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Abstract

Study the effect of different gas ratios (argon/oxygen) using microwave plasma and optical emission spectroscopy (OES) on the
surface properties of zinc (Zn). The effects of electron temperature and resulting electron density on the etching of the zinc
surface were examined at three plasma voltages (50, 100, and 150 V) and at a frequency of 2.45 GHz. Additionally. The
Boltzmann plot method provides an effective means to determine the electron temperature in plasma and to study its behavior
under different operating conditions for various gas ratios (Ar 100%, Ar 20% - O 80%, and Ar 80% - O 20%) of (4.2, 2.16, and
0.59 eV), respectively. The Stark broadening method provides electron density for the same ratio gases (9.9, 8.4, and 9.26) x10%/
cm3, respectively. The X-ray diffraction (XRD) pattern shows peaks between 40° and 50°, indicating the formation of a densely
packed hexagonal structure of zinc and zincite. Field emission scanning electron microscopy (FE-SEM) images revealed the
effect of argon gas concentration on zinc surface etching. The images showed that the zinc surface was most affected at a 100%
argon concentration, and the effect decreased with increasing oxygen concentration, until the surface became smoothest at an

80% oxygen concentration.
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Plasma is considered one of the fundamental physical states
of matter. It’s an ionized gas composed of free electrons, ions,
and neutral particlesi4l, characterized by its ability to exhibit
collective behavior due to electromagnetic interactions
among its components(® €. As the temperature of a substance
increases, it transitions from the solid state to the liquid and
then to the gaseous state, and with continued heating to higher
levels™, ionization of the gas occurs, leading to the
formation of plasma, which is known as the fourth state of
matter@%12 Based on the thermal equilibrium among its
components®3, plasma is classified into thermal equilibrium
plasma (TP) and non-thermal equilibrium plasma (NTP)
11 In the first case, the temperatures of electrons and ions are
equal and reach very high valuesi® 17, whereas non-thermal
plasma is characterized by the low temperature of heavy
particles compared to electronst824 Microwave plasma is
considered one of the most advanced types of plasma due to
its ability to generate stable plasma with high density without
the need for direct electrodes?: 23 which reduces
contamination and improves the uniformity of processing(l.
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This technology also provides precise control over plasma
properties by adjusting operating parameters such as power2
& pressurel2, and the type and ratio of gases used(22,

The gas mixture of argon and oxygen (Ar/O3) is considered
one of the most commonly used systems[2, as argon plays a
fundamental role in maintaining the stability of the plasma
discharge and increasing electron density due to its low
ionization energy? 39 \While oxygen contributes to the
generation of reactive oxygen species (ROS), which enhance
surface interactions and lead to increased surface roughness
and surface energy and improve wettability, as well as
promoting the formation of an oxide layer and increasing
corrosion resistance and biocompatibility of the material2t
82 particularly in applications related to corrosion resistance
and biocompatibility®3l. Changing the gas ratios in (Ar/Oz)
plasma leads to fundamental changes in the plasma
propertiest28l, particularly in the distribution of electron
energy®4, the density of active species®¥, and the interaction
behavior with the surface8l. Argon gas (Ar) is widely used
as an inert gas due to its ability to facilitate the plasma
evacuation process and increase electron density. The active
particles generated in the plasma also contribute to modifying
the surface morphology and structure, Active argon ions
interact with the material surface through ion bombardment,
leading to surface etching, atomic rearrangement, and the
formation of new active sites, thus changing the surface
properties and morphology. which affects the material's
properties and various applicationstZ 8, which play a key
role in modifying the surface properties of materials,
including energy distributiond, electron density[, electron
temperature (Te)X2, as well as the nature of the active species
formed within the plasmal®l. Therefore, understanding the
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relationship between gas ratio and plasma properties is
essential for improving surface process performance and
controlling the microstructure of treated materialst 491,

Theoretical Section

Optical Emission Spectroscopy (OES) is considered one of
the most important plasma diagnostic techniquest®, due to its
non-intrusive nature that allows for the analysis of emitted
radiation over a wide range of wavelengths (200—800 nm)&Z,
By analyzing the intensity of the spectral lines of the excited
speciesll, the qualitative composition of the plasma can be
determined™?, and the excitation and ionization mechanisms
can be understood®. The Boltzmann plot method can also be
used to extract the electron temperaturel, which is one of
the most important physical parameters reflecting the energy
distribution within the plasmal®2., The electron temperature is
defined under LTE condition as follows(=3:

ln[ Aji I ] _ <_ i) +1n |l| (1)
hC A]lg] KTe U(T)
where (A;i)) wavelength correspondent the transmission
between two levels, (1;) spectral line intensity, (A;i) transition
probability between two levels, (E;) excitation energy, (g;) the

density of states, (k) Boltzmann constant, U(T) is the partition
function, and (N) total population density.

Furthermore, the significance of this technique lies in its
ability to extract fundamental plasma parameters such as the
electron temperature (Te) and electron density (ne)4, as (Te)
can be calculated using Boltzmann plots based on the
intensity of spectral lines, while (ne) is determined through
the analysis of Stark broadening of spectral lines using the
full width at half maximum (FWHM) value®®, The Stark
broadening, which applies exclusively to high-density
plasma, is given by7:

A
2w (4 Te)) Nr -

The stability of charge neutrality in the bulk region is a
fundamental feature of plasma. When the plasma is subjected
to a sudden disturbance from its equilibrium state, a strong
electric field is generated, stimulating collective motions of
the particles that act to restore the initial charge neutrality8l,
These motions are characterized by the plasma frequency,
which is an internal oscillation frequency defined as follows:

ne(CM_3) = <

n, e?

f = —m: — =889/n, - ()
The Debye plasma length is another physical measure used to
characterize plasma. It helps in measuring the distance
between electrons and ions in the plasma. The arrangement
between electrons and ions is effectively reduced by
electrostatic forces at a distance determined by the Debye
plasma length (Ap), as shown in(:

Eo KB T
Ap= |——— . (4)
b n, e?
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In plasma physics, charged particles within a Debye sphere
interact only collectively; hence, the number of electrons
(ND) within a Debye sphere is expressed as follows®1:

4
Ny =7 dhn, - ©)

On the other hand, plasma treatment plays an important role
in improving surface properties such as roughness, surface
energy, and chemical reactivity®™, A field emission scanning
electron microscope (FE-SEM) is used to study the
morphological changes resulting from plasma treatment with
high precision, providing a deep understanding of the
relationship between plasma properties and surface
structurel®d,

Microwave plasma was used at a frequency of (2.45 GHz)
and an operating power of (1000 W), with varying ratios of
argon and oxygen gas mixture, and standard spectral data
extracted from the NIST database were relied upon to identify
and analyze the emission lines used in the study of the
spectral properties of the resulting plasmal®d, to study their
effect on the spectral properties of the plasma using the OES
technique, in addition to calculating the electron temperature
and density on the zinc foil®2,

The study aims to investigate the impact of changing the
ratios of argon and oxygen gases in microplasma on the
spectral properties and plasma parameters, particularly the
electron temperature and density, using the (OES) technique.
In addition, it examines the effect of these changes on the
surface structure of zinc metal using (FE-SEM), through
which the morphological changes of the zinc surface were
analyzed with the aim of correlating plasma properties with
the improvements occurring in the surface structure.

Experimental Section

Figure 1, illustrate the system of microwave plasma. A
plasma microwave system has been designed to operate at a
variable frequency and voltage (2.45 GHz) (0 to 200) volts
respectively. It includes a magnetron connected to a
waveguide to enhance the density of the electromagnetic
wave, in addition to fibers and an optical emission
spectroscopy (OES) device (Ocean Optics Spectrometer,
Flame-S-XR1). The spectrum appeared on the computer
screen as peaks resulting from the optical emission
spectroscopy (OES) measurements, compared with the NIST
atomic spectral databasel®, The surface area of each zinc
piece (length x width) was 1 cm?, with a thickness of (0.25
mm). They were cleaned using ethanol and distilled water in
an ultrasonic device for (15 minutes) to remove any
impurities on the zinc sheets and then left to air dry. The zinc
foils were exposed to microwave input voltage of (50, 100,
and 150) volts to study the plasma spectra and its parameters.
The microwave plasma system was operated under
atmospheric pressure conditions. A total gas flow rate of 20
liters/minute was maintained using a flowmeter for each of
the mixed gas compositions. Plasma was generated using a
quartz tube nozzle with a length of 30 cm, an inner diameter
of 5 mm, and an outer diameter of 7 mm. An approximately
1.5 cm visible plasma cloud was observed at the nozzle exit,
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characterized by a light purple emission. Zinc samples were
placed directly under the plasma jet at a fixed distance of 1
cm to ensure direct exposure to the active plasma region.
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Figure 1. Schematic diagram of the (Ar/O2) Microwave plasma
system.

Results and Discussion

Optical Emission Spectrum (OES)

Figure 2 shows the atomic emission spectra of plasma on the
zinc surface at three applied voltages (50, 100, and 150 volts),
where the spectrum is analyzed and plasma parameters are
calculated based on Optical Emission Spectroscopy (OES) to
study the effect of gas ratios on plasma properties. The
plasma spectrum in the figures illustrated, that the intensity
of the spectral lines of argon and oxygen gases depends
greatly and directly on the gas ratio in the plasma mixture.
When the argon ratio is 100%, notice the active role of
electrons in exciting argon atoms. However, when the oxygen
ratio is 80%, the increase in the density of active particles
causes the oxygen spectral lines to become clearly visible, in
addition to energy transfer from excited argon atoms to
oxygen molecules, which enhances their spectral emissions.
Moreover, collision and dissociation processes in oxygen
consume plasma energy, reducing the intensity of argon
emission and increasing the dominance of oxygen in the
spectrum. When zinc metal is exposed to pure argon and
oxygen ratios, it directly affects the surface of zinc due to
several factors. First, excitation, emission, and the appearance
of zinc spectral lines. Second, surface sputtering, where
positive argon ions (Ar*) work to excite zinc atoms and eject
them. Third the oxidation oxygen, where reacts with zinc to
form (0, + e~ — 2e). Therefore, we observe stable plasma
with high electron density and no chemical reactions. And
since argon is heavy, it transfers high momentum. In the case
of an argon ratio of 80%, the percentage of energy that argon
provides to the plasma is high. Oxygen breaks and reacts with
zinc (Zn + 0 = Zn0).

The changes in plasma properties with varying Ar/O: ratios
can be explained based on the different physical
characteristics and reaction mechanisms of argon and oxygen
in the plasma. Argon, being a noble gas, is characterized by
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efficient electron excitation and ionization processes,
enhancing the production of active electrons and maintaining
a relatively high electron density. With an increase in the
oxygen ratio, oxygen molecules act as negatively charged
species that capture free electrons through electron
attachment processes, leading to a reduction in electron
densityIn addition, part of the electron's energy is consumed
in the dissociation and excitation of oxygen molecules, which
can alter the distribution of electron energy and affect the
electron temperature. The transfer of energy from excited
argon atoms to oxygen species further enhances oxygen-
related emission lines, while reducing the relative intensity of
argon emissions. Therefore, the Ar/O: ratio plays a crucial
role in determining plasma stability, electron dynamics, and
optical emission behavior.
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Figure 2. Emission spectrum spectroscopy of zinc at different
voltages (50, 100, and 150 volts) and different gas ratios using

microwave plasma.

Tables (1, 2, and 3) illustrate the prominent emissions and
plasma energy spectrum of oxygen and argon on the zinc
surface. The highest and most prominent peaks for oxygen,
argon, and zinc are presented (Ol represents the first
ionization, Ol the second ionization, and Olll and OIV for
oxygen), (Arl the first ionization, Arll the second ionization),
(Znl the first ionization, Znll the second ionization), along
with the lowest and highest energy levels, and the transition
energy at different voltages (50, 100, and 150 volts) in Table
3. The spectral emission was correlated with NIST data.
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Table 1. Spectral data on the emission lines of the Argon and Oxygen ratio (Ar20% and O80%), wave length, Intensity, the lower

and upper energy levels, and energy transition levels at different voltages (50, 100, and 150) volts.

lon A (nm) I(a.u) Ak.i E2(ev) | Transition lower energy levels | Transition upper energy levels
ol 268.5 336.64 | 1.84e+08 | 49.650 2s2p2(4P)3p 2s2pS (*p®)3d
(OR\Y) 307.77 6605.29 | 1.29e+08 48.373 2523s 2s23p

Ooll 336.3 20420.7 | 6.89e+07 32.519 2s22p2(3P)3d 2522p2(3P)5p
O Il 369.1 | 1551844 | 7.76e+07 | 48.698 2522p2(2P°)4p 2522p(2P°)5s
oll 43211 | 10638.16 | 1.11e+04 | 31.756 2522p2(3P)3d 2s22p2(3P)4f
oll 494.06 | 15548.27 | 7.88e+07 | 29.068 2522p2(3P)3p 2522p2(3P)3d
oll 727.17 | 19805.36 | 7.17e+05 | 30.560 2522p2(3P)3d 2522p2(3P)4p
oll 738.3 6054.73 | 4.73e+05 | 30.536 2522p2(3P)3d 2522p2(3P)4p
ol 753.9 5667.04 | 6.91e+05 | 30.503 2522p2(3P)3d 2s22p2(3P)4p
oll 762.6 17798.68 | 1.16e+06 | 30.477 2522p2(3P)3d 2s22p2(3P)4p
ol 765.8 37706.01 | 2.30e+06 | 30.471 2522p2(3P)3d 2s22p2(3P)4p
Arll 336.3 89280.57 | 4.1e+07 23.548 3s23p*(°P)4p 3s23p*(°P)4d
Arll 357.7 | 72073.28 | 5.1e+05 | 24.964 3s23p*(:D)4p 3523p4(3P)5d
Arll 379.82 | 16669.78 | 1.7e+07 22.811 3s23p*(°P)4p 3s23p*(°P)4d
Arll 432.55 | 23685.74 | 5.7e+06 26.664 3s23p*(1S)4p 3s23p*(1S)5s

Table 2. Spectral data of the emission lines of Argon and Oxygen ratio (Ar80% and 020%)and zinc fronts, along with the lower
and upper energy levels, in addition to the energy transition levels at different voltages (50, 100, and 150 volts).

lon | A(nm) I(a.u) Ak.i E2(ev) Transition lower energy levels | Transition upper energy levels
Ol 753.9 5667.04 6.91e+05 30.503 2s522p2(3P)3d 2522p2(3P)4p
oll 763.03 34904.47 1.16e+06 30.477 252 2p2 (3p)3d 252 2p2 (3p)4p
Olll | 369.1 | 1551844 | 4.01e+07 45.332 252 2p2(4p)3s 2s2 2p2(4p)3p
Olv | 307.77 6605.29 1.29e+08 48.37382 252 3s 252 3p

Arl | 696.02 | 100885.92 | 2.4e+05 14.952 3s523p5(2P°3/2)4p 3523p5(2P°1/2)4d
Arl | 826.38 | 210254 | 1.53e+07 13.327 3s523p5(2P°1/2)4s 3s523p5(2P°1/2)4p
Arll | 75051 9959 4.5e+07 21.624 3s23p4(3P)4p 3523p4(1D)3d
Znl 206.59 1035.6 4.6e+08 12.015276 3d104s 3d104p
Znll | 411.37 42246.69 8.9e+06 8.8092062 3d104s4p 3d104s6d

Znl 531.48 10656.51 2.72e+08 | 6.65450963 3d104s5s 3d104s8p

Table 3. Spectral data on the emission lines of theArgon (100%) front, the lowest and highest energy levels, in addition to the
energy transition levels at different voltages (50, 100, and 150) volts.

lon A(nm) I(a.u) Ak.i Ez(ev) | Transition lower energy levels | Transition upper energy levels
Arll 28453 | 30508.1 2.6+05 21.498 3s23p*(3P)4s 3s23p*(!D)4p
Arll 308.22 96669.55 | 1.4e+08 25.444 3s23p*(D)4p 3s23p*(°P)5d
Arll 336.3 89280.57 | 4.1e+07 23.548 3s23p*(°P)4p 3s23p*(°P)4d
Arll 357.7 72073.28 | 5.1e+05 24.964 3s23p*(*D)4p 3s23p*(°P)5d
Arll 379.82 16669.78 1.7e+07 22.811 3s23p*(°P)4p 3s23p*(°P)4d
Arll 43255 | 23685.74 | 5.7e+06 | 26.664 3s23p*(1S)4p 3523p%(1S)5s
Arl 542.1 30753.56 | 6.0e+05 15.362 3523p>(%P°312)4p 3523p°(2P°312)8s
Arl 696.02 | 100885.92 | 2.4e+05 14.952 3s23p°(?P°312)4p 3523p>(%P°112)4d
Arl 706.23 | 59137.41 | 3.8e+06 13.302 3523p>(%P°312)4s 3s23p°(3P°112)4p
Arl 727.57 74417.75 | 1.83e+06 13.327 3523p°(%P°312)4s 3s23p5(2P°112)4p
Arl 738.77 101002.92 | 8.5e+06 13.302 3523p°(%P°312)4s 3s23p5(2P°112)4p
Arll 750.51 9959 4.5e+07 21.624 3s23p*(°P)4p 3s23p*(*D)3d
Arl 763.5 103104.22 | 2.45e+07 | 13.171 3523p>(%P°312)4s 3s23p°(3P°312)4p
Arl 826.38 21025.4 | 1.53e+07 | 13.327 3523p5(2P°112)4s 3523p5(2P°112)4p
Arl 842.54 3089.42 2.15e+07 | 13.0948 3523p°(%P°312)4s 3s23p5(%P°312)4p
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Electron Temperature (T,)

As shown in Figure (3, 4, and 5), The electron temperature
(Te) was determined using the Boltzmann plot method based
on selected emission lines listed in Tables (1—3).For the
plasma mixture (Ar 20% — O: 80%), the emission lines at
336.3, 357.7, 379.82, and 432.55 nm were selected. and (Ar
80% — 02 20%), the emission lines at 307.77, 369.1, 753.9,
763.03 nm were used. In the case of pure argon plasma (Ar
100%), several Ar | and Ar Il emission lines within the
wavelength range of 284.53-842.54 nm were selected. The
wavelengths, transition probabilities (Aki), statistical weights
(9i), and upper energy levels (Ej) were obtained from the
NIST atomic spectra database. A linear regression fitting
procedure was applied to the Boltzmann plots to determine
the slope of the fitted line, from which the electron
temperature was calculated. The quality of the fitting was
evaluated using the correlation coefficient (R2), with values
ranging from 0.6433 to 0.9675 for the investigated plasma
conditions. the electron temperature is estimated using a
Boltzmann plot by plotting In (I;;;;/h C A;; g;) againstthe
upper energy level Ej. The statistical factor representing the
accuracy of the linear fit is indicated by the correlation lines
(R?).
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Figure 3. Boltzmann plot for (Microwave plasma) at different

potential discharges (50, 100, and 150 volt) for (Ar 20% and O
80%).
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The mechanism of electron heating in plasma mainly depends
on the energy balance between what electrons gain from the
microwave field and what they lose during collisions. When
the argon ratio is 100%, the electron temperature is at its
highest because argon is an inert gas and does not lose much
of its energy (since there are no molecular vibrations), so the
electron temperature is high, and it reaches its maximum
voltage at (4.2eV). When a fraction of oxygen 20% is mixed
with argon, the electron temperature begins to decrease. This
is because oxygen is a diatomic molecule and has multiple
energy loss channels, such as vibrational excitation,
rotational, and dissociation processes and it reaches its
maximum voltage to (2.16 eV).
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Figure 4. Boltzmann plot for (Microwave plasma) at different
potential discharges (50, 100, and 150 volt) for (Ar 80% and O
20%).

These processes consume electron energy efficiently,
reducing their average speed and thus lowering the electron
temperature. Argon heats the electrons through elastic
collisions, while oxygen extracts part of the energy through
inelastic processes due to its high electronegativity. When the
oxygen concentration is increased to 80%, the electron
temperature becomes lower because most of the electron
energy is consumed in dissociation and excitation processes,
in addition to the phenomenon of electron attachment in
oxygen, where electrons are captured, and negative ions are
formed, which reduces the number of free electrons and
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weakens their ability to gain energy from the field and it
reaches its maximum voltage at (0.59 eV).
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Figure 5. Boltzmann plot for (Microwave plasma) at different

potential discharges (50, 100, and 150 volt) for (Ar 100%).

When the oxygen percentage is 80%, as shown in Table 4, it
works on withdrawing electrons (0, + e~ — 05 ), causing
the direct free electrons to decrease and, negative ions to
form, which reduces the electron temperature and decreases
ionization, while the density remains low.

Table 5 illustrate the electron density reduces when a mixture
of 80% argon and 20% oxygen is used because oxygen is an
electronegative gas that tends to capture free electrons and
convert them into negative ions. This leads to a reduction in
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the number of free electrons in the plasma. Additionally, the
presence of oxygen causes the loss of electron energy in
processes such as excitation and dissociation instead of
ionization, and thus the production of new electrons
decreases.

In the case of argon 100%, as shown in the Table 6, we find
that the density gradually begins to decrease because argon is
well ionized at the beginning according to equation (Ar +
e~ - Art + 2e” ), where the electrons are lost through
diffusion and there are no (primary or secondary) reactions
supporting the increase of electrons. Therefore, the density
decreases (12.3 to 9.9 x1017 cm-3) with the increase of
voltage.

Table 4. Plasma parameters of Zn foil for (Microwave plasma) at
different potentials (50, 100, and 150 volt) for Ar 20% and O

80%).
V | Te |nex107 | f,x 102 | dox 10°

wolt) | (&v) | (em?®) | (H) (cm) | Nex10°
50 |0.490| 12.00 | 9.837 | 0.475 | 0538
100 |0570| 9.32 | 8670 | 0579 | 0.757
150 |0590| 926 | 8639 | 0591 | 0.800

Table 5. Plasma parameters of Zn foil for (Microwave plasma) at
different potentials (50, 100, and 150 volt) for Ar 800% and O

20%).
V | Te | nex107 | fox 102 | bpx 10° ;
wolty | ev) | (em?d) | (H2) cm) | Nex10
50 |1250| 750 | 7.777 | 0959 | 2.773
100 |1.290| 825 | 8156 | 0925 | 3.738
150 | 2.160 | 840 | 8230 | 1.187 | 5879

Table 6. Plasma parameters of Zn foil for (Microwave plasma) at
different potentials (50, 100, and 150 volt) for Ar100% and O

0%).
V Te Ne X 1017 fp X 1012 )\,D X 10_5 3

wolt) | (ev) | (em?) (H2) cm) | Nex10
50 | 3200 | 1230 | 9959 | 1.198 8.868
100 | 3900 | 1020 | 9069 | 1447 | 12944
150 | 4200 | 9.90 8935 | 1524 | 14684

The relationship between density and electron temperature as
a function of voltage can be translated through Figure 6.
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Figure 6. Variation of (Te) and (ne) versus the potential discharges (50, 100, and 150) Volt using Microwave plasma technique.
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X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns for the (ZnO/Zn) surface on
zinc sheets were prepared using microwave plasma at
different applied voltages (50, 100, and 150 V). Figure 7
shows the XRD pattern of the Zn surface with an Ar/O
mixture ratio of (20%-80%). Diffraction peaks were observed
at 20 = 36.3°, 38.8°, 43.2°, 54.3°, and 70.2° Since Miller's
indices for these angles are as follows (101), (100), (101),
(102) and (230) respectively.
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Figure 7. XRD patterns of ZnO foil using microwave plasma
technique for different voltage (50, 100, and 150) at (20 I/min)
flow gas and constant exposure time 30 sec.

Figure 7 (Ar / O - 80% / 20%) appearance diffraction peaks
were observed at 20 =35.8°, 38.8°, 53.8°, and 70.07°, Miller's
indices for these angles (111), (100), (101, (102), (103) and
(202). The peaks remained constant despite the increase in
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voltage, with only a slight increase in current. At ratio Ar
100% as shows in figure 7, the XRD appeared different
angles was observed at 20 = (35.7°, 38.9°, 43.1°, 54.3°, and
69.9°), and the peak positions changed to (101), (100), (101),
(102), and (103). This is consistent with JCPDS (04-0831)
and JCPDS (36-1451). From the figures, we observe that as
the voltage increases, a slight peak creep occurs,
accompanied by oxidation; subsequently, the peaks return to
their original positions. We also observe that the highest
diffraction pattern between (40° and 50°) indicates the
formation of a closely packed hexagonal structure (hcp) of
zinc and the wurtzite structure of ZnO. The change in the
crystal phase with increasing applied voltage and gas ratios is
attributed to the high energy of active particles that interact
with the surface, which led to the rearrangement of atoms and
the enhancement of phase transitions on the zinc surface.
Furthermore, the increased plasma intensity contributed to
the enhancement of oxidation and crystallization processes,
which was reflected in the appearance and disappearance of
some diffraction peaks in the X-ray diffraction patterns.
These results indicate success in forming the nanostructure
according to X-ray diffraction (XRD) analysis(® €. Figures
show a difference in the peaks due to the variation in gas
ratios.

Field Emission Scanning Electron Microscopy
(FE-SEM) Analysis

Figure 8 shows images of the surface of zinc metal after
microwave plasma treatment. Figure A illustrates the changes
in surface morphology after exposure to plasma resulting
from an (argon/oxygen) mixture at a ratio of (80%-20%),
which clearly affected the surface and altered its properties.
An increase in voltage leads to changes in surface features,
and noticeable modifications began to appear due to the
effectiveness of argon gas, as well as the smoothness
provided by oxygen to the surface. Cracks and aggregations
of nanoparticles were observed in a series of spherical grains.
At a voltage of 150 volts, the ion bombardment rate increases,
leading to the removal of surface impurities and the creation
of slight roughness. Differences in gray levels also reflect
changes in the backscattered charge density due to variations
in the thickness of the formed oxides.

When the (argon/oxygen) gas mixture ratio was changed to
(20%-80%), the increase in oxygen content clearly affected
the zinc surface by improving its nanostructure. From all
figures, nano-grain agglomerates of heterogeneous sizes
appear alongside smooth regions. Additionally, bright areas
reveal nano-agglomerates of zinc oxide ZnO. Resulting from
the rapid oxidation of zinc and the rearrangement of atoms
into a flower-like shape. The small particles (~20-80 nm)
approximately represent the nuclei that

When changing the (argon) gas concentration (100%) At 50
volts, the surface exhibits a fine-grained morphology with
relatively small and uniform nanoclusters, indicating an ionic
effect that leads to moderate surface activation. Increasing the
voltage to 100 volts results in a noticeably rougher structure,
accompanied by larger nanocluster formations, reflecting
enhanced ion bombardment that facilitates atomic
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rearrangement and moderate grain growth. At 150 volts, the
surface develops more complex and distinct nanostructures
characterized by larger hemispherical clusters and deeper
gaps between the aggregations, indicating a stronger plasma-

S0 volt

Arl100%

ABUAG TESCAN  SEMMV 1000WE WO 5735 swn
n' SOMMAG 8000k« Det nean

Ar80%+020%

Ar20%+080%

Effect of Plasma Properties on The Structure of The Zinc Surface Via Microwave
Plasma

100 volt

View foid 4 334w Oateonisy) 110M29
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surface interaction. Overall, the results confirm that adjusting
the microwave plasma voltage provides precise control, and
the particle size demonstrates the plasma voltage's capacity to
effectively tailor the nanoscale surface structure.

150 volt

Figure 8. illustrates the effect of argon-oxygen gas ratios on the surface of zinc metal and the effect of electron temperature on etching at
three voltages (50, 100, 150 volt) using microwave plasma technology.

Conclusion

The conclusions regarding the effect of gas mixtures on zinc
surface etching can be summarized as follows:

The etching behavior on zinc surfaces directly depends on the
ratio of argon to oxygen, which determines the balance
between physical (ionization) and chemical (oxidation)
processes. In pure argon, ion scattering dominates, leading to
strong etching and direct removal of zinc without forming
compounds. When oxygen is added in specific ratios, a
balance between excitation and oxidation is achieved,
resulting in surface modification and the formation of a thin
zinc oxide layer, with limited ongoing etching. At higher
oxygen levels, chemical reactions dominate, forming a dense
zinc oxide layer, which reduces the etching rate and acts as a

protective layer. The XRD results indicate that the dominant
phase in the prepared samples is metallic Zn with a hexagonal
structure. The absence or weak intensity of ZnO-related peaks
suggests that the surface oxide layer is significantly reduced
or modified during the microwave plasma treatment. This
behavior can be explained by the high-energy plasma
environment, which promotes surface activation and
crystallite reorganization, with possible partial removal of the
native surface oxide layers. In addition, the variation in peak
intensities reflects changes in crystallographic orientation and
surface structure induced by the plasma processing
conditions. Generally, surface roughness and properties can
be controlled by varying the gas ratios. Argon induces
physical etching, while oxygen results in chemical surface
modification.
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