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Abstract: This study details the irradiation of pure (99.995%) and immaculate metallic Zinc using
Nd: YAG laser (1064 nm, 10 mJ, 9-14 ns). The influence and impact of multiple laser shots on
the formation of microstructures and crystal structure orientations is assessed. Arrays of ablated
craters are machined on the whole surface of the target to probe the electrical and topographical
characteristics of laser-treated surfaces. Irradiated samples are examined by multiple characterizing
techniques such as scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray
diffraction (XRD), and a four-point probe for electrical conductivity measurements. SEM and AFM
analysis exhibited the formation of laser-induced ripple structures with periodicity sheerly dependent
on laser shots. A comparison of surface topography of the virgin and treated samples disclosed a
pronounced modification in surface texture. The XRD patterns of laser shined targets indicate no
momentous structural change in the crystal structure, whereas the measurements on the electrical
conductivity of the irradiated surfaces exhibit an exponential descending trend with an augmentation
in laser shots.

Keywords: electrical conductivity; laser irradiation; microstructures; surface morphology; surface
topography

1. Introduction

In the last few decades, owing to the advances in engineering and technology, the
practical application of radiation technologies has escalated widely in different sectors
including material science, nanotechnology, instrumentation, medicine, environmental
remediation, energy devices, food industry, etc. [1-4]. Laser irradiation of solids has become
an unprecedented and novel tool for material processing and has been extensively studied
in the last several decades [5,6]. Laser ablation of materials is a subject of current research
on account of its widespread and far-reaching applications in the domain of material
processing, industry, micromachining, nano-structuring, laser welding, and cutting, as
well as in paint stripping, etching, and surface cleaning [7-10]. Over and above, the
laser has emerged as a promising and propitious technology in compound formation [11],
metallurgy [12], scribing and shaping of materials along with electronic and semiconductor
device fabrication [13,14], optoelectronics [15], sensor [16], pulsed laser deposition [17],
etc. Laser irradiation not only changes the thermal, optical, and electrical properties of the
metals but also induce defects and variations in grain sizes [18]. Moreover, the interaction
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of short laser pulses with solids is accompanied by various instabilities, which may lead to
surface modifications, and alteration in electrical and optical properties [19,20].

Studies have reported that the irradiation of material by short laser pulses of fluence
close to the ablation threshold, leads to the formation of periodic structures in the form
of ripples, ridges, whiskers, and granular structures on the surface [21,22]. As some of
these structures are periodic, they are called Laser-induced Periodic Surface Structures
(LIPSSs) [23,24]. It is of great significance for the material scientists and surface engineering
technology to understand the link between the microstructures and laser processing of
materials. Several theories based on the interference of two waves, the incident and surface
refracted waves, have been used to expound the mechanisms of the formation of coarse
and fine laser-induced periodic surface structures. The surface wave may be diffracted
by the microscopic asperities of the irradiated surface by the laser-induced plasma or by
surface plasmons and polaritons [25,26].

Zinc is the 4th most commonly worldwide applied metal after iron, aluminum, and
copper [27,28]. Zinc is extensively used in oil dwelling fields for anti-corrosion resistance
coating and energy storage devices electrodes. The major objective of this study is the
evolution and development of the surface morphology, surface topography, structural
variations, and electrical conductivity measurements of the metallic zinc targets after
exposure to repetitive Nd: YAG laser pulses ranging from 10 to 40. The low pulse range
is deliberately selected to investigate the IR radiation impact on zinc metal surficial layer
topography/morphology near ablation threshold energy values. Machining of micro
pattern is observed only near ablation threshold values. The work holds its novelty in
establishment of regular wavy pattern near ablation threshold values. To our knowledge,
such grid machine targets have never been studied before (in air) in this range of pulses.
The outcomes of this study are concluded based on the empirical and rationalized results
obtained from atomic force microscopy (AFM), X-ray diffraction (XRD), scanning electron
microscope (SEM), and four-point probe measurement.

2. Materials and Methods
2.1. Experimental Conditions

Finely polished and well-prepared specimens of pure zinc (99.995%) metal are sub-
jected to IR irradiation with the assistance of Nd: YAG laser having a Gaussian inten-
sity profile. The size of experimentally calculated laser spot on a transparent sheet of
polyethyleneterephthalate (PET) (with a single laser shot at a focusing distance of 10 cm), is
found to be 50 pm with a laser fluence of 128 J/cm?. Exposure of the test specimens (2 cm
x 1cm x 0.1 cm) to laser pulses at 0° angle with the normal to the surface is conducted in
ambient air. An IR lens of focal length 10 cm is used to convene the laser pulses tightly on
the target. A schematic of experimental setup is presented in Figure 1.

Zn Target
Nd: YAG laser

Laser induced
plasma plume

_ Stand

Figure 1. A schematic illustration of the experimental setup.
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2.2. Instrumentation

Advanced instrumental techniques were applied to characterized and examine the
material. The surface examination is performed using JEOL JSM-6480LV Scanning Electron
Microscope (SEM) with a high resolution (3.0 nm) and magnification (18 x-300,000x) under
operating voltage of 0.3 kV-30 kV. Veeco di Innova Atomic Force Microscope (AFM) is used
to determine the surface topography. The structural changes are identified using PANa-
lytical X"pert PRO X-ray Diffractometer (XRD) with Cu-k« radiation source (A = 1.54 A).
The intensity and voltage applied 40-55 mA and 45-60 kV, respectively. The electrical
conductivity is measured using four equally spaced probes (2.8 mm spacing) equipped with
a current source (Model 6220, Keithley Instruments, Cleveland, OH, USA) ranges between
2-105 mA and voltage source (Model 2182, Keithley, USA) ranges between 1-120 V.

3. Results and Discussion
3.1. SEM Analysis

The laser allows precise and controlled delivery of an immense amount of energy
on a confined area of the target and renders it a highly potent tool for surface modifi-
cations. When laser pulses interact with the target surface, their energy is thermalized
through electronic and phonon excitations [29]. Consequently, melting occurs that leads
to surface modifications in form of regular wavy structures, ripples, ridges, and irregu-
lar removal of material as a result of evaporation and exfoliation, following sputtering
mechanisms [30,31]. Laser-induced sputtering and swelling of the surface is dominantly a
thermal process [32,33]. The SEM scans of test specimens revealed the surface evolution of
irradiated targets (Figure 2). The micrographs (Figure 2a—d) highlighted the formation of
laser-induced periodic surface structure (LIPSS). Surface alteration by concentric annular
ripple formation is prevalent. The mechanism of the ripple formation is attributed to the in-
terference of the incident beam and scattered and diffracted light from surface irregularities
at repetitive laser pulses [34].

(a) Concentric Semi- Annular Ripples

X

Heat flow channel

X100 100nm

Figure 2. SEM micrographs of zinc target surface irradiated by (a) 10, (b) 20, (¢) 30, and (d) 40
Nd: YAG laser shots at different magnifications including (a) 45x (b) 100x (c) 200x, and (d) 200 %,
respectively.
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The scattered light within the irradiated material propagates as a surface wave and
interferes with the incident laser light producing intensity patterns over the surface. An-
other mechanism of the ripple formation is the ejection and redeposition of droplets on the
molten surface during the same pulse duration. The mechanical waves induced by this
process may freeze on the surface and direct the formation of periodic patterns [34-36].
These structures prevalently depend on the laser parameters such as wavelength, angle of
incidence, fluence, and polarization [26,37].

The SEM analysis clearly identify the hydrodynamic sputtering (Figure 3). Figure 3b
reveals the melting of surface into the liquid phase, which splashed superficially in response
to recoil pressure exerted onto the surface. A material ejection in form of micron-sized
spherical globules is also self-evident. The detachment of these globules from the melt pool
is caused by high recoil pressure of plasma plume exerted on the target surface [32,38].
Transient melting and re-solidification of the material occurred. Droplets of the material
are formed and expelled from the target.

/
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Figure 3. SEM micrographs of the zinc target surface irradiated by (a) 10, (b) 20, (c) 30, and (d) 40 Nd:
YAG laser shots at higher magnifications including (a) 1000, (b) 1000, (c) 2000, and (d) 1000,
respectively.
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The surface boiling and bubble bursting can be identified in Figure 3a,b. Small objects
with spherical ends, called spherical knops are formed [35]. It comes out as the surface
boiled off because of energy accumulation on the surface and the material is re-solidified
before ejection from the target surface. Figure 3¢ highlights the flow of microscopic as-
perities in the molten form on the surface. Furthermore, the hydrodynamic sputtering
mechanism favors the flow of heat in the lateral dimensions within the molten phase of
the material [34,39]. Furthermore, the splashing of material in the form of micron globules
takes place owing to the high recoil pressure on the surface. The evolution of the target
surface with the formation of low spatial frequency LIPPS (LSFL, or big ripples) can be
identified in Figure 3d. The formation of the periodic grooves is based on the modulation
of laser incident energy on the target surface caused by the interference of the scattered
beam with a refracted beam. Whereas the scattered fields are due to surface roughness
and inhomogeneities on the surface [40,41]. To investigate and identify the reliance of
ripple spacing on the laser shots, a graph is plotted between ripple spacing and laser shots
(Figure 4). A perusal analysis of the graph deduces that the spacing between adjoining
ripples is dependent on laser shots.

—&— 10 Shots
—#— 20 Shots
—&— 30 Shots

‘ -40 Shots

T T T T T T T 1

I 1 1 I 1 1
200 250 300 350 400 450
Distance from irradiated spot (um)

T T
100 150

Figure 4. Ripple spacing versus distance from the irradiated spot for different Nd: YAG laser shots
(10, 20, 30, 40).

3.2. AFM Analysis

The AFM micrographs of unexposed and exposed metallic Zinc target surfaces are
presented in Figure 5a—d. When the specimens are exposed to multiple Nd: YAG laser
shots, ripples are formed and the material surface is swelled due to the transfer of laser
energy into heat [42]. The temperature of the workpiece sacrificial layer rises to elevated
temperatures and heat energy is promptly quenched in the cold atmospheric bath. Thereby,
the surface is crumpled into self-organized periodic grooves due to thermal gradients
produced on the surface by incident and scattered laser light fields.
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Figure 5. AFM images of virgin (a) and irradiated zinc targets by 10 (b), 20 (c), and 30 lasers shots (d).

The mean arithmetic roughness R, for the virgin specimen is recorded as 0.023 um.
An average surface roughness is found 0.469, 0.932, 0.230, and 0.160 um in case of 10, 20,
30, and 40 laser shots, respectively. In comparison with virgin samples, about 20 times
higher roughness is observed for the samples exposed to 10 shots irradiation. Similarly;,
exposure to 20 laser shots caused 40 times higher roughness. In case of 30 and 40 laser
shots irradiation, growth in average surface roughness values kept continue; however,
the fractional step-up in average surface roughness is reduced to 10 to 7 times of its
stander value. This variation of average surface roughness with laser shots is explained in
Figure 6. It is clear from Figure 6 that the average roughness increased with 20 laser shots
because an irradiation produced defects and microstructures like ridges, dips, knops, and
micron droplets [43,44]. For higher laser shots (30 to 40), the onset multiple reflection and
absorption occurred dominantly and the average surface roughness dropped because of
the surface smoothening in a backlash to laser annealing [45,46].
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Figure 6. A plot of average roughness versus laser shots.
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3.3. XRD Analysis

Figure 7 shows the XRD patterns of unexposed and exposed Zinc targets. The variation
in grain size (D), inter-planner spacing (d), dislocation line density (4), and micro-strain (e)
for unirradiated and irradiated Zinc targets are determined using Equations (1)-(4) [47,48].
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here, 0 is Bragg’s angle, constant k is the shape factor ~ 0.94, A is the wavelength of the
X-rays, and S is the full width at half maximum (FWHM) for diffraction peaks. By deeming
the entire diffracted X-rays intensity pattern, it comes into prominence that the diffracted
intensity is maximum for the plane (101), henceforth this plane is selected for comparison
of irradiated and un-irradiated samples.
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Figure 7. The XRD pattern of unirradiated and irradiated Zn target at different shots.

The intensity of the exposed sample falls at angle 36.297° and rises at angles 38.993°,
54.337°, and 70.058°, but stays constant at 43.233°. This variation in intensity is on account
of diffraction and scattering of the incident radiation. The intensity variation of diffracted
X-rays vs. Bragg’s angle for zinc metal at 20 laser shots is pretty much evident in the
plotted curve. This graph unfolds that the intensity of exposed material de-escalates at
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angles 36.297°, 38.993°, 54.337°, and 70.058°, and remains unchanged at angle 43.233°
after irradiation. The intensity of diffracted rays is enhanced due to the re-solidification
of molten material as a consequence of atomic diffusion across the grain boundaries and
diminishes due to the expansion of the material. Likewise, is the intensity of diffracted
X-rays with respect to Bragg’s angle for exposed zinc metal for 30 laser shots. The intensity
of the exposed sample abates at angles 36.297°, 38.993°, and 54.337° and accrues at angle
70.058°, but remains stable at 43.233° after irradiation. This variation in intensity is due to
non-uniform strains imposed by laser irradiation on the sample surface [39,49].

The statistical information in Figure 8a reveals the relationship between grain size
and the number of laser shots. A substantial fall in grain size is observed with a rise in the
number of laser shots. About 0.057 um grain size is determined for 40 laser shots. The trend
in Figure 8b gives evidence of the variation in dislocation line density with the number
of laser shots. A gradual rise in dislocation line density is observed with an increase in
number of laser shots. Figure 8c shows the variation in micro-strain with a rise in laser
shots. A steady escalation is noticed in micro-strain for 20 laser shots. A slight fall in value
for the next 10 laser shots corresponds to the semi-annealing effect, followed by a dramatic
rise in micro-strain at 40 laser shots.
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Figure 8. The statistical analysis of effect of laser shots on (a) grain size, (b) dislocation line density,
and (c) micro-strain.

3.4. Electrical Properties

Laser exposure has substantive effects on the electrical properties of metals. Laser
irradiation disturbs the lattice arrangement through defect generation. Consequently, these
defects accouter nucleation sites for dislocations and invoke to decrease the conductivity
of metals. In the proximity of interaction, energetic electrons are generated by the laser
radiations, and multiple defects e.g., point, line, and volume are produced. Unexposed
zinc samples cannot be deemed 100% defect-free as since lattice vibrations constitute one
form of imperfection [50,51]. Regardless of laser-induced damages, the crystallite size
defines the conductivity effectively. Small crystallite size concludes for larger scattering
probability for the electrons impelling across crystallite boundaries [52]. Additionally, the
electrical properties of laser-treated targets vary with the extent of the laser-induced dam-
ages depending upon the laser properties such as its wavelength and energy. In our case,
with the increase in laser pulses, a decrease in electrical conductivity is more pronounced
and meaningful, which may be due to the enhanced photophysical and photochemical
processes. These enhanced processes are accountable for the generation of more structural
defects, dislocations, and imperfections such as frenkel pair, interstices, crevices, cracks,
and voids. Adding more to this, photon-phonon interaction can also directly cause the
lattice displacement from original positions [53,54].

Electrical conductivity is being defined as the electric current density per unit applied
electric field. We determined the electrical conductivity of virgin and laser-treated test
specimens using an arrangement of four evenly spaced probes of spacing 2.8 mm placed at
the center of the specimen, parallel to its length (2 cm) and precisely located at the center of
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the test specimen (1 cm). Electric current (I) is allowed to flow through the outer two probes
(Keithley: Model 6220DC Current Source: Range: 2-105 mA) and corresponding potential
difference (AV) was measured across the inner two probes (Keithley 2182A Nanovoltmeter:
Range: 1 nV to 120 V). Electrical conductivity o (ohm m) ! is determined by Equation (5).

In2 (1
= T (AV) ©)
here, h is the thickness of the specimen (0.1 cm). An exponential trend is found in the

reduction of electrical conductivity of zinc metal with laser shots as shown in Figure 9.
Equation (6) is used for linear curve fitting of conductivity.

y = Arexp (—x/t1) + yo (6)

here, x and y show the number of laser shots and electrical conductivity, respectively.
yo =8.53 x 107, A} =9.37 x 107, and t; = 14.22. The correlation factor is determined 0.97.
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Figure 9. A plot of laser shots vs. electrical conductivity.

In conclusion, the irradiation of the Zinc targets caused morphological changes such
as ripple structures and topographical surface alteration as observed in SEM and AFM
analysis. The XRD analysis did not indicate significant structural change in the crystal
structure; however, an exponential descending trend in electrical conductivity is observed
with an increase in number of laser shots.

4. Conclusions

Metallic Zinc targets were investigated for morphological, topographical, structural,
and electrical properties changes after irradiation with nanosecond Nd: YAG laser pulses.
Concentric annular ripples structures formation is found to be a dominant phenomenon
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accompanied by hydrodynamical and thermal sputtering. The periodicity of the laser-
induced periodic surface structure (LIPPS) springs up to be highly dependent on the
laser shots. Surface defects formation and roughness alteration observed. The stresses
induced by IR radiation are incapable to produce physical structural changes. The elec-
trical conductivity of the laser shined targets declined exponentially with the increase in
laser shots.
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