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ABSTRACT

In this study, pure iron oxide nanostructures were prepared by a physical method (laser-induced plasma) inside a vacuum using a
second harmonic laser Nd: YAG with a wavelength of 532 nm, a laser energy of 500 m] and a number of pulses of 300 pulses per
second. The effect of the plasma generated from argon gas under normal atmospheric pressure was studied using a "cold plasma jet"
system with an output voltage of 13 kV and a frequency of 50 Hz. Iron oxide nanostructures were exposed to cold plasma for different
periods. The optical and structural properties of the nanostructures were measured before and after exposure, and there was a clear
change in them, thus improving the properties of the nanostructures for use in industrial applications such as gas sensors, photovoltaic

cells, diodes, detectors, and solar cells.
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1. INTRODUOCTION

Nanomaterials represent the most recent and significant
advance in scientific understanding and practical
applications. In today's world of advanced conducting
materials, one of the most vital roles that iron oxide plays is
in the improvement of characteristics for prospective
applications. Because of their various uses, numerous
different strategies for producing FeO nanoparticles have
been suggested [1].In recent years, the prominent
deposition methods effectively useful for synthesizing
ferroxidase (FeO) have included chemical coprecipitation,
flow injection, sonochemical, electrochemical, and
hydrothermal methods. Other methods include the sol-gel
method and sonochemical deposition methods.

On the other hand, the relevance of the morphology of FeO
nanostructures in terms of optical properties and the
surface features of nanostructure interfaces that govern
nano-trapping levels [2]. As a result, the development and
production of FeO nanoparticles with various structures are
very important. Up to this point, a significant amount of
research has been conducted on nanostructured materials
made of FeO, each of which has a unique morphology and
structure [3]. These materials have been synthesized in
various forms, including nanoparticles, nanorods, and
nanosheets, and their properties and potential applications
have been studied intensively [4]. Except for the
hydrothermal technique, which is more effective, less
expensive, and rewarding, the majority of the
aforementioned synthetic methods are relatively pricey.
They typically require high temperatures, high sensitivity,
and the application of complex procedures. However, the

hydrothermal method is one of the few that does not fall
into these categories [5].

The study aims to treat the surfaces of iron oxide films using
cold plasma technology by examining their structural,
morphological, and optical properties.

1.1 PLASMA

The "fourth state of matter," plasma, is typically observed in
the form of an arc or a discharge of bright fluorescent light.
Plasma is considered the "fourth state of matter" by the
scientific community. In plasma, reactive species include
electrons, photons, free radicals, positively or negatively
charged ions, and gas molecules or atoms in excited or
fundamental states with a net neutral charge are all
examples of reactive species found in plasma. Because of
this, plasma is often referred to be as “quasi-neutral"[6].
Energizing neutral gas results in the creation of plasma at
different temperatures and pressures throughout the
processing stage. This plasma may be classified as either
thermal (equilibrium) or non-thermal (non-equilibrium),
depending on the processing conditions [7]. Upholding the
thermodynamic equilibrium of all produced species
between 2x 103 K and 3x 104 K requires both a high
pressure (more than 105 Pa) and a high-power supply
(higher than 50 MV). Non-thermal plasma, on the other
hand, does not need a lot of power or pressure to exist, and
it may do so even in the absence of a localized
thermodynamic equilibrium. For these reasons, it is
sometimes referred to as non-equilibrium plasma. There
are two distinct types of plasma exist: (i) quasi-equilibrium
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plasma, with temperatures between 100 and 150 degrees
Celsius and generated species in a state of local
thermodynamic equilibrium; and (ii) nonequilibrium
plasma, with temperatures between 60 and 100 degrees
Celsius and no local thermodynamic equilibrium. In the
former, the temperature of electrons is greater than that of
heavier species, which is mild (a lower temperature for the
entire system) [8].

When an electric field is applied to a neuronal gas at
atmospheric pressure, cold plasma, also known as
atmospheric pressure plasma, is produced. Between two
electrode plates, a gas or gas mixture is exposed to either a
direct current (D.C.) or an alternating current (A.C.) at a
frequency (varying from Hz to GHz). Three key events are
involved in the plasma formation from the neutral gas:
excitation, ionization, and dissociation. Few electrons or
ions exist in a neutral gas or combination of gases. Electrons
and other atoms may collide with free carrier charges when
an electric field is applied to the environment. The atoms'
translational and transitional energies increase throughout
the excitation process. Ionization of atoms follows naturally
from releasing electrons that are only weakly linked to
nuclei during excitation. When electrons, ions, atoms, and
neutral molecules in a gas meet with radiation, ionization
and excitation can occur concurrently. Dissociation, on the
other hand, is brought about by a molecule's inelastic
collision with an electron, ion, or photon.

Corona and dielectric barrier discharges are examples of
D.C. and low-frequency discharges that can be classified as
atmospheric pressure plasma or cold plasma based on the
excitation frequency. APPJ are examples of radiofrequency
discharges classified as atmospheric pressure plasma [9].

1.2 PLASMA JET SYSTEM

A plasma plume of atmospheric pressure plasma jet (APP])
is released into the nearly open environment outside the
device via a duct. Any number of APPJs are possible to
produce, with variations in electrode layout and power
input [10]:

= A plasma jet powered by radiofrequency (RF) may be
either capacitively or inductively driven. The two
concentric electrodes produce a highly uniform and
steady discharge at R.F. power and frequency ranging
from 1 to 100 MHz, as shown in Figure 1(a).

= Tworingelectrodes are positioned coaxially around the
dielectric tube in a DBD-based plasma jet, with the gas
flow perpendicular to the electric field generated by the
rings (see Figure 1). (b).
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Figure 1 (a) R.F. Generated Plasma Jet, (b)DBD-Based Plasma Jet
[11]

1.3 APPLICATION

APP] has many different applications, including the
deposition of coatings, the modification of surfaces, the
synthesis of nanoparticles, antimicrobial therapy, relieving
itching and pain, repairing damaged skin's protective layer,
speeding up the healing process, and minimizing scarring.
These are just a few examples of the biological uses of this
technique [12].

2.0 PROCEDURE SETUP
2.1 Preparation of thin films

The apparatus used in the experiment was a stainless steel
PLD chamber that had been evacuated to a pressure of (2.5x
103) mbar using a molecular turbo pump. The FeO targets
were made by first pelletizing FeO powder (Alfa Aesar
99.999 percent) into discs with a diameter of 10 mm and a
thickness of around 2 mm using a hydrostatic press set at 8
tons/cm2 and then heating them in the air for 1 h. The target
was mounted on a rotatable sample holder to prevent the
creation of craters because of laser irradiation. The Nd:YAG
laser with a wavelength of 532 nm was the second
harmonic, and the repetition rate was set at 6 Hz. The laser
energy was set at 500 mJ, and the number of laser pulses
was set at 300 shots per second.

2.2 Thin film surface treatment

The usual atmospheric pressure plasma jet system uses
argon gas with an A.C. voltage of 175 volts. In addition, the
flow rate of argon gas in the system is 3 1/min, where
samples were exposed to cold plasma at a distance of 2 cm
from the target and for different times (0, 4, 8, 12) min.
Figure (2) shows a schematic diagram of the plasma jet
system that was used to treat thin film surfaces:

Gas Inlet

g

Ring Electrode ):> | ‘
DBD-Based Plasma Jet )::) H [
=

Argon gas

Figure 2 Experimental setup schematic

3. RESULT AND DISCUSSION

3.1 Structure Properties
3.1.1 X-Ray Diffraction analysis:

Using CuK radiation with a wavelength of 1.5406, X-ray
diffraction was used to investigate and study the crystalline
structure of FeO thin films before and after plasma
exposure. The angle 26 was selected with a step of 0.05 from
5 to 90 degrees. The X-ray diffraction pattern of FeO thin
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films is shown in Figure 2 before and after plasma exposure.
According to the findings of the XRD, the locations of each
peak in the FeO crystal are unique phases according to the
JCPDS 86 -0550 label. The absence of any diffraction peaks
associated with other phases confirmed its purity. The high
purity of the composite films is shown by the absence of
peaks relating to other phases or contaminants. The
summits are situated at acute angles to one another of
34.25° 40.21° 68.57°, and 72.98° right, concerning the
(110), (112), (018), and (102) plates, respectively, in the
case of unexposed plasmas, as shown in Figure 3a. But when
it was exposed to the plasma, new peaks appeared,
indicating the crystalline improvement of the films, and this
means that the plasma improved its structural properties,
as the peak appeared at an angle of 45.56 degrees,
corresponding to (116) in addition to an increase in the
intensity of the peaks as shown in Figure 3(b, ¢, and d). After
the surface treatment with plasma, when compared to the
structure of the FeO thin film before exposure, the structure
of the FeO film did not change. However, there was a little
shift in the position of the peaks, which indicates that the
network parameters shrank. This may have something to do
with the structural relaxing and flaw removal that occur
after plasma application [13].
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Figure 3 XRD pattern of thin films (a) before plasma treatment,
(b) after 4 min of plasma treatment, (c) after 8 min of plasma
treatment,and (d) after 12 min of plasma treatment

3.2 Topographic properties
3.2.1 Atomic Force Microscope

The surface morphology of FeO thin films generated before
and after plasma treatment was investigated with the help
of pictures obtained from atomic force microscopy (AFM).
The AFM (2D) picture of the FeO layer in Fig. 4(a) reveals
that the shape is consistent across the layer. An AFM image
is also used to measure the root mean square (RMS) of the
roughness plane, and the result is displayed in Fig. 4b as
having a value of 78.25 nm. Following plasma treatment, an
AFM picture of the FeO layer in two dimensions is shown in
Figure 5a. By evaluating the AFM images (3D) taken before
and after the plasma treatment shown in Figures (4, 5, 6,
and 7) for the times (0, 4, 8, and 12), respectively. The
morphology of the films before plasma treatment is

noticeably different from the morphology of the films after
plasma treatment. After being treated with the plasma
jetting method, the composite thin films now contain much
bigger granules (a nanopyramid pattern) and an apparent
higher porosity. Before this, the composite thin films
formed densely compacted micro-granules and eventually a
smooth surface. This increase in grain size is attributable to
the radiative stress that results from the bombardment of
photons, ions, and atoms caused by the activation of plasma.

On the contrary, a larger porosity might be preferable for
anticipated photoelectrochemical uses. It is a well-known
fact that the scattering and penetration of light increase as
the surface area of a material increases due to porosity.
Larger grains also limit the recombination of electron-hole
pairs in the opposite direction [14]. This film's roughness
(RMS) was measured to be 41.0, 33.15, and 25.47 nm,
respectively.
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Figure 4 Topography Properties of FeO films (a) before plasma
exposure (2D), (b) before plasma exposure (3D)
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Figure 5 Topography Properties of FeO films (a) after plasma
exposure at t =4 min (2D), (b) after plasma exposure at t = 4 min
(3D)
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Figure 6 Topography Properties of FeO Films (a) after plasma
exposure at t = 8 min (2D), (b) after plasma exposure at t = 8 min
(3D)

1 831 am) 687 nm

8

(831 4m) 887 nen

005 ©O9 00z

00z OO OO

e M

= i )

Figure 7 Topography Properties of FeO films (a) after plasma
exposure at t = 12 min (2D), (b) after plasma exposure att =12
min (3D)

3.3 Optical properties
3.3.1 Absorption

Figure 8 displays the absorption spectra of the unexposed
and exposed plasma films at various intervals, which were
obtained using a UV-visible recording spectrophotometer
(Shimadzu 1700 UV-2601 PC, software 1650) to determine
the films' optical characteristics. Very identical behavior can
be seen between the spectral lines of the untreated sample
and the three plasma-treated samples; the only difference is
that absorbance rises with longer exposure times. Figure 8
shows the spectrum of absorption as a function of
wavelength.
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Figure 8 Differences in absorption spectra between untreated FeO
films and those treated for varying amounts of time

3.3.2 Transmission

Figure 9 demonstrates the difference in transmittance
spectra between those taken before and after plasma
treatment. It was found that the transmittance decreased
because increasing the concentration of the granules leads
to higher light scattering [15].
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Figure 9 Spectra of transmission through untreated and
treated FeO films exposure time

3.3.3 Optical energy gap

The Tauc's relation may be used to compute the coefficient
of absorption [16]:

ahd=B(h9-E_g )" n......(1)

By plotting ([ah9))]"2 against the energy of a photonhd, and
extending the straight part of the resulting curve to cut the
h9 axis at the point where ([ah9)]”*2= 0, you can find the

Energy gap (Eg).

Iron oxide (FeO) films' optical energy gap before and after
exposure to non-thermal plasma for 4, 8, and 12 minutes is
seen in Figure 10. Time spent in a non-thermal plasma has
been proven to steadily diminish the optical energy gap.
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Before being exposed to a non-thermal plasma, the energy
gap was 3.48 eV. While the energy gap was 3.19, 2.86, and
2.51 eV after exposure to non-thermal plasma for 4, 8, and
12 minutes, respectively.
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Figure 10 The energy gap is a function of photon energy for

untreated FeO films and those treated with different exposure
time

5. CONCLUSION

In this study, the surfaces of iron oxide films were treated
with cold plasma to improve the structural, topographic,
and optical properties of films exposed to plasma for
varying amounts of time before and after preparation. It
was observed that there was a crystalline improvement in
the structure of the films exposed to cold plasma through
crystallization peaks, The morphology of the layer surfaces
was analyzed using AFM microscopy. Findings from studies.
The findings showed that following plasma treatment, the
molecules clumped together. The plasma treatment
reduced the outer layer roughness, thus yielding a thin
hydrophilic FeO film. By studying the optical properties, the
study proved that the electron transfer and stimulation
process from the valence beam to the conduction beam is
limited to the permissible direct electronic transitions only
and that the transmittance values decrease. At the same
time, the absorbance increases with the exposure time to
the plasma.
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