5% 7.8% 8.4% 9.0%

4. Conclusion

A strong relationship between laser energy and
ionization degree was revealed. The increasing
intensity of Ti II lines at higher laser energies
indicates an increasing ionization, whereas Ni I lines
dominate with minimal ionization. The critical role of
laser energy in modifying plasma properties for thin-
film deposition was confirmed. Increasing laser
energy leads to elevate electron temperature, higher
plasma density, and increase ablated material at rates
dependent on material characteristics, significantly
affecting the physical and chemical properties of the
deposited Ni-Ti NPs. The higher laser energy results
in increased Ni content, larger crystallite size, and
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reduced strain, all contributing to variation in the thin
film properties. Moreover, increasing laser energy
improves film uniformity. Films deposited at 900 mJ
exhibits superior density, making it highly suitable for
applications requiring high-quality coatings, such as
biomedical implants.
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Table (3) XRD parameters of Ni/Ti thin films at different laser energies

Laser Energy (mJ) | 20(°) | FWHM(°) | dwa(A) | D(nm) | Phase hkl | Strain
35.0660 | 0.5855 25570 | 142 Hex. Ti | (100) | 0.0081

371770 | 04479 24165 | 187 | Cub.NiO | (111) | 0.0058

600 38.3500 | 0.5855 23452 | 144 Hex. Ti | (002) | 0.0073
40.0880 | 0.7143 22475 | 118 Hex. Ti | (101) | 0.0085

44.3860 | 0.5215 20393 | 165 Cub.Ni | (111) | 0.0056

51.7390 | 0.5326 1.7654 | 16.6 Cub.Ni | (200) | 0.0048

35.0780 | 0.5555 2.5561 15.0 Hex. Ti | (100) | 0.0077

371890 | 0.4249 24157 | 19.7 | Cub.NiO | (111) | 0.0055

700 38.3620 | 0.5555 2.3445 | 15.1 Hex. Ti | (002) | 0.0070
40.1000 | 0.6777 2.2468 | 125 Hex.Ti | (101) | 0.0081

44.3980 | 0.4948 20388 | 17.3 Cub.Ni | (111) | 0.0053

51.7510 | 0.5054 1.7651 175 Cub.Ni | (200) | 0.0045

35.0900 | 0.5270 2.5553 | 15.8 Hex.Ti | (100) | 0.0073

37.2010 | 0.4032 24150 | 20.8 | Cub.NiO | (111) | 0.0052

800 38.3740 | 0.5270 2.3438 | 16.0 Hex. Ti | (002) | 0.0066
401120 | 0.6429 22462 | 132 Hex. Ti | (101) | 0.0077

444100 | 0.4695 2.0383 | 183 Cub.Ni | (111) | 0.0050

51.7630 | 04795 1.7647 | 184 Cub.Ni | (200) | 0.0043

35.1020 | 0.5000 25544 | 16.7 Hex.Ti | (100) | 0.0069

37.2130 | 0.3825 24142 | 219 | Cub.NiO | (111) | 0.0050

900 38.3860 | 0.5000 2.3431 16.8 Hex. Ti | (002) | 0.0063
40.1240 | 0.6100 2.2455 | 139 Hex. Ti | (101) | 0.0073

444220 | 0.4454 20377 | 193 Cub.Ni | (111) | 0.0048

51.7750 | 0.4549 1.7643 | 194 Cub.Ni | (200) | 0.0041
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