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Several concentrations of an ITO/MEH-PPV/Ag thin film were tested to see
how temperature variation affected their resistance. The film was discovered
to be a negative temperature coefficient sensor, meaning that as the
temperature rises, the film's resistance drops. The experimental results of AC
conductivity show the relationship between the impedance and the frequency
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functions of frequency. Optical characteristics of MEH-PPV with varying Ag
concentrations have been studied, and it was found that MEH-PPV/Ag has
more robust UV-visible absorption spectra than pure MEH-PPV. Also, it was

0.19 found that the absorbance and the absorption coefficient at the highest peak
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decreased with increasing silver weight percentages.
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1. Introduction

Conjugated organic polymers' applications in
optoelectronics  and  electronics,  including
photovoltaics, thin-film photovoltaics, and light-
emitting diodes, have received significant attention
during the past two decades. Since the discovery of
electroluminescence (EL) in conjugated polymers by
Burroughs et al. in 1990 [1], numerous efforts have
been made to enhance the synthetic organic chemistry
techniques that permit the variability of this material
for these applications [2]. For their intended
application, conjugated polymers' optical
characteristics are particularly essential [3]. Poly [2-
methoxy-5-(2-ethyl-hexyloxy)-1, 4-phenylene-
vinylene] (MEH-PPV) is a conjugated polymer that is
used as an active material in OLEDs [4]. It is used in
many emitting devices because it is very stable and
exhibits  high electrical conductivity [5,6].
Composites composed of MEH-PPV  and
nanoparticles have been investigated as a way to
extend the lifetime of OLEDs by providing them with
stable active materials [7,8]. Using low particle
concentrations, the composite film emits the same
amount of light as the pure polymer. Recent evidence
indicates that such composites have lower defect
concentrations than polymer composites [9]. It is an
electroluminescent conjugated polymer that offers
improved processability compared to the original
polymer poly (p-phenylenevinylene) [10]. MEH-PPV
is used in many materials as a kind of active medium,
as in photo-emitting diodes and -electrochemical
emitting cells (LEDS) [11,12]. Recent research has
demonstrated that solvent annealing temperature,
coating speed, and solution concentration are the
most influential factors in determining the final
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physical properties of thin films [13]. Organic
polymers with molecular orbitals distributed over the
whole polymer chain are called "conjugated
polymers". These orbitals are represented in chemical
structural formulas by linked figures switching
between single and double carbon bonds [14,15]. The
versatility and applicability of thermos-responsive
polymeric systems have led to great interest and a
multitude of publications [16].

The primary purpose of this research is to study
the electrical and optical characteristics of ITO/MEH-
PPV/Ag thin films and use them to produce resistive
thermal devices (RTDs) which are temperature
sensors that take advantage of the change in the
electrical resistance of some materials as a result of a
change in their temperature.

2. Experimental

The basic materials used in this work are the
orange color MEH-PPV bought from American Dye
Source, Inc. (Canada) with 99.9% purity. The 99.99%
pure silver metal powder used in this project was
purchased from HIMEDIA, India laboratories PV
Ltd. Also, the toluene solvent with 99.97% purity was
bought from Thermo Fisher Scientific (France).

The polymer was prepared by dissolving 0.294 g
of MEH-PPV powder in 18.934 g of toluene in a glass
tube and stirred by magnetic stirring for at least 5
hours. Next, silver was added to the polymer in
various weight ratios (0.01, 0.02, 0.03, and 0.04%),
stirred for a few hours to be homogenize, and then
deposited on glass slides and ITO slides (Fig. 1). Drop
casting method was used to prepare films to study the
Hall effect. Spin coating method used to produce
films for other tests. The spin coating device rotates
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at 1000 rpm then thin films were dried in a thermal
oven set to 50°C for few minutes.

MEH-PPV/Ag Layer

Fig. (1) Schematic view of the prepared samples

3. Results and Discussion

Analyzing the effect of the hall on the samples
revealed that the addition of steroids (Ag) in various
quantities increased tanker movement. The following
percentages 0.01, 0.02, 0.03, and 0.04% were used in
the analysis of the samples in this study. When Ag is
added, conductivity begins to rise. As shown in table
(1), the hall laboratories were discovered to be
positive in the first sample and negative in the
remaining samples because silver is a conductor, and
when adding pure polymer, the surface of the pure
matter was the vast majority of charging carrier is the
gaps, so it is p-type while changing it. When adding,
that is, increasing the number of electrons on the
surface of the contaminated polymer so that the
majority of shipping carriers are electrons, it has
transformed to the n-type. According to this analysis,
the pure sample is of p-type, whereas the drug
samples are of n-type. Only by combining steroids
and AG molecules can samples be utilized to create
semiconductors of the p-type or n-type.

After the preparation of the thin films, the a.c.
calculations of dielectric constant (¢’) “real part” and
(¢”) “imaginary part” have been done in frequencies
100-1000Hz using the complex impedance as the
following equation:

1

g = )

- jwcC,Z*
Electric permittivity (e*) relates to complex
impedance (Z*), @ is the angular frequency, and (Co=
t/Aweo) is the capacitance of free space

. t z"

€= Awe, [Z’+Z"] (2)
w_ z'

& = le e, [z’+z"] ®)

Using the above equations, the real and imaginary
parts of the dielectric permittivity are calculated.
When we plot a graph between the real part versus log
fwhere “o=2xnf" and the imaginary part versus /og f'
it has proved that with increasing the frequency both
(e’,&”) decrease, so it does with the impedances (Z’,
Z”) versus frequency as shown in figures (2) and (3).

These graphs show the inverse relationship
between the real and imaginary parts with frequency,
which confirms the conclusion that we obtained from
Hossam and his co-workers in 2015, where they also
proved the inverse relationship [17].

Figure (4) shows the absorption spectra in the UV-
visible region (350-980nm) of pure MEH-PPV
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polymer and the thin film formed by mixing silver
with polymer with different weight ratios. The peaks
of the largest absorption of pure MEH-PPV are
located at 480 nm, which is attributable to the (-t*)
transition of the aromatic MEH-PPV polymer [18].

3
pure
\ —0.01%0f Ag
——0.02%of Ag
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——0.04%0f Ag
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3 33 347 36 3.6'%g%.77 3.84 39 395 4

Fig. (2) Relation between the real and imaginary parts (&’, £”)
with (log f), with different concentrations of Ag. When
frequency increases both €’ and £” decrease

When silver particles were added to the pure
polymer, the absorbance values decreased as shown
in table (2). These results confirm the results of Yahya
(2012), who found that the pure polymer has a higher
absorbency than the doped polymer [18].

Table (2) Absorbance of all samples of the thin film

Sample Absorbance
MEH-PPV pure 4.6563
MEH-PPV/Ag0.01% 4.303
MEH-PPV/Ag0.02% 3.562
MEH-PPV/Ag0.03% 3.447
MEH-PPV/Ag0.04% 3.261

From the permeability, the absorption coefficient
is calculated based on the Beer-Lambert equation as
the following:
a=2.303 (Abs/t) 4
where Abs is the value of absorbance and ¢ is the
thickness of the film which is calculated to be 453.6
nm as will be discussed later in the next section

It was found that the absorption coefficient of the
pure polymer was 46060, but it decreased when
adding silver until it reached 44002 for the thin film
MEH-PPV/Ag 0.04%, as shown in table (3). Figure
(5) shows the plot of the absorption coefficient
relative to the wavelength of all thin film samples.
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Table (3) Absorption coefficient of the MEH-PPV and MEH-

PPV/Ag of all samples
Sample Absorption coefficient a
MEH-PPV pure 46060
MEH-PPV/Ag 0.01% 46000
MEH-PPV/Ag 0.02% 45772
MEH-PPV/Ag 0.03% 44337
MEH-PPV/Ag 0.04% 44002
450
400 pure
350 —— 0.01%o0f Ag
—0.02%o0f Ag
300 ———— 0.03%0f Ag
_ 250 —— 0.04%o0f Ag
200
150
100
50
O T T T T T T T T T T T T T T T T T T T
3 33 34 36 3.(?9 3':7 3.8 39 395 4
og
250
pure
200 - ——0.01%o0f Ag
— 0.02%o0f Ag
———0.03%o0f Ag
150 1 ———0.04%o0f Ag
N
100 A
50 A1
0 +——F—7F— T T+ T 7T T
3 3.3 347 3.69 3.77 384 39 395 4
log f

Fig. (3) The relation between the real and imaginary parts (Z’,
Z”) with (log f), with different concentrations of Ag (a-e).When
frequency increases both Z’ and Z” decrease

5
ppv pure
4 ppv/ Ag 0.01%
ppv/ Ag 0.02%
3 ppv/Ag 0.03%

ppv/Ag 0.04%

Absorbance

0 O N © 0 O
~— O O <t O AN I~
M~ P~ O 0O 0 O &
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Fig. (4) UV-Vis absorption spectra of pure and MEH-PPV/Ag
(0.01%, 0.02%, 0.03%, and 0.04%)
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Fig. (5) Plot of the absorption coefficient relative to the
wavelength of all thin film samples

To measure the thickness of the film, the atomic
microscope was used. The thickness of the samples
was determined by calculating the difference of the
height between the highest and lowest spots of film.
The sample thickness was 453.6 nm, as shown by
AFM tests in Fig. (6).

nm
17000

16000
15000
14000
13000
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

0
0 2000 4000 6000 8000 10000 12000 14000 16000 nm

Differential parameters P2 -P1 Unit
Zmean(higher) - Zmean(lower) 453.6 nm

Fig. (6) AFM images showing thickness measurement of thin
film samples

The application was obtained for the samples of
the MEH-PPV/Ag thin films, and through the heat
and resistance test, it is concluded that the prepared
film is a temperature sensor as the film has negative
heat coefficient type. Figure (7) demonstrates the
film’s resistance decreases as the temperature rises.

Martin and co-workers [19] have studied the
temperature-dependent [-V characteristics, which
somewhat supported the results of this work.
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Fig. (7) The relationship between heat and resistance at
different concentrations of thin film ITO/MEH-PPV/Ag (pure,
0.01, 0.02, 0.03, and 0.04%)

4. Conclusion

In this article, Ag-doped MEH-PPV polymer thin
films at various Ag concentrations were prepared by
spin coating deposited on ITO-coated glass
substrates. These films were found to be n-type as Ag
atom gives its extra electrons to the substance, thus
converting it from p-type to n-type. Complex
permittivity has been applied to investigate the
frequency dependence of the dielectric constant and
dielectric loss. With increasing frequency, both real
and imaginary components of the polymer's dielectric
constant decrease. As a result of the addition of silver,
the optical characteristics demonstrated that the
absorption coefficient in general decreased. This
slight decrease is due to the inclusion of trace
amounts of Ag. A thermal sensor was manufactured
as the material used is thermally affected. When the
temperature of the material increases, the resistance
will decrease. This point is repeated in all percentages
of silver added to MEH-PPV material.
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A pulsed Nd:YAG laser with 1064nm wavelength and 100mJ energy was used to
irradiate titanium plate placed in ethanol with different number of pulses (300,
350, 400, 450, and 500) to prepare titanium dioxide (TiO2) nanoparticles. The
formation of these nanoparticles was confirmed by the Fourier-transform

infrared (FTIR) spectroscopy as the functional groups of TiO2 were observed. The
structural characterizations showed that the minimum nanoparticle size was
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2456 nm for low concentration and 24.50 nm for high concentration of
nanoparticles in the solution. The antibacterial activity of the prepared
nanoparticles was introduced against Gram positive (Streptococcus mutans) and
Gram negative bacteria (Escherichia coli) and Candida albicans that were

SR 2022 isolated from the oral cavity. These nanoparticles have shown reasonable ability
0.19 to inhibit the growth of these microorganisms.
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1. Introduction

Recently, metal oxide nanoparticles have
attracted a lot of research interest due to their optical,
mechanical, thermal, electrical, and magnetic
properties [1-4]. Metal oxide nanoparticles can be
employed as antibacterial agents due to their large
surface area and morphologies those support their
role against different type of bacteria, fungi, and other
microorganisms [5-12]. In general, nanoparticles
have several advantages as they have unique optical,
magnetic, electronic, biological, and chemical
properties compared to bulk materials due to their
increased reaction surface area [13-17]. More
specifically, metal oxide nanoparticles are used in
flexible electronics and nano-circuits because of their
superior electrical conductivity [18-20].

Titanium dioxide (TiOy) is highly important in
both theoretical and experimental field of research
due to its interesting electronic structures and wide
band gap (3.0-3.2 eV) which can be tuned by several
processes [21-23]. It has wide range of industrial and
technological applications as pigment, photocatalyst
and UV absorption. Therefore, TiO; is an important
compound suitable for fuel cells, solar cells, different
sensors, pollution control system, waste management
and self-cleaning glass coating materials along with
food, cosmetic, paint, UV protector, etc. [24-30].
Nontoxicity, chemical stability, poor solubility and
high refractive index are properties which add to its
practical applicability [31,32].

Physical properties of TiO not only depend on the
phase structure but it depends also on the
agglomerated microstructure, pores and particle size
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[33,34]. For different physical and chemical process
like charge transfer, chemical reaction, photon
absorption, etc., the molecules on the surface of a
particles are more active than those stay inside. Hence
surface offers more efficiency and TiO nanoparticles
with  higher surface-to-volume ratio become
extremely favorable from the application point of
view [35,36].

Laser-produced nanoparticles have been widely
used in industrial, biological, medical, and many
other applications [37-40]. It has been discovered that
the interactions of nanosecond laser pulses with a
metal target placed inside a liquid medium can
produce nanoparticles [41-44]. Using pulsed laser
ablation in liquid (PLAL), low-cost, highly-pure
metal oxide nanoparticles can be produced with
uniform shapes and sizes [45,46]. The PLAL method
includes several parameters by which the production
of nanoparticles can be reasonably controlled. Some
parameters are related to the laser sources such as
laser wavelength, energy, power density, and
repetition rate [47-50]. Other parameters are related
to the solution or liquid medium such as chemical
composition, viscosity, and temperature [51,52].
There are some parameters related to the
experimental setup such as the distance between laser
source and target, irradiation angle, and number of
pulses per laser shot [53].

In this work, PLAL technique was used to prepare
TiO2 nanoparticles by irradiating Ti target immersed
in ethanol with different numbers of laser pulses. The
optical and structural characteristics of the prepared
nanoparticles and their antibacterial activity against
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some common types of bacteria and fungi were
investigated.

2. Experimental Setup

A titanium (Ti) plate was placed at the bottom of
a glass vessel containing 3 mL of ethanol (99.99%
purity) filling up 1 cm above the Ti target. To perform
the PLAL process, a HW9225L-12H Q-switched
Nd:YAG laser operating at 1064nm with 9 ns pulse
duration, 100 mJ maximum energy and 5 Hz
repetition rate, was used. The laser source was 15 cm
away from the Ti target. The number of laser pulses
was varied to be 300, 350, 400, 450, and 500 in order
to investigate the effect of this parameter on the
characteristics of the prepared nanoparticles.

The characterization and measurement tests
included x-ray diffraction (XRD), filed-emission
scanning electron microscopy (FE-SEM), energy-
dispersive x-ray spectroscopy (EDX), transmission
electron microscopy (TEM), Fourier-transform
infrared (FTIR) spectroscopy and UV-visible
spectrophotometry. The antibacterial activity of the
prepared nanoparticles was then tested against a strain
of Gram-positive bacteria (Streptococcus mutans), a
strain of Gram-negative bacteria (Escherichia coli),
and Candida albicaus obtained from the oral cavity.
The results were analyzed and charted using Origin
2018 software.
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Fig. (1) Schematic diagram of PLAL setup used in this work

3. Results and Discussion

Figure (2) shows the UV-visible spectra of the
TiO, nanoparticles prepared with different numbers
of laser pulses. The absorbance at 300 nm increases
regularly with increasing number of laser pulses used
for the preparation of the nanoparticles. All samples
exhibit identical behavior as the absorbance decreases
as the wavelength is increased towards the visible
region and then reach the minimum values in the NIR
region. This absorption behavior may not be enough
to identify the prepared material. Therefore, the
determination of energy band gap may reasonably
assist to do. Figure (3) shows the determination of
energy band gap of the samples prepared with
different numbers of pulses. The energy band gap is
ranging in 3.1-3.18 eV, which is characteristic of
TiO,. However, additional characterization tests and
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measurements are required to confirm the formation
of this material. It looks that the number of laser
pulses used for preparing this material does not have
strong effect on the energy band gap.
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Fig. (2) UV-visible spectra of the samples prepared using
different number of pulses
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Fig. (3) Determination energy band gap of the samples
prepared using different number of pulses

Figure (4) shows the FTIR spectra of the TiO;
nanoparticles prepared with different numbers of
laser pulses. First, the same functional groups are
observed in all samples, which may indicate that the
material is formed as a result of laser irradiation
regardless the number of pulses. The peak seen at 408
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cm? is attributed to the Ti-O-Ti bonds in the TiO;
lattice, while the peak at 446 cm is ascribed to the
Ti-O wagging. Other peaks observed at 883, 1049,
1087, 1652, and 3357 cm™ are ascribed to C-C-O
symmetric stretching, C-O stretching, C-C-O
asymmetric  stretching, and C-C stretching,
respectively [54]. The broad bands seen within 1381-
1453 and 2787-2872 cm™ are attributed to C-H,
bending and scissors, and stretching, respectively,
while the other broad band within 3357 cm? is
ascribed to the O-H stretching in physisorbed water
[55]. The peak observed at 1925 cm is attributed to
ethanol absorption overtone [56,57].
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Fig. (4) FTIR spectra of TiO, NPs prepared with different
numbers of laser pulses

Figure (5) indicates the XRD patterns of the
samples prepared with two different numbers of
pulses (300 and 500). It is clearly that both samples
exhibit amorphous structures, which is a
characteristic of nanoparticles. Correlating the results
of UV-visible absorption, energy band gap, FTIR
spectroscopy, and XRD patterns, the formation of
TiO2 nanoparticles can be sufficiently confirmed.
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Fig. (5) XRD patterns of the TiO, nanoparticles prepared with
two different number of pulses (300 and 500)

The morphologies of colloidal TiO, nanoparticles
for both cases of concentrations (low and high) of
these nanoparticles in ethanol were studied by TEM,
as shown in Fig. (6). The aggregation of these
nanoparticles is clear due to the thermal effect
resulted from the high power density of laser pulse as
well as from accumulation of thermal energy due to
the relatively large number of pulses. Particles with
sizes lower than 40 nm are clearly observed in both
samples.

Mag = 27.800 KX
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Fig. (6) TEM images of TiO, nanoparticles at different scales
(40 and 200 nm) in (a) low concentration, and (b) high
concentration of nanoparticles in ethanol

Figure (7) shows the surface morphology of TiO-
nanoparticles for both cases of their concentrations in
ethanol (low and high). The agglomeration seems to
be a characteristic feature of theses nanoparticles
whatever the number of laser pulses is. The average
particle size was determined to be 24.5 nm for both
samples. This result supports the TEM result.

The antibacterial activity of the prepared
nanoparticles was analyzed using the disc diffusion
method. The bacterial inoculums were first grown in
LB broth for 24 hours at 28°C and 200 rpm. It was
then re-suspended in LB medium until the optical
density (OD) was adjusted to 0.1 at 600 nm, which
corresponds to 108 colony-forming units (CFU)/mL.
The spread plate technique was used, in which 100uL
of each bacterial suspension was spread over nutrient
agar medium. A set of four concentrations (50, 100,
150, and 200 puL) of the colloidal solution in the disc
were prepared and used in the study. The four
different concentrations of the nanoparticles in the
respective discs were placed over the lawn of
bacterial culture and standard. All the agar plates
were incubated in the bacteriological incubator for 24
hours at 37°C. The zone of inhibition (ZOl) around
the discs was determined with a measuring scale
(mm).

Using broth medium techniques, it was
discovered that the prepared nanoparticles have
antibacterial ~ activity against the pathogens
Streptococcus mutans, Escherichia coli, and Candida
albicans.
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According to the results of the liquid medium
testing, it can be observed that both types of
pathogens experienced a decrease in the number of
bacterial cells and the inhibition was concentration-
dependent (figures 8 and 9). Gram-negative and
Gram-positive bacteria are categorized according to
their membrane structures. The electrostatic forces
are thought to be responsible for the bioactivity and
adhesion between bacteria and TiO, nanoparticles
due to their opposing charges. Also, nanoparticles
have a larger surface area available for interactions,
which boosts their ability to inhibit bacteria and hence
they cause cytotoxicity in microorganisms [58,59].

EHT = 10.00 kv

(b)
Fig. (7) FE-SEM images of the synthesized TiO, nanoparticles
using 1064nm laser pulses for (a) low concentration and (b)
high concentration of nanoparticles in ethanol

Although the exact mechanism of TiO;
nanoparticles against microorganisms still unclear,
they may possibly adhere to cell membranes and then
penetrate inside, interact with phosphorus-containing
substances like DNA to disrupt the replication
process, or, more preferably, attack the respiratory
chain. The effectiveness of this explanation heavily
hinges on how these nanoparticles are organized at
the molecular level.

The particles may affect cell division by altering
the cellular environment, but they can harm the cell
wall and plasma membrane directly, making them
weaker places where damage is suspected. According
to other investigations, extremely reactive metal
oxide nanoparticles were used to treat Escherichia
coli germs. The permeability of a bacterial cell
membrane with this shape increases noticeably,
rendering the bacterial cells unable to control
transportation through the plasma membrane and
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ultimately leading to cell death [60,61]. At the
moment when TiO, comes into contact with a cell,
oxidative damage to the cell wall occurs first.
Previous antimicrobial studies have found that
irradiated TiO, possesses bactericidal activity and
that the effectiveness of this disinfectant is
proportionally connected with the TiO; dose and the

duration of exposure [62,63].

Fig. (8) Antibacterial activity of the prepared TiO,
nanoparticles against (a) Streptococcus mutans, (b) Candida
albicans, (c) Escherichia coli
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Fig. (9) Histogram of antibacterial activity of the prepared

TiO, nanoparticles against the bacteria and fungus
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Because of the diversity of microorganisms found

in the oral cavity — not all of which are potential
human pathogens given the length of the list of
bacteria linked to mouth infections — antibiotics are
referred to as broad-spectrum. Beta-lactam antibiotics
are frequently used because they are effective against
Streptococci and Staphylococci, as well as some
Gram-negative bacteria [64], so they are frequently
given to patients after enquiring about their lack of
sensitivity to their types. However, long-term use of
antibiotics can result in the emergence of
resuscitation-resistant organisms [65]. Figure (10)
depicts the results of an antibiotic sensitivity test for
the two bacterial species that were the subject of the
study — Streptococcus mutans, Escherichia coli, and
Candida albicans, respectively. It is possible to see
the differences in the sensitivity and resistance of
bacterial species used for antibiotics in Fig. (11),
which shows the histogram of antibiotic activity
according to the width of inhibition zones. The
development of metal oxide nanoparticles as an
antibiotic alternative is driven in part by the resistance
of bacterial species and their variable sensitivity to

antibiotics.

Fig (10) Antibiotic sensitivity test of (a) Streptococcus mutans,
(b) Candida albicans, and (c) Escherichia coli

PRINTED IN IRAQ 183



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 19, No. 4C, December 2023, pp. 179-186

Fig. '(11) Histdgram of antibiotic acti\)ity acbording to dimeters
of inhibition zones

1. Conclusions

In concluding remarks, TiO» nanoparticles can be
successfully prepared by PLAL technique by
irradiation of titanium target immersed in ethanol.
The number of laser pulses used for PLAL has an
effect on the sizes and shapes of the prepared
nanoparticles. Due to their small size (24.5nm) and
high concentration, TiO2 nanoparticles have shown
reasonable effectiveness to inhibit the growth of a
variety of microorganisms in antibacterial activity
assays.
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Effect of Copper Dopants on
Structural and Optical
Properties of Nickel Oxide
Thin Films as NO. Gas
Sensors

Nickel oxide (NiO) thin films have been prepared and deposited on glass
substrates by thermal evaporation of nickel metal powder and oxidation
throughout annealing to form nickel oxide thin films. The structural and optical
properties of these films annealed at 450°C were examined. The x-ray diffraction
(XRD) patterns of the prepared thin films revealed cubic structure with dominant
(111), (200) and (220) orientations. The results of atomic force microscopy (AFM)
showed that the roughness and grain size distribution increased with increasing
Cu content. The transmittance was decreasing while the absorbance was
increasing with increasing Cu doping content. The energy gap was decreased
from 3.65 eV (undoped NiO) to 3.52 eV (3% Cu:NiO) and 3.39 eV (5% Cu:NiO).
The results of NO2 gas sensing showed that the sensitivity increased with

0.19 increasing Cu doping content.
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1. Introduction

Semiconductors are important materials, which
have made significant progress, have made the extent
of the last decade, inherited extensively through a
range of electronic applications and devices,
including electronic devices, optical guests, light-
emitting, photocatalysis, and other applications [1-3].
Nickel oxide (NiO) is a semiconductor p-type; it has
a cube structure, as well thin films, and good
transparency. NiO has been wused in many
applications because of its crystal good and best
permeability of a wide range of visible wavelengths,
also, possessing an energy gap between 3.6 and 4 eV
[4]. The thin films of NiO are used in many
applications such as solar cells, gas sensors, electric
minors, photovoltaic, organic-relief diodes, and UV
detection devices [5]. Nitrogen dioxide (NO2) is one
of the numerous nitrogen oxides. It is a gas in its
natural state, brown-red color has a sharp permeable
smell [6]. NO; is one of the most important and most
common air pollutants and causes poisoning when
inhaled. Traffic emissions are the main source of
nitrogen oxides while some small concentrations are
produced from power stations and some other
industrial sources, but emissions from power stations
and industrial areas are in most cases high on the
monitoring stations and their rise helps the speed of
the spread of pollutants in the atmosphere [7]. Many
researchers have fabricated NiO films by various
methods such as spray pyrolysis, chemical vapor
deposition, electrochemical deposition, pulsed laser
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deposition, sputtering, sol-gel, and thermal
evaporation [8-11].

In this paper, we report the NiO thin films
prepared by thermal evaporation method which is
annealed at 450°C. Their structural and optical
properties are characterized by x-ray diffraction
(XRD), atomic force microscopy (AFM), and UV-
visible spectrophotometry.

2. Experimental part

The films of NiO were deposited on cleaned glass
substrate Nickel films under vacuum (10 mbar) by
the combination of rotary and diffusion pump by
evaporating high purity Nickel (Ni) powder from an
electrically heated tungsten crucible. The distance
between the substrate and the tungsten crucible is set
as 15 cm. The ratios of Cu —doped were (0, 3 and 5)
wt.%. After deposition the film was annealed at
450°C for 2 hours. The obtained NiO film was
subjected to XRD, AFM and UV-Visible
spectrophotometer. The structural properties of the
NiO films were examined using X-ray diffractometer
which was operated at 40 kV and 30 mA.
Microstructure surface topography was estimated
using (AFM). The Optical properties of the films
were examined by SHIMADZU 1800 UV-Visible
spectrophotometer in the range of 300-900 nm
wavelength. The target gas was NO, with operating
temperature (25, 100, 150 and 200°C).
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3. Results and Discussion

Crystallite size and crystal structure of the NiO:
Cu films with Cu-doping ratios (0, 3 and 5) wt.% on
glass substrates were examined using by XRD
method and annealing at 450 °C for two hours. Figure
(1) shows the XRD patterns showed peaks at 37.45°,
43.51° and 63.22° corresponding to the (111), (200)
and (220) planes, which describe a polycrystalline for
the cubic structure phase of Cu —doped were (0, 3 and
5) wt.%, according to the JCPDS card no. 01-073-
1519.
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Fig. (1) The XRD patterns of the prepared samples

The crystallite size was calculated from the
diffraction peaks using the well-known Debye-

Scherrer’s formula [12]:
092

- BcosOp (l)
where D is the crystallite size (nm), A is the x-ray
wavelength (1.54A), B is the FWHM of the peak, and
g is the diffraction angle of the peak

Moreover, a dislocation density (8), the inter-
planer distance (d) and were measured by the
equations [13]:

§=— 6y
a

d= o ®)

where a is the lattice constant

Table (1) summarizes the results of the XRD data
analysis.

Figure (2) shows AFM images of the surface for
NiO: Cu films, the scanning images of the film
surfaces for all samples, and the images of the
prepared films were in (3D). The grain size
distribution of the surface increased with increasing
the ratios of Cu-doped. Also observed that the
roughness and root mean square (RMS) of the NiO
sample it’s increased with increased the Cu content.
The reason for these increases in the value of
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roughness and RMS can be attributed to the increase
in the Cu-doping, where the difference between Cu?*
and the Ni®* is the latest increase in the roughness and
root mean square (RMS) [14]. Table (2) summarizes
the results of the AFM data analysis.

Table (2) Results of AFM analysis

NiO Average R.M.S. Average
Samole Roughness | Roughness | Grain size
b (nm) (nm) (nm)
0% Cu 1.56 2.09 701
3% Cu 247 3.13 68.5
5% Cu 247 3.36 90.7

3% Cu:NiO
v ’.L
v mv“; -
P W e

3000

000

nm

5% Cu:NiO
Fig. (2) AFM surface topography of the prepared samples

The optical properties of the deposited NiO:Cu
thin films on glass substrate temperature 450°C by
using UV-Visible spectrophotometer in the region of
300-900 nm. Figure (3) indicates the relationship
between transmittance and wavelength of NiO:Cu
thin films. It can notice from this figure that the
transmittance decreased with increasing contain of
Cu in NiO thin films, this may be attributed to the
creation of levels at the energy band by increasing Cu
contain [15].

Figure (4) indicates the relationship between
absorption and wavelength of NiO:Cu thin films. This
figure shows an exponential increase in the
absorption pattern with increasing wavelength
because the interaction of photons with the internal
electric fields within the crystal volume of the
prepared films, and the deformation that occurs to the
lattice because the strain caused by the deficiency and

PRINTED IN IRAQ



inelastic scattering occurs for charge carriers by
phonons [16].
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Fig. (3) Transmission spectra of the prepared samples
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Fig. (4) Absorption spectra of the prepared samples

The optical energy gap (Ey) can be calculated
from the plot made between (ahv)? versus photon
energy (hv) [17], which are shown in Fig. (5), from
which, it can notice that the energy gap are decreased
after added of Cu for NiO thin film ratios (3 and 5)
wt.%. Table (3) summarizes the valuable of the
transmittance, absorption and energy gap of NiO:Cu
thin films.

Table (3) Values of transmittance, absorbance and energy gap
of NiO:Cu thin films

NiO Transmittance Energy gap
Sample (%) Absorbance (3\‘;)9
0% Cu 73 1.74 3.65
3%Cu 52.5 2.35 3.52
5% Cu 39 249 3.39

The sensitivity (S) can be defined as the ratio
between changing the resistance of the sensor with
the presence of gas and without gas [18]. It was
measured by the equation [19]:

S= |@ x 100% 4)
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where R, is the resistance of sensor in air, Ry is the
resistance of sensor in presence of the tested gas

—— NiO:Cu 0% [
—— NiO:Cu 3% /
—— NiO:Cu 5% /

4.00E+012

%2.005012 4 / f
0.00E+000 gl
1 2 3 A
hv (eV)
Fig. (5) Determination of energy band gap of the prepared
samples

The target gas was NO; as an oxidized gas. Figure
(6) shows the sensitivity of NiO: Cu thin films ratios
(0, 3 and 5) wt.% at present NO- gas. The sensitivity
in general increased with increasing Cu content and
operator temperature, as for NiO:Cu 0% thin film, the
sensitivity increased by increasing the temperature,
and the reason for this is due to the nature of the
semiconductor material, as its resistance is decreased
by increasing the temperature and thus an increase in
the sensitivity [20]. As for NiO:Cu 3% thin film, the
sensitivity was also increasing with an increase in the
temperature, and the reason for this positive effect of
heat on-resistance of semiconductor with metal [21].
Either the sensitivity of NiO:Cu 5% thin film was also
increased with an increase in the temperature because
of the positive affect of heat on resistance of
semiconductor with metal [22]. These results showed
the doping of NiO film with Cu was suitable for gas
sensing applications where the electrical conductivity
of NiO was an enhancement.
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NiO:Cu 0% NiO:Cu 3% NiO:Cu 5%

Fig. (6) Sensitivity of NiO:Cu thin films to NO; gas

4. Conclusions

Nickel oxide (NiO) thin films has been
successfully deposited by thermal evaporation
method. The structural and optical properties were
investigated by (XRD), (AFM) and (UV-Visible)
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studies. The XRD analysis of the prepared thin films
reveals cubic structure with dominant (111), (200)
and (220) orientations. The AFM showed the
roughness, (RMS) and grain size distribution
increased with increased the Cu content. The
transmittance and energy gap are decreased with
increasing Cu-doping in the prepared films, while
absorption is increased with increasing Cu-doping.
The results of sensing analysis showed the doping of
NiO film with Cu was suitable for gas sensing
applications where the electrical conductivity of NiO
was an enhancement and the results indicate that the
best sensitivity to NO, gas was 65.5 % of NiO:Cu 5%
thin film at 200°C.
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Table (1) calculations of structural parameters according to the XRD patterns

-3
NiO Sample | (hkl) | 260 (deg) | B (deg) | dwi(A) | a(A) | D(nm) (I?r’]‘;/";\z)
(1) | 3743 | 048 | 2.399 | 4155 | 785 | 16.23

0%Cu | (200) | 4346 | 062 | 2078 | 4156 | 642 | 24.26
(220) | 6292 1 1460 | 4157 | 504 | 3936

(1) | 3743 | 0.8 | 2400 | 4158 | 982 | 1037

%Cu [ (200) | 4346 1| 2001 | 4183 | 7.71 | 1682
(220) | 6292 | 14 | 1478 | 4181 | 643 | 2418

(111) | 3743 | 074 | 2405 | 4167 | 1062 | 8.86

5%Cu [ (200) | 4346 1| 2084 | 4.169 | 971 | 1281
(220) | 6292 | 13 | 1472 | 4166 | 544 | 3379
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Synthesis of Copper
Nanoparticles Using Liquorice
Extract as Reduction Agent
and Their Antibacterial
Properties

The antibacterial properties of copper nanoparticles were tested using
environmentally friendly Liquorice extract (LE) for their synthesis. The unique
properties of the synthesized copper nanoparticles were observed through the
characteristic peak of the harmonic surface plasmon at a wavelength of 630 nm
in the UV spectrum. The x-ray diffraction (XRD) patterns did not display any
peaks for impure crystalline phases, which aligns with standard values for the
face-centered cubic structure of metallic copper. The presence of spherical
nanoparticles with a size of 128 nm was revealed. These nanoparticles displayed
a negative zeta potential, which suggests higher stability. To investigate the
efficacy of the prepared nanoparticles against bacteria, varying amounts of
copper and liquorice extract were employed. The control sample had a zone of
inhibition of 6 mm, whereas the smallest and largest zones of inhibition measured
were 17 mm and 25 mm respectively. The higher concentrations of copper
produced better outcomes, and it was evident that the tested bacteria were
inhibited at all concentrations. Copper nanoparticles synthesized with CU@LE
demonstrated good inhibition against two types of bacteria choosing,
Streptococcus mutans and Proteus mirabilis.

powered by scimagajr.com
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1. Introduction

Nanoparticles ~ (NPs)  possess  enhanced
characteristics, including  plasmon  resonance
properties [1]. Copper (Cu) nanoparticles (NPs) have
gained the attention of many researchers due to their
unique properties compared to bulk materials. Their
distinct characteristics are a result of their size, shape,
distribution, and morphology. These NPs have
proven to be useful in various fields, as they possess
exceptional catalytic, optical, and electrical
properties. Moreover, they exhibit antifungal and
antibacterial activity as well. Synthesising Cu NPs is
relatively inexpensive, making them an attractive
option for different applications [2]. Nanoparticles
(NPs) made of noble metals, especially Cu, are
among the most significant discoveries in recent
years. This is due to the fact that for certain metals,
the frequency of localised surface plasmon resonance
[3] is in the visual range). A surface plasmon is the
electron excitation in the conduction band of the NPs’
surface. The metal NPs providing characteristic
absorption spectra in the UV-visible region are called
surface plasmon resonance NPs. Surface plasmons
are characterised as oscillations of free electrons in
metal  [4,5]. In addition to their outstanding
biological activity, Cu NPs also exhibit extraordinary
physical and chemical characteristics, such as high
thermal and electrical conductivity [6]. Cu is a highly
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toxic substance to organisms, but it is non-toxic to
animal cells, making it a useful bactericidal metal.
Copper nanoparticles (Cu NPs) have been utilized in
various applications, such as health, food, medical,
consumer, and some industrial sectors. This
manuscript reports the first-ever green synthesis of
Cu NPs using a novel plant extract [7]. The green
synthesis of copper nanoparticles (Cu NPs) has
gained significant attention in recent times for its
potential applications in biomedicine, biosensors, and
pharmacy. In this method, fungi, bacteria, and plant
extracts are used as reducing and capping agents to
produce Cu NPs [8]. The use of plant extracts is a
more accessible method of synthesizing nanoparticles
due to their biological origin. Azadirachta indica is a
plant extract that has been widely used for the
synthesis of Copper nanoparticles (Cu NPs) using
physical, thermal, and chemical reduction methods.
However, these methods are expensive, sophisticated,
and may have toxic effects [7].

The green synthesis of NPs using plant extracts
offers a simple, environment-friendly, and
economical procedure to resolve these issues. Plant
extracts are cheap and stable against harsh
environmental conditions [9] .

Nanoparticles (NPs) are formed through redox
reactions that reduce metal ions. This reaction is aided
by metabolites such as sugar, terpenoids,
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polyphenols, alkaloids, phenolic acids, and proteins.
These metabolites play a crucial role in the reduction
of metal ions and also ensure the stability of NPs
[10,11] .Several studies have examined the potential
of plant extracts, such as Solanum Lycopersicum,
Eclipta prostrate, Punica granatum, Plantago
asiatica, Gnidia glauca, Plumbago zeylanica, and
Moringa oleifera [12], for the synthesis of Cu
nanoparticles. Different plant extracts are associated
with  different NP  characteristics, including
antioxidant, mosquito larvacidal, antimicrobial,
insecticidal [13] anti-dengue virus,
cytotoxic/anticancer, and antifungal properties [14].

The aim of this research is to produce copper
nanoparticles (Cu NPs) using the green method
involving licorice extract (L.E.) and evaluate their
properties by x-ray diffraction (XRD), zeta potential,
UV-visible spectroscopy, and transmission electron
spectroscopy. Microscopy (TEM). The effectiveness
of copper NPs as an antibacterial agent against two
strains of bacteria, Streptococcus mutans and Proteus
mirabilis, was tested.

2. Experimental Part

Cu sulphate (CuSO4.5H,0), sodium hydroxide
(NaOH), ascorbic acid (CesHsOg), ethanal,
cetyltrimethylammonium bromide (CTAB), L.E., and
distilled water.

To prepare the liquorice plant extract, the leaves
were first cleaned and washed thoroughly to get rid of
any impurities. The leaves were then sun-dried for a
while and crushed into a fine powder. Then, 5 g of the
powder was mixed with 50 mL of deionized water to
make an extract. The mixture changed its color to pale
yellow. After that, the solution was centrifuged at
4000 rpm for 10 minutes. The extract was collected
and stored in the refrigerator.

In order to prepare Cu NPs, we started by
dissolving 2.7 g (0.1 M) of Cu sulphate in 50 mL of
deionised water through continuous stirring for 35
minutes. Then, we dissolved 0.05 g of C-Tab solution
in 10 mL of deionised water and added it to the Cu
solution, followed by dissolving 0.5 g (0.2 M) of
ascorbic acid in 15 mL of deionised water and adding
it to the Cu solution. We then dissolved 0.9 ¢ of
sodium hydroxide (1 M) in 20 mL of deionised water
and added it to the Cu solution. The solution was
stirred at full speed for three hours. After that, we
added 10 mL of the extract to the solution and stirred
it continuously for two hours. Finally, a dark brown
Cu solution containing the extract was obtained as
shown in Fig. (1).

The Cu NPs prepared using L.E. (Cu@L.E.) were
examined by ultraviolet spectrum analysis with a
Shimadzu UV-16601 spectrophotometer. The shape
and structure of the Cu NPs were evaluated by TEM
with a Le0920 TEM (Karl Zeiss, Germany). Zeta
potential is important for assessing superficial
shipment, stability, and size distribution with density.
The Fourier-transformed infrared (FTIR)
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spectroscopy and XRD (Shimadzu XRD-6000) used
the infrared spectrum scale.

Fig. (1) Final output copper and plant extract (Cu@L.E.)

3. Results and Discussion

L.E. was shown to synthesise stable Cu NPs in
this study using ultraviolet-to-visible spectroscopy.
The formation of Cu NPs was confirmed using UV-
visible spectra due to surface plasmon resonance. The
UV-visible absorption spectra of synthesised Cu NPs
were recorded at fixed wavelengths from 200 to 700
nm., UV spectrum in L.E. It shows distinct and clear
absorption bands the characteristic absorption peak of
the Cu solution was observed at 627 nm, which
shifted to the longer wavelength of 631 nm after
adding L.E. (Fig. 2). The synthesised Cu NPs’ stable
surface plasmon band at 620-630 nm confirms the
formation of Cu NPs. It also shows that NPs in the
solution are monodispersed with no sign of
agglomeration Due to the addition of the CTAB to a
stability and more dispersal of the solution, as shown
in the final form resulting from the synthesis of
copper and plant extract (Fig. 1).

1.8
Cu@L.E.
Cu
12
[}
2
S
S
2
0.6 1
0 - :

430 480 530 seowg;gengm(nﬁo 780 830 880
Fig. (2) UV-visible spectra of L.E. and synthesised Cu NPs
(inset shows the change in colour after Cu NP formation)

The XRD patterns of L.E. synthesised Cu NPs are
shown in Fig. (3). The XRD pattern of the synthesised
Cu NPs contains all of the possible peaks of metallic
Cu, showing the polycrystalline nature of Cu NPs.
Three distinct diffraction peaks for Cu NPs are
observed in the XRD pattern. XRD is one of the most
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effective and simple methods for determining a
compound’s crystallite properties. The XRD
measurements showed that Cu NPs are crystallised.
Figure (3) shows the XRD patterns of the Cu NPs,
which are comparable to those seen in JCPDS Cu. 04-
0836 (43.6, 50.8, and 74.4) and correspond to the
metallic Cu planes (111), (200), and (220) [15]. The
XRD analysis shows that the Cu peaks produced by
the Cu NPs have a face-centred cubic structure, in
addition to diffraction peaks that appear after the
coating process. Table (1) summarizes the values of
structural parameters obtained from the XRD results.

——LE-CuNPs
Cu NPs
——LE

Intensity (a.u)

W“JLJL A

r———— N
T T T T T 1

20 30 40 50 60 70 80
20(°)
Fig. (3) XRD patterns of Cu NPs for capping L.E.

Table (1) Analysis of the XRD pattern

FWHM d-Space Grain
e (29) (26) Standzrd (A) | size (nm)
435007 | 0.1750 2.08 4214765
Cu@L.E. | 50.6481 [ 0.2037 1.81 35.23844
74.3042 | 0.2022 1.28 31.30273

FTIR was used to determine whether active
phenolic components, such as flavonoids, were
present in the L.E. before and after the bio-reduction
procedure. The L.E. had several absorption peaks,
illustrating its complexity [27]. However, the L.E.’s
FTIR spectrum extract (Fig. 4, black) shows five
primary peaks at 3419, 2952, 1760, 1688, and 1141
cml, suggesting O-H stretching vibrations (alcoholic
or phenolic), C-H asymmetric stretching, C=0
stretching, C=C stretching, and C-OH bending,
respectively. Flavonoids and phenolic acids could be
adsorbed on the Cu NPs’ surface, possibly through
the n-electrons interaction. [14,16] The carbonyl and
hydroxyl linkages in the L.E.’s components are
responsible for reducing Cu ions into Cu NPs.
However, the FTIR spectrum of green synthesised Cu
NPs (Fig. 4, red) shows a broad peak at 3410 cm™* due
to O-H groups; some signals that emerged at 2949,
1783, 1615, and 1028 cm? are related to C-H
asymmetric stretching, C=0 of aromatic rings, C=C
stretching, and C-OH bending, respectively. The Cu
NPs’ FTIR spectrum also indicates the possible
interaction between Cu ions and L.E. during
bioreduction [17] at 621 cm™. Comparing the spectra
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of Cu NPs and L.E. showed that some peaks obtained
from the L.E. had been repeated in the FTIR spectrum
of Cu NPs, with slight changes in the band positions
and the absorption intensities. These results show that
the as-synthesised Cu NPs are non-oxidative, pure,
and coated with L.E. components.

Transmittance (%)

M A A \J \J A\J '
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. (4) FTIR spectra of L.E. and Cu NPs (red curve) in the
500-4500 cm* wave number range

TEM was used to characterise the size and shape
of the Cu NPs. The Cu@L.E. NPs synthesised using
the green method were imaged using TEM. They
were spherical and homogeneously distributed. The
particle size distribution graph for the Cu@L.E. NPs
is shown in Fig. (5). The average particle size was 128
nm. The reason for the larger size of Cu NPs. Due to
the addition of the CTAB to a stability and more
dispersal of the solution, as well as adding the green
extract.

The zeta potential is used to determine the
stability of colloidal particles, and its magnitude
indicates the degree of electrostatic interaction
between similarly charged particles in dispersion
[30]. NPs with zeta potentials of >+25 mV or <—25
mV are usually highly stable. The zeta potential of the
Cu NPs was —16.1 mV (Fig. 6), confirming their
stability. The negative zeta potential of
biosynthesised Cu NPs may be due to bioorganic
components in the L.E. as capping agents [18] . The
mutual repulsion of NPs depends on having either a
large negative or positive zeta potential. Zeta
potential measurements of Cu NPs with L.E. show
that the synthesised Cu NPs have a negative surface
charge. This finding indicates the colloidal stability
of the Cu NPs, which can form various chemical
bonds with metal components, enhancing their
stability and preventing agglomeration.
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Fig. (6) The zeta potential of the cu @L.E. NPs

The antibacterial activity of various Cu
concentrations against two pathogenic bacteria,
Streptococcus mutans and Proteus mirabilis, is shown
in figures (7-10). Cu@L.E. and L.E. were examined
for their antibacterial activity, and the mean values of
the inhibition zone are shown in table (2). Numerous
studies have shown that NPs have strong antibacterial
activity. This study shows that all harmful bacterial
strains had a good inhibition zone. It also found that
high metal NP concentrations resulted in a larger
inhibition zone. Therefore, the relationship between
the inhibition zone and Cu NP concentration was
linear. The reactive oxygen species that kill bacteria
comprise radical substances such as hydroxyl (-OH),
superoxide radical (Oy), singlet oxygen (O2), and
hydrogen peroxide (H20;). Therefore, the green-
produced Cu NPs showed significant antibacterial
efficacy against various species.

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

Table (2) Comparison of the antibacterial action of L.E. and
Cu NPs against the two tested strains

Sample Amm | Bmm | Cmm | Dmm | Emm
Streptococcus mutans
(Cu@LE) 6 18 19 20 21
Proteus mirabilis (L.E.) 6 18 20 23 25
Streptococcus mutans (L.E.) 6 17 18.5 21 22
Proteus mirabilis (Cu@L.E.) 6 175 19.5 20.5 215
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Fig. (7) Antibacterial activity of Cu@L.E. NPs against Proteus
mirabilis. (A) Control. (B) 12.5 %. (C) 25 %. (D) 50%. (E)
100%

Metal NPs may adhere to the bacterial cell wall’s
surface and then break through the bacterial cell
membrane, disrupting the cytoplasmic membrane’s
integrity and stability and ultimately killing the
bacterium [19]. It was suggested that Cu NPs’
antibacterial effectiveness depends on their form. The
form, surface-adhering components, and surface
charge of Cu NPs may account for their significant
antibacterial activity. According to microscopic
analysis and nucleic acid leakage, physical damage to
bacterial cells is the primary cause of Cu NP damage
potential. Negatively charged cell walls and
positively charged NPs interact electrostatically,
causing cell wall destruction [20]. Streptococcus
mutans strains associated with hospital infections are
frequently multidrug-resistant, leaving only low-
efficiency antibiotics available for therapy [21] .
Table 2 shows that, compared to L.E., Cu NPs had the
most antibacterial action against the two tested
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strains. The antibacterial effects of different
concentrations of Cu@L.E. NPs against Proteus
mirabilis and Streptococcus mutans are shown in
Figures 7 and 8, respectively. The antibacterial effects
of different concentrations of L.E. against Proteus
mirabilis and Streptococcus mutans are shown in
Figures 9 and 10, respectively. The L.E. and
Cu@L.E. NPs were highly effective against the two
tested bacteria at all concentrations obtained with
L.E. treatment of Streptococcus mutans. This activity
was due to the nanoscale Cu concentration. The
control had an inhibition zone of 6 mm.

- -
= L]
1 1

zone of imhibition mm
o
1

(=]
1

A B € D E

Fig. (8) Antibacterial activity of Cu@L.E. NPs against
Streptococcus mutans. (A) Control. (B) 12.5%. (C) 25%. (D)
50%. (E) 100%
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Fig. (9) Antibacterial activity of L.E against Proteus mirabilis.
(A) Control. (B) 12.5%. (C) 25%. (D) 50%. (E) 100%
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Fig. (10) Antibacterial activity of L.E. against Streptococcus
mutans. (A) Control. (B) 12.5%. (C) 25%. (D) 50%. (E) 100%

4. Conclusions

In this study, Copper nanoparticles (Cu NPs) were
successfully synthesized for the first time using L.E.
The XRD analysis confirmed that the NPs are
crystalline and mostly spherical in shape. The NPs
showed high effectiveness against two bacterial
species at all tested concentrations, with a higher
concentration leading to a greater inhibition zone.
The lowest zone of inhibition was 17mm, observed in
Streptococcus mutans treated with L.E. The highest
inhibition zone was 25mm, obtained with L.E.
treatment of Streptococcus mutans.
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Ammonia (NHs) is a very dangerous gas. The creation of a reliable NHs gas
sensor with high response at room temperature is crucial and is still fairly
challenging. Here, using CuO crystal engineering, we created a CuO-based gas
sensor for ammonia detection at room temperature. Vacuum thermal evaporation
was used to create the CuO crystal-like material, and several characterization

techniques such as field-emission scanning electron microscopy (FE-SEM), X-
ray diffraction, and UV-visible spectroscopy respectively were used to determine
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the crystal structure and optical properties of the (CuO) nanocrystals grown on

Physics glass substrate. MSM with Aluminum (Al) contact electrodes (AI-CuO-Al) gas
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sensor exhibits a high sensitivity of 492.6 % for 17.25 ppm NHs, fast response and
recovery times about, 8.2 and 4.3s respectively at room temperature which are

sR2022 attributed to the morphological structure and increased grain boundary density
0.19 for the sensor fabricated on CuO Nano crystals oxidized under 400 °C.
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1. Introduction

Ammonia (NHs) is a hazardous and toxic gas
widely used in various industrial productions like the
automobile, chemical, textile, fertilizer, paper
products, and food industries [1-3]. Ammonia
releases severely contaminate the environment,
which leads to life-threatening situations [4]. At
present, copper oxide (CuO) is one of the most
common commercial sensing element materials [5-7].
The mutual advantages of CuO nanomaterials with
well-defined morphological structures led to
countless in-depth investigations to grow a variety of
CuO nanostructures with a high surface-to-volume
ratio, which are of great importance in the
manufacture of gas sensors because they have high
gas sensitivity and fast response and recovery times
[8,9]. Among these various morphologies, the crystal-
like CuO nanostructure is a p-type metal oxide
semiconductor (MOS) material with a narrow indirect
band gap of 1.2-1.8 eV [10-13] and exceeds a 2 eV
direct band gap have received a lot of attention
recently due to their distinctive shape and structure,
which produce exceptional physical and electrical
properties, making them the material of focus in
sensing and optoelectronics [14-17]. Due to its high
potential as a sensing material, CuO nanostructure
has received extensive attention in such applications
[18]. While the p-type metal oxide gas sensor has a
few advantages over the n-type metal oxide gas
sensor when the morphological configurations of
both sensor materials are the same [19]. The response
of a p-type oxide semiconductor gas sensor to a given
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gas was equal to the square root of that of an n-type
oxide semiconductor gas sensor [20,21]. Various
techniques have been reported in recent years for the
production of CuO nanoparticles: wet chemical
methods, low-temperature solid-phase processes,
plasma sputtering, oxidation reactions caused by
heating copper substrates in the air, or
electrodeposition [22-26].

Many researchers have focused mainly on the
growth of various nanostructured CuO materials
using different growth methods and investigated their
gas sensing properties, for example, nanowires,
nanorods, nanotubes, nanoflowers, and nanoparticles
[27-37]. Based on the reported structures, the limiting
factor is the inability to use high-quality CuO
nanostructures in practice. This limitation can be
related to the weak and easily broken nature of the
mentioned structures when they are thermally grown
[38].

Determining how the CuO nanostructures'
dimensions and shape affect their ability for ammonia
gas detection gives deep insight regarding the
fundamental rules  influencing  gas-surface
interactions. This information is necessary for
creating high-performance sensors and predicting
how they will respond to various environmental
factors. In this study, the vacuum thermal evaporation
approach was used to grow different sizes and shapes
of crystal-like CuO nanocrystals using varied
annealing temperatures. The aim of the present study
is to investigate how the morphology and surface
structure of CuO affect ammonia (NHs) gas sensing
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characteristics. This study concentrated on how the
annealing temperature affected the structural, optical,
and morphological characteristics of CuO thin films.
Studies on the (NHs) gas sensing properties of
Al/CuO NC/AI have been conducted. Gas sensing
characteristics, including sensitivity, response, and
recovery times, have also been suggested, along with
an effective approach for gas detection.

2. Experimental Detail

Glass substrates were immersed in the mixture of
boiled acetone and ethanol for 10 minutes and then
washed in deionized water. After cleaning, the glass
substrates were placed over the substrate holder at a
distance of 20 cm from the tungsten boat, which
contained high-purity copper (Cu) powder (1g,
99.999%, Sigma-Aldrich) in the vacuum thermal
evaporator, and a 75-nm copper (Cu) layer was
deposited on the glass surface. After 24 hours the
process was repeated using the same conditions and
another (Cu) layer was deposited on the first (Cu)
layer. The resulting sample (Cu/Cu/glass) was
removed from the evaporator system, and the
produced samples was successively transferred into a
thermal furnace for oxidation at 350, 400, and 450 °C
under ambient gas for 120 min, and then the furnace
temperature was cooled to room temperature.

Gas champer 02mm
/E L’Gas in

Gas out
Ammonja NH3 =

«— 2mm

system @ ~ Top view of device
Contact wires

\6% 1

5 e diffusion r Timd -
0 +NHz » N, + 35,0 + 6¢

gas in $=492.6 %
U e

Snsitivity %

Rise time =8.2 S

Recovery time = 4.3
Fig. 1. Schematic illustration of measurement set-up

Field-emission scanning electron microscopy
(FE-SEM, NOVA NANOSEM 450, USA) and X-ray
diffraction (XRD) by an X-ray diffractometer system
type (Philips PW 1710, USA) were used to figure out
the shape and crystallinity of the crystalline CuO. The
source of radiation was Cu (ka) and A=1.5406A. A
Shimadzu, UV-3600 UV-Visible spectrometers were
used to record the optical characteristics of the
deposited films at room temperature. Two
interdigitated electrodes with four fingers were used
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to build the MSM gas sensor. Each finger is 230 pm
wide and 3.3 mm long, and the spacing between each
finger is 400 um. Aluminum (Al) contacts were
deposited by vacuum thermal evaporation using a
metal mask based on the pattern of the contact
structure. [39]. The gas sensor performance
measurement set-up is shown in Fig. (1). The CuO
sensor was placed inside the chamber (Fig. 1),
and later the desired gas (NH3) with a concentration
of 17.25 ppm was injected. The change in sensor
resistance when exposed to NHz gas is measured.

3. Results and Discussion

Figures 2a, b, and ¢ show the typical FESEM
images of the crystal-like CuO grown on glass
substrates. It can be seen that the grown CuO consists
of well-defined crystal structures composed of
regular cubic structures. Highly dense crystal shapes
of CuO with an average length of 40 nm were
successfully obtained. The importance of the first
very thin layer of Cu, which acts as a buffer layer, in
preventing the crystal mismatch usually seen when
CuO is directly deposited on glass substrates

Generally, the buffer layer acts as an intermediate
layer between the amorphous substrate and the thin
film. The reasons why the buffer layer plays an
important role are as follows: Amorphous substrates
don't have well-defined crystals, which makes it hard
to grow thin films and get a well-defined structure.
The substrate and the new material to be deposited
should have identical lattice constants to compensate
for the mismatch in crystals and to start nucleation
and growth. Nucleation and growth, improving
adhesion and compatibility, improving surface
morphology, and providing crystalline control—all of
these can be obtained through a match between the
substrate and the material to be deposited.

There is a Cu layer formed between the upper Cu
and lower glass substrates. After the heating process,
a thin layer of copper oxide forms between the Cu
layer and the glass substrate, which is then followed
by a second layer of CuO. Finally, both layers of Cu
are oxidized to make structures that look like crystals
of CuO. Mechanisms of the nanocrystal and the
reasons for the differences in the crystal-like size and
phases between different nanocrystals are proposed
and explained as follows: For a copper-coated glass
annealed at 350°C, there is nothing to diminish the
downward diffusion of oxygen to the copper substrate
as well as the reaction of the second layer of Cu atoms
with oxygen in the air. Consequently, the surface of
the Cu first layer is quickly oxidized, and CuO is
formed through the second oxidation of Cu,O as

follows [38]:
4Cu + O — 2Cu0 1)
2Cu20 + 02 — 4CuO 2)

From figures (2a,b,c), it can be seen that the
annealing temperature can significantly influence the
size and shape of CuO crystals. Annealing at different
temperatures can increase the diffusion of atoms or
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molecules and enhance the growth of nanoparticles,
which leads to variations in the size of these
nanoparticles. Higher annealing temperatures can
result in larger particle sizes. On the other hand, lower
annealing temperatures may decrease diffusion,
leading to smaller particle sizes. Therefore, by
controlling the annealing temperature, it can help
obtain a size that is effective in sensors. The
annealing temperature affected the shape of the
nanoparticles.

Fig. 2. FESEM images of CuO nano-crystals deposited on glass
as a function of oxidation temperature; (a) 350°C, (b) 400°C,
and (c) 450°C

The crystal structure of nanoparticles is greatly
affected by annealing temperature. Fig. 2 b shows that
at high temperature, recrystallization and the
formation of more ordered crystal-like structures of

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

© ALL RIGHTS RESERVED

IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 19, No. 4C, December 2023, pp. 197-204

CuO occurred. The annealing can influence the
preferential growth directions of nanoparticles,
resulting in uniform shapes and a high density of CuO
crystals. Higher annealing temperature (Fig. 2¢) may
lead to disordered structures or inhibit crystal growth
on a large scale.

In addition to the reasons listed above, the CuO
layer on the surface of the substrate formed when
oxygen atoms from the air moved downward and
oxidized the Cu substrate. The thickness of the oxide
increases along with the heating time due to the
continuous diffusion of oxygen atoms to the deeper
region of the substrate. In the deeper region that lacks
oxygen, only the surface region of the copper oxide is
transformed to CuO, while most of the copper oxide
region remains as Cu20, as shown in Fig. (3a).

Figure 3 depicts the XRD patterns of the crystal
structure of CuO nanoparticles annealed at
temperatures of 350, 400, and 450°C. It can be
observed that the X-ray pattern confirms that the
samples obtained are crystalline and have the
monoclinic structure of CuO.

The decomposition of CuO crystal- like is
believed to be carried out in two steps: Cu first reacts
with O; to produce Cu.O, followed by the phase
transition of Cu,O to CuO at higher temperature. The
peak positions and relative intensities of the
diffraction peaks of 32.5, 35.5, and 38.9 correspond
to the lattice planes of (110), (002), and (111),
respectively, in agreement with JCPDS data for CuO
(JCPDS card no. 48-1548) [38-42]. Therefore, the
result here confirms that the evaporated films are
CuO. However, upon annealing, a low-intensity
diffraction peak belonging to the Cu,O phase (26 =
29.628°), corresponding to (110) reflection, The
appearance of weak Cu,O peaks in the XRD pattern
of CuO can be attributed to various factors, such as
small amounts of Cu,O impurities, the possibility of
some Cu,O forming along with CuO due to
insufficient temperature for the reaction, surface
oxidation, and other crystal defects.

It was noted from the XRD results that the main
phases of the nanoscale CuO grown on pure Cu
metal/glass substrates after vacuum thermal
evaporation, which is followed by oxidation, were
CuO and Cu,0.

From the figure, it is noticed that the appearance
of high peaks was at Fig. 3 b, and the absence of
another peak of Cu,O indicates the purity of this thin
film. No peaks of Cu metal are observed in the XRD
patterns, indicating that phase-pure CuO is readily
obtained. It can be clearly observed that the broadness
and intensities of the peaks in the XRD spectra of the
sample annealed at 450°C (Fig. 3 c) revealed that the
film is mainly composed of CuO and contains a small
amount of Cu,0. This means that with increasing the
temperature of oxidation, crystallization decreased.
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Fig. (3) XRD patterns of CuO nanocrystals deposited on glass
at oxidation temperatures (a) 350°C, (b) 400°C, and (c) 450°C

Figure 4 shows the linear relationship between the
(ahv)? and photon energy (hv) was obtained by
plotting (ahv)? against (hv) to determine the value of
the optical energy gap at o= 0, where o is the
absorption coefficient and #v is the photon energy.
The energy band gap of CuO nanocrystals is found to
be 2.1, 2.17 and 2.35 eV for the CuO samples
annealed at 350, 400 and 450°C, respectively; these
are greater than those of the bulk CuO band gap. The
observed deviation to a blue shift in the value of the
energy gap occurred due to the quantum confinement
effect resulting from the reduction in the size and
dimensional structure of the nanoparticles and the
existence of an amorphous phase in films [11,12].
The change in energy gap values is due to the
formation of different sizes of CuO nanoparticles,
which resulted in an increase in the value of the
energy gap for the sample annealed at 400 °C (Fig. 4
b) and then a decrease in its value at an annealing
temperature of 450°C (Fig. 4c). These values match
the energy gaps in the direct gap of p-type CuO
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[43,44]. Energy gap values indicate that the
absorption edge was due to a direct allowed transition
[45]. It is clear that the direct band gap increases with
decreasing particle size [41,42,46]. For the smallest
particle size, the band gap is 2.37 eV (Fig. 4b), while
its value for the larger particles is 2.17 eV (Fig. 4 a).

It is significant to note that although grain
boundaries and nanocrystal size might affect the
energy gap, their exact relationship is complex and
depends on the particular material and size
distribution.

140
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100 -
E&=2.16V
for 350°C

80 +

E=2.17 eV

60 4 for 400°C

(ahv)? x10' (cm'.eV)?

40 4
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Photon energy hv (eV)

Fig. (4) Tauc plots for optical band gap of a CuO nanocrystals
deposited on glass as a function of oxidation temperature (a)
350°C, (b) 400°C, and (c) 450°C

The schematic of the crystal-like CuO MSM NHj3

sensor, as well as the Al finger contacts deposited on
top of the CuO nanocrystals, is shown in Fig. 1. To
describe NHsz sensor performance characteristics,
electrical responses of the gas sensors fabricated from
Al-crystal-like CuO-Al were investigated at room
temperature and 17.25 ppm NH; gas.
Figure 5 shows the electrical responses of crystal-like
CuO as a function of time. The enlarged parts of our
recorded data have been drawn in Fig. 5 (a), (b), and
(c), measured at a NH3 concentration of 17.25 ppm in
cases of gas input and gas stop. The gas response,
response time, and recovery time were used to
describe the gas-sensing performances. This formula
was used to determine the gas response [47].

7R'Rg x100 3)

The sensor's reaction grew linearly as the quantity
of ammonia gas increased. When exposed to fresh air,
the response immediately returns to the initial value;
this shows that the AIl-CuO-Al sensor has strong
repeatability and reproducibility. The response and
recovery times of a gas sensor are another crucial
fundamental element. For real-time use in practical
applications, a sensor with quick reaction and
recovery is required. Response time was found to be

0,
Rresponse /0 -
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8.2 s for 17.25 ppm ammonia gas, and recovery time
is 4.3 s, as shown in table (1).
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Fig. 5. NH; sensing responses of CuO nano-crystals deposited
on glass as a function of oxidation temperature; (a) 350 °C, (b)
400 °C, and (c) 450 °C

Table (1) Variation of sensitivity, response and recovery times
of Al-CuO-Al gas sensor with annealing temperature of CuO

Annealing
Sensitivity Response Recovery
Temperature
(%) Time (s) Time (s)
o)

350°C 40.7 8.6 11.8

400°C 492.6 8.2 43

450°C 257.6 10.4 7.2

The reactions at the CuO surface and the diffusion
within the crystal —like are the basis for the basic
operation of the NH3 gas sensor. Surface polarity and
enhanced oxygen adsorption at the CuO surface upon
exposure to ammonia gas at room temperature. Based
on the energy gap values obtained during thermal
treatment, p-type CuO could be formed [48,49],
which was confirmed by the behavior of the sensor,
where there was a change in the resistance values of
the sensor with its exposure to ammonia gas. [47].

The sensor response to 17.25 ppm NHsz was
measured, as shown in Fig. 5. The corresponding
dynamic response properties of the CuO gas sensor to
17.25 ppm NH3 at various times. The real-time on/off
switching was measured by exposing the NHs; gas.
The measured current rapidly increased upon
exposure to NH3 gas and then decreased when there
was no gas flow. The response and decay times for
the sensor CuO were calculated.

CuO's resistance decreases as a result of the
removal of electrons by surface oxygen species and
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the formation of holes in the material. Upon exposure
to NHs, ammonia reacts with CuO and can act as a
reducing agent. A possible reduction reaction path at
the CuO surface can be given as follows [47,50,51]

NH;(gas) < NH;(ads) (4)
305 + 4NH; © 2N, + 6H,0 + 3e~ (5)
30~ + 2NH; © N, + 3H,0 + 3e™ (6)
302~ + 2NH; © N, + 3H,0 + 6e~ @

The gas sensing ability of CuO sensors as a
change in sensor resistance can be explained on the
basis of their adsorption, desorption, and reaction
with reducing gas molecules. In the initial stages,
oxygen molecules get absorbed through the CuO
sensor when it is exposed to the air, and oxygen ionic
species (0%, O, and O%) are formed by capturing one
electron from the CuO surface.

Consequently, there is a decrease in electrical
resistance due to an increase in hole concentration.
When ionic oxygen species on the surface of CuO are
exposed to reducing gases, like molecules of
ammonia, they interact with these molecules. This
releases a lot of electrons back into the CuO
conduction band. The recombination of these
electrons with the existing holes raises the electrical
resistance of the CuO sensor. As a result, the
electrical resistance of the sensor changes in a manner
that is proportionate to the presence of ammonia gas.
The CuO surface consists of a large number of grains,
contacting at their boundaries. The creation of double
Schottky potential barriers at the interface of adjacent
grains, brought on by charge trapping at the interface,
governs the electrical behavior. The conductivity is
determined based on the height of this barrier. Charge
trapping at the interface is what caused this process.
The majority of carriers can be caught in trap states
that are present at these interfaces. As a result, the
band bends, creating a barrier at the interface. The
conductivity of this barrier is regulated by its height
[52-54]. It is evident that the relationship between the
change in conductance and the change in barrier
height and the temperature. When determining the
sensitivity of CuO gas sensors, grain boundaries are a
key factor through its effect on the value of the height
of the Schottky potential barrier. Gas molecules react
and adsorb on the surface of CuO particles as part of
the sensing mechanism. Because the gas molecules
move across the gaps between the grains and interact
with the CuO surface, the sensor's electrical and
chemical properties change. From the results that we
obtained, it was shown that the annealing temperature
has a large effect on the size of the grains and
therefore on the sensor. More active areas for gas
molecules to interact with CuO nanocrystals are made
available as the size of the nanocrystals decreases.
Due to the exposed surface atoms in nanocrystals and
the shorter diffusion paths that gas molecules must
take to reach the sensor's surface, response and
recovery times are reduced. Gas molecules can
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diffuse into and out of a material through grain
boundaries. Due to the shorter diffusion paths that gas
molecules have to take in order to reach the active
areas of the sensor, gas response and recovery times
may be reduced. Our results showed that with the
wide spread of the grains on the substrate, the values
of the grain boundaries decreased, thus decreasing the
sensitivity of the sensor, and the values of response
and recovery times decreased, as shown in table (1).

4. Conclusions

Using the vacuum thermal evaporation method,
two layers of Cu that oxidized at different annealing
temperatures were used to make a crystal-like CuO on
a glass substrate. AlI-CuO NCs -Al were used to
successfully build gas sensors, and their gas-detecting
ability was evaluated for ammonia. According to the
gas sensing results, the sensor based on CuO that was
annealed at 400 °C demonstrated superior gas sensing
performance, with a fast response (8.2 s) and quick
recovery (4.3 s) time toward 17.25 ppm ammonia at
ambient temperature. As a suitable substrate to form
crystals, like CuO thin films, the Cu intermediate thin
layer emerges. Our findings show that the high
sensitivity to NH3 gas found for CuO film is based on
two elements: the CuQ's crystal size structure and the
grain boundaries.
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Atmospheric pressure DBD Ar plasma jet is a new technology applied treatment
on cotton fabric to improve its hydrophilicity. In the current study, employed

argon as the working gas and investigated various plasma properties using an AC
power supply operating at 8kV peak to peak with a frequency of 28 kHz.
Additionally, The water contact angle as wettability measurements reveals the
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hydrophilic properties of the cotton surface after plasma treatment at the study

Physics conditions. The plasma treatment caused a reduction in the water contact angle,
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indicating enhanced hydrophilic properties of the cotton fabric surface. with
noticeable effects starting to appear after only 5 seconds of treatment. This work
demonstrates the enhancement of hydrophilic surfaces on cotton fabrics using

019 atmospheric pressure DBD as effective and environmentally safe method.
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1. Introduction

Textiles hold considerable importance within
society, given their multifarious applications and
consequential  societal significance. Examples
include interior textiles, wearable electronics, and
medical implants [1]. Through innovation in
numerous economic sectors, textile uses are growing
and developing continuously. The demand for a
higher quality of life, access to better facilities,
modern lifestyle choices with an increased awareness
of hygiene, and population expansion are the primary
market drivers for the development of textiles. Here,
enhanced textiles are essential to achieving the goal
of offering a healthy lifestyle that is affordable and of
high quality in both private and public spaces [2].

Due to its softness, porous, flexible, comfortable
and breathable qualities, cotton is one of the most
widely used fibers in the textile industry and is
therefore ideal for use in clothing, pillowcases, bed
sheets, draperies, towels, tents, underwear, hospital
healthcare textiles, military garments, gauze and
other items [3,4]. Cotton textiles are used frequently
where a cellulose is the primary chemical constituent
of cotton. the cuticle, which is the cotton fiber's
outermost layer. includes waxes, lipids, and pectins
that give the fibers adhesive qualities [5]. Cotton, on
the other hand, is naturally hydrophobic because it
has waxes and oils that stop it from absorbing water
and/or moisture. Natural oils and waxes are partially
removed from cotton during the purification process,
which removes impurities from the growing and
ginning processes [6]. Currently available softening
agents have a specific chemical composition that
includes two lengthy hydrophobic alkyls chains. The
drawbacks with these softeners, such as a result, yarns
and fabrics treated with softeners easily develop
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hydrophobic surfaces, which prevent water from
being efficiently absorbed between the fibers. This
explains why cotton materials' ability to absorb water
quickly degrades, in addition to  environmental
safety issues such as low biodegradability [7]. Over
the previous years, several traditional chemical
procedures have been used to increase the
hydrophilicity of cotton fabrics. These traditional
methods are fundamentally expensive and harmful to
the environment. Additionally, the performance of
the final product may be negatively impacted by the
usual method that handles the fabric bulk [8]. There
is an increasing amount of attention being paid to
developing new technology that can vary the
mechanical and surface qualities of natural and
synthetic fabrics while preserving the useful
attributes of cotton fibers [9].

Cold plasma technique has a variety of advantages
over conventional chemical techniques, including the
ability to modify surfaces without the utilization of
water or chemical compounds, making it both
affordable and environmentally friendly [10]. It was
discovered that the non-thermal plasma treatment is a
useful technique for enhancing surface qualities
without changing the bulk of the fabric [8]. This
technology has mostly been utilized to enhance
various aspects and characteristics of cotton textiles,
such as the fibers' hydrophilicity [11]. Free electrons
receive greater energy during a plasma atmosphere
discharge from an applied electric field besides losing
energy when they collide with neutral molecules.
Depending on the plasma feeding gas (helium,
argon and oxygen), the energy transmission to the
molecules causes the production of new species,
including free radicals, ultraviolet radiation, photons,
electrons, ions, atoms, and different excited particles
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[12] enhances cotton fiber's ability to absorb water by
surface oxidation and etching caused by plasma
active species. High concentration of neutral reactive
species plasma cause grooves and cracks of the fiber
surface [13]. The surface of the substrate reacts with
all of the active species, creating chemical
functionality [14]. As a result, the treatment of fabric
surface creates channels facilitate water penetration
and hydrophilic groups formation. These chemical
and physical changes after plasma treatment lead to
prompt increase in the water absorbance of cotton
materials [8,13].

When a solid intersects gas and liquid at the three-
phase boundary, a liquid creates an angle known as
the water contact angle. Water contact angle gives a
direct indication of the wettability of the solid
surfaces. If the water contact angle exceeds 90°, it
means the surface has a poor wetting, which have
minor inclination to interact with water. If the contact
angle falls below 90°, indicates water molecules have
a high binding affinity to the substrate. The presence
of active polar groups leads to hydrophilic substances
features that readily absorbs water [15].

Dielectric Barrier Discharge (DBD) plasma jet
was used in the current study that is generated by a
single electrode arrangement and operated with noble
gases. This type of plasma is operated at atmospheric
pressure and room temperature that allows treatment
of irregular surfaces with small penetration depth.
Human skin can be exposed to Ar glow discharge
without suffering any negative effects. This is such
that the multiple kilovolt pulsed power that was
applied to operating gas only excited the light
electrons and had no effect on the heavy neutral
particles. As a result, even materials that are sensitive
to heat are more appropriate for plasma-mediated
treatment [16-18].

In this study, we used calculations contact angle
to examine the effect of plasma treatment on the
wettability of the cotton fabrics.

2. Material and methods

Weave cotton fabric without additional
purification, the cotton fabrics used in this research
were from the Kut Factory for Cotton Textiles in Kut
City (Iraq).

To generate DBD plasma jet has cross-field
configuration, it requiers a constraction of high
voltage power supply. The electric circuit used to
drive the high voltage power supply was shown in
Fig. (1). The transistor (MOSFET) IRF 540A
conducts the current transmission through resistors
R1 and R2 to the flyback primary when power is
applied, leading to current induction on the secondary
and on the feedback winding. As the magnetic field
in the ferrite core collapses, this feedback current will
cause the transistor to stop conducting, causing a
sizable high voltage spike to appear on the secondary
winding. However, since there is no longer any
feedback current to keep the transistor shut off, it will
restart conducting, and the cycle will repeat at a
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natural frequency that causes the transformer to enter
into resonance. The circuit becomes dynamic when
there is a feedback winding, which is one of its
benefits.  The  operational frequencies are
automatically tuned to resonance.

Secondary

windings
Feedback Voltage probe
DC power supply windings

High-voltage electrode

Oscilloscope

Primary ——

windings 5
E Ar Gas
e Bl
Spectrometer -

Computer Cotton sample Ground plate

Fig. (1) Detailed schematic of the DBD plasma jet source

A high-voltage copper electrode wire with
diameter of 10 mm with a length of 100 mm is
inserted into the center of the quartz tube. The tube
thickness is about 1 mm, and its length is 180 mm
which represents the dielectric layer, the Ar with
High-purity (99.999%) and a flow rate of 2 L/min is
considered as the operating gas and is supplied into a
quartz tube. The flow rate was measured and
regulated by a mass flow controller. The tissue cotton
sample is placed on an aluminum stage which
represents the ground electrode. The plasma jet
occurs between the bottom surface of the quartz tube
and the top surface of the sample, where 5 mm is the
distance between them. A 28 kHz ac sinusoidal HV
power supply with a peak voltage that can be adjusted
between 0 and 8 kV powers the DBD plasma jet, this
produces an energetic plasma that is stable. The
voltage waveform was assessed through the
utilization of an internally crafted high-voltage probe
featuring a substantial attenuation factor of 1000-fold.
Simultaneously, an oscilloscope (Gos-652G 50MHz)
was employed for visualization. Concurrently, the
measurement of current was conducted using a
Tektronix A6302 current probe, augmented by an
Am503 current probe amplifier, and the resultant data
was displayed on the oscilloscope. Furthermore, it is
viable to ascertain the plasma's distinct characteristics
by engaging in electrical characterization, a process
that involves the precise measurement of both current
and voltage. Measurements are made of the jet
plasma’s optical emission spectrum by Spectrometer
model (SpectraPro S3000). The spectrometer has a
high resolution depending on grating used and
responds to a wavelength between 320 and 750nm.
Optical emission spectroscopy (OES) was applied in
order to calculate plasma parameters including
plasma frequency, electron density, and Debye
length. The plasma electron temperature was counted
using Boltzmann plot method [19].

Ajiny _ 1 N
n [—hCAngjl = _k37 (E]) +In |m| (1)
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Where g; is statistical weight, while Iji is the relative
emission line density between energy levels i and j, Ajj
is the wavelength (in nm), kg is Boltzmann constant,
Aji is the potential for radiation to be automatically
transmitted from level i to the lower level j, Ej is the
excitation energy (in eV) for level i, N refers to the
densities of the population of the state, U(T) partition
function, h is the Planck’s constant, and c is the speed
of light. Debye's length (Ap) is calculated using the
formula shown below [20]
gokpTe 1/2

% = (5 @
where ne is the density of the electrons, & is the
permittivity of free space, ks the Boltzmann constant,
Te is the electron temperature and e the electron
charge

Plasma frequency (wp) can be given as [21,22]

nee? 2

wp = (E) (3)
where me is the mass of the electron, and the rest of
the parameters were defined before

DBD plasma jet activation of a textile surface as
can be seen in Fig. (2). Cotton samples underwent air
atmospheric DBD plasma treatment. Apply a 50 pL
water drop to the fabric sample before applying a
plasma torch, and then use a camera phone to take a
photo of the droplet to determine the tangent angle.
Place a drop of water on the plasma-treated tissue
once more, and then display a plasma torch for 5, 15,
30, and 60 s to compute the tangent angle.

Fig. (2) Photograph of cotton sample during exposure to DBD
plasma treatment

The most used technique for measuring contact
angles is the sessile drop method. A contact angle can
be simply determined from a few drop boundary
points, by knowing the base diameter and height of
the sessile drop, as shown in Fig. (3). The contact
angles were calculated using Eq. (4) [5,23], the
droplet height and width were measured using the
ImageJ software

6 =2tan™?! (%h) (4)
where 6 is contact angles, h is droplet height, D is
width of the droplet touching the surface of the fabric
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D

Fig. (3) A drop's dimensions on a flat surface

3. Results and Discussion

The waveforms of voltage and current are shown
in Fig. (4). The flyback transformer's secondary coil's
ends were where the voltage was measured, and the
voltage exhibited a sinusoidal wave pattern with a 28
kHz frequency, as shown in Fig. (4a).This frequency
are close to the flyback transformer's secondary
circuit's resonant frequency, which was determined
using the secondary coil's RLC values. The voltage
seen at the ends of the secondary coil is around 8 kV
peak to peak. Figure (4b) shows four damped
oscillations of the applied voltage with a 35us cycle
are present in the current waveform. The capacitive
coupling of the circuits with the discharged gas may
be the cause of this behavior. It can be seen from Fig.
(4) that the voltage and current are not in phase, as
well as the absence of spiky lines in the voltage and
current suggests that the discharges are homogenous
glows [24]. Additionally, this figure shows that the
voltage lags behind the current, illustrating the
discharge’s capacitive character [25].
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Fig. (4) (a) Voltage wave form of the discharge, and (b) Current
waveform of the discharge
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OES has been implicated to the detection of
plasma composition via monitoring the species that
are electrically stimulated and the intensity of the
discharges produced by an Ar plasma torch. Figure
(5) shows the optical spectrum has various peaks,
most of it belong to the Arl which agrees with NIST
data [26] and Ar plasma'’s spectrum shows emission
lines that match to the group of N2 emissions in the
range 300-400nm. They fall into the first-negative
and second-positive bands, respectively, and also we
can see OH (at 306nm) [27]. Given that the DBD
plasma jet runs on Ar gas, this is to be expected.
Normally, the plasma jet is generated in surrounding
air, due to the air diffusion, associated with nitrogen
emission. Thus, the nitrogen, oxygen, and hydroxyl
radicals can be caused by the interaction of plasma-
produced particles with the surrounding atmosphere's
N2, Oz, and H,0. The existed emissions of OH and
nitrogen generally could be recognized to the
existence of water vapor from air atmosphere [28,29].

““.J‘:AJJ m a i Llln “l\ 'J,.L

0 - “ o @ - ™ w o0 s

Fig. (5) The DBD jet system's optical emission spectra at
atmospheric pressure

Highest peak appears at 763.51nm (as show of
Lorentzian fit in Fig. 6) which reveals the active
species created in the Ar plasma represented by Arl.
All peaks are found in the visible range of
wavelengths (650-800nm). This result which agrees
with [30] and [31].
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Fig. (6) The Lorentzian fitting of intensity and wavelength at
highest peak

The Boltzmann plot technique was used to assess
the discharge and determine the electron temperature
(Te). In this technique, five suitable lines of Ar | were
taken from the spectral lines of argon plasma
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discharge (696.54, 706.72, 763.54, 801.47,
811.53nm). The T, values were calculated by Eqg. (1),

using the relation between (lnA”—g”) Versus upper
jigj

energy level (E;) were shown in Fig. (7). The electron
temperature was found to be of the order of 0.459 eV.

The figures include the equations of fitting lines
and the R2, which is a statistical coefficient, the value
was 0.9141, demonstrating the accuracy of the linear
fit which takes a value between (0,1), where the
values closer tol is the best one.

While the results of plasma parameters such as
plasma frequency (f,) 6.602x10%* Hz, Debye length
(Ap) 6.845x10 cm, electron density (ne) 5.405x10%7
cm3 and full-width at half maximum (FWHM) 0.800
nm that were calculated for the DBD plasma jet
produced at flow rate of argon gas 2 L/min was
maintained.
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Fig. (7) Boltzmann plot for Arl peaks utilizing the DBD plasma
jet technique

The modification of the textile surface through
atmospheric pressure DBD plasmas is influenced by
variables such as exposure duration and the type of
gas involved research in the field highlights that
subjecting cotton surfaces to atmospheric plasma
treatment with air leads to heightened surface
wettability, prominently displaying enhanced
hydrophilic behavior. Following the application of
plasma treatment to cotton fabric, water droplets of
50 pL at room temperature were placed onto the
fabric surface, with variations in exposure time
ranging from 5 to 60 s. This meticulous process was
meticulously repeated thrice to ensure measurement
accuracy. The calculation of contact angles for both
untreated and treated samples was performed as per
Eqg. (4), involving the measurement of drop diameter
and height at distinct time intervals (as detailed in
table 1). The process utilized an image analyzer, as
depicted in Fig. (8). Notably, with prolonged plasma
exposure, a noticeable decrease in contact angle
becomes apparent.
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Fig. (8) Digitized images of cotton samples (1) untreated, and
(2,3,4,5) being exposed to a plasma jet during 5, 15, 30, and
60s, respectively
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The initial contact angle for untreated samples
measured at 132°, a value that decreased to zero upon
60 s of plasma treatment. The fabric's hydrophobic
nature prior to treatment was attributed to the
presence of cellulosic impurities is covered with a
layer of wax, and the smooth textile surface. This
impurity layer was identified as the driving factor
behind fabric hydrophobicity [8]. The findings
underscored that DBD plasma-treated samples
exhibit the removal of organic materials from the
surface, possibly attributed to two main factors.

Table (1) Effect of plasma treatment on the contact angle of
against in various time intervals on cotton textiles

Droplet | Droplet | Contact
P'ag"‘a":eated Height | Width | Angle
amples (pixels) | (pixels) (°)
untreated samples 372 332 132
5s 302 424 110
15s 252 648 76
30s 114 1248 21
60s 0 0 0

Firstly, the influence of plasma species, including
reactive species and free electrons, brings about
physical changes due to an etching effect on cotton
fabrics. The concentration of active plasma species on
the substrate notably impacts the efficacy of plasma
modification, leading to the incorporation of polar
groups and surface roughness, ultimately resulting in
heightened water absorbency [13]. The treatment's
impact on cotton textile pores is further evidenced by
an increase in effective pore size, brought about by
the etching action of atomic Ar, reactive nitrogen
species (RNS), and reactive oxygen species (ROS).

Secondly, the surface chemistry and morphology
alteration induced by the plasma treatment lead to the
formation of free radicals and polar groups,
exemplified by the introduction of OH bonds [13,32].
Consequently, the hydrophobic layer on the textile
surface undergoes a transformation, resulting in a
shift towards hydrophilicity [33].

4. Conclusion

Atmospheric pressure argon DBD plasma jet
treatment is a favorable procedure for surface
treatment of cotton fabric. our study delved into the
utilization of plasma treatment to enhance the
hydrophilicity of cotton fabric. Through meticulous
experimentation, we established a definitive
connection between the contact angle, exposure time,
and the choice of gas. The findings revealed a
noteworthy transformation of the cotton fabric's
hydrophilic properties, with a remarkable impact
discernible within a mere 5 s of exposure.
Additionally, the environmentally friendly aspect of
this approach is underscored by its dry process nature,
eliminating the necessity for traditional wet chemical
methods. plasma treatment showcases its potential as
a sustainable technique within the textile industry. In
summary, our study underscores the effectiveness of
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plasma treatment in converting cotton fabric into a
more hydrophilic material. The intricate interplay
between contact angle, exposure time, and gas
selection, combined with the rapid response observed
in short timeframes, presents a promising avenue for

fabric enhancement in scientific and industrial
realms.
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Enhanced Fatigue
Characteristics of Aluminum
Alloy 6082 Reinforced with SiC
Nanoparticles

This study investigates the fatigue characteristics of nanocomposites comprising an
aluminum alloy 6082 matrix reinforced with 3 wt.% SiC particles. The investigation
focused on assessing the constant fatigue strength and fatigue life of these
nanocomposites under two distinct testing conditions. At room temperature, the
fatigue strength improvement factor exhibited a remarkable improvement, rising
from 3.5% to 5.4% for low cycles (10%) and high cycles (10%), respectively. Under
elevated temperature conditions, the nanocomposite displayed an even greater
enhancement, with fatigue strength improvement factor (FSIF) values of 0.69% and
11.37% for 103 and 103 cycles, respectively. These results indicate that the
incorporation of nanoreinforced materials significantly bolstered fatigue endurance,
with the nanocomposite exhibiting increased fatigue strength from 33.3 to 35.8 MPa
at RT and from 27.4 to 33.7 MPa at 500°C for high cycles (107) tests. This
improvement in fatigue behavior is attributed to the unique combination of the
aluminum alloy 6082 matrix and the dispersed particles, which were effectively,
synthesized using the stir casting technique.

Keywords: Nanocomposites; Thermal Fatigue; Endurance Fatigue Limit; FSIF
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1. Introduction

Aluminum alloys are renowned for their
exceptional properties, encompassing high resistance
to corrosion, efficient thermal conductivity,
satisfactory strength characteristics, recyclability,
ductility, durability, and notably, low density. These
attributes render aluminum highly versatile and
extensively employed in various industrial domains,
including aerospace, architectural construction,
marine industries, and notably, automotive
applications [1].

Industries seek substitute engineered materials,
including composites made from matrix and
reinforcement materials. Metal matrix composites
(MMCs) have gained attention, with aluminum and
its alloys being key focal points [2].

Mege-Revil et al the study demonstrates the use
of a hybrid vapour deposition process to create
TiSiAIN and TiSiN coatings on M2 steel. The process
involves SiH4 precursors and metals via arc
evaporation, resulting in a multilayered structure with
a 700 nm period. The coatings show improved
mechanical properties and oxidation resistance under
various conditions. The addition of aluminum
enhances oxidation resistance by forming an outer
refractory alumina layer [3].

Zhang et al, examined the thermomechanical
characteristics of coatings made of TiSin and
TiSinAIN  nanocomposites and compared these
characteristics to thermal fatigue. Under isothermal,
dynamic, and cycling (10 cycles rms 25-800-25°C)
conditions, the fatigue resistance was examined.
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Thermal cycling revealed that nanocomposites had
high fatigue resistance while base metals without
nanoparticles had decreased resistance [4].

Divaga et al. investigated the impact of nano-sized
particles reinforcement on the fatigue life of AA7075-
T651 grade aluminum alloy-based metal matrix
nanocomposites (MMNCs) produced through an
emerging stir casting process. The mechanical
properties of the metal matrix composites were
effectively enhanced by the addition of Nano particles
compared to micron-level particles, owing to their
bonding nature. SiC nanoparticles were incorporated
into the parent metal at three different volume
fractions, namely 5%, 10%, and 15%, along with a
constant nano Al,Os fraction of 5%, resulting in the
formation of nanocomposites. The findings of this
study offer valuable perspectives on how dual nano-
sized particles reinforcement impacts the fatigue
performance of aluminum alloy-based MMNCs,
holding significant potential for enhancing the
mechanical properties and performance of advanced
engineering applications [5].

In the current work, the constant fatigue behavior
of Al6082 alloy 3wt.% SiC nanocomposite reinforced
was investigated. A comparison between the fatigue
strength and life for the above composite with the
base metal (matrix) was made.

2. Experimental Investigation

2.1 Material selection

Aluminum alloy 6082 is commonly used due to
its favorable mechanical properties and lightweight
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nature. This alloy is commonly employed in
aerospace applications highly stressed structural
applications, and other areas where extremely high
strength is needed [6,7]. Table (1) shows chemical
composition of 6082 aluminum alloy and table (2)
shows the mechanical properties for base metal.

Table (1) Chemical composition of base metal 6082AlI alloy

6082
Element | Standard Exp:rggizental
Ref. [7]
Zn 0.2% 0.17
Mg 0.6-1.2% 0.98
Cu 0.1 0.087
Si 0.7-1.3% 1.07
Fe 0.5% 045
Mn 0.4-1% 0.7
Cr 0.25% 0.23
Ti 0.1 0.08
Al Bal. Bal.

Table (2) Mechanical properties of Al 6082 alloy [7]

[} [} Hardness el o
Conditions ! Y Elasticity
(Mpa) | (Mpa) BHN (GPa)
AA 6082 /0wt.% | 140 85 40 69

2.2 Composites Preparation

The nanocomposite was fabricated using the stir
casting method, a well-established technique for
incorporating nanoparticles into a metal matrix.
Before being included into the melting aluminum
alloys, the SiC reinforced particles were heated to a
temperature of 200°C. 450 revolutions per minute and
850°C were the stirrer velocity and temperature
predictions, respectively. The manufacturing process
involved the following several steps, each
meticulously performed to ensure the quality and
homogeneity of the resulting material. More
information regarding the development of the
composites rig used to create the composite can be
found in Ref. [8].

2.3 Fatigue Test

The specimens of the fatigue test were prepared
according to the Machines manual as shown in Fig.
The specimens were manufactured and tested to
generate the S-N curve by an alternating bending
specification of fatigue test machine (rotating
bending fatigue testing machine).

The application stress is calculated from the
applied moment according to the simple theory of a
cantilever beam as:

o =1281 1)
where o is the bending stress in (MPa), P is the force
in (N), and d is the minimum diameter of the
specimen (mm)

In this research, constant fatigue tests were
conducted in a laboratory setting using a rotary
fatigue bending rig, subjecting the specimens to a
stress ratio of R=-1. Failure was determined by the
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fracturing of the fatigue specimen into two separate
pieces, at which point the fatigue testing process
automatically ceased. The number of stress cycles
endured by the specimens until failure was
meticulously recorded using a mechanical counter,
which directly interfaced with the drive shaft of the
dc motor responsible for conducting the fatigue tests.
The experimental setup for these fatigue tests was
specifically designed and carried out at the
Department of Electromechanical Engineering,
University of Technology, Baghdad. The laboratory
facilities provided a controlled environment for
accurate data collection and analysis.

Fatigue Specimen - (mm)

Fig. (1) Rotating bending fatigue specimen (cantilever beam)

The rigorous experimental setup and the
utilization of specialized equipment, such as the
rotary fatigue bending rig and the mechanical
counter, contributed to the accuracy and
reproducibility of the results. This approach ensures
that the fatigue behavior of the specimens was
thoroughly investigated, providing valuable insights
for understanding material performance and design
considerations in various engineering applications.

2.4 Thermal Device

To investigate fatigue behavior at elevated
temperatures, a specialized thermal device was
employed to precisely control the environmental
temperature surrounding the test specimens. For this
purpose, an electric furnace was custom-
manufactured, featuring dimensions of
100%120x140mm, tailored to accommodate the
specimens within its controlled heating environment.
The furnace was thoughtfully designed to seamlessly
integrate with the testing machine, and a digital
thermal control unit board facilitated accurate
temperature regulation the performance of a
temperature control system is affected by a number of
components. To ensure effective insulation and
uniform heating, the furnace was constructed with
two layers of steel plate, each with a thickness of 3
mm. This desigh choice minimized heat loss and
provided a stable thermal environment for the
specimens. An electric heater with a power rating of
2000W was securely installed inside the furnace,
serving as the primary heating element. To monitor
and control the internal heating temperature, a K-type
thermocouple was strategically positioned within the
furnace [9].

The integrated thermal control system enabled
precise adjustment of the furnace temperature,
allowing the researchers to subject the specimens to
targeted elevated temperatures during the fatigue
tests. The capability to conduct fatigue tests at
elevated temperatures is particularly essential for
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evaluating materials' performance under high-
temperature operating conditions, as experienced in
various industrial applications. Fig. ) showcases the
furnace and digital thermal control unit board,
visually depicting the setup utilized for the elevated
temperature fatigue tests. This illustration provides a
comprehensive view of the sophisticated equipment
employed to ensure the accuracy and reliability of the
experimental data.

trical control board

Fig. (2) Furnace attached to fatigue machine with control
board

By employing this advanced thermal device and
controlling the testing conditions with great precision,
the researchers were able to assess the fatigue
behavior of the specimens under elevated
temperatures, shedding light on material performance
at high operating conditions. The detailed design and
construction of the electric furnace, combined with
the sophisticated thermal control system, enhance the
experimental setup's validity and the reliability of the
findings obtained in this study.

3. Results and Discussions

3.1. Constant Amplitude Fatigue Results

The specimens were tested under constant
amplitude fatigue stress rotating bending with a stress
ratio R=-1 at room temperature and for high
temperatures 500°C, to estimate the S-N curves. The
results of aluminum alloy 6082 are given in table (3).
Basquin equations were obtained from best fitting
using interpolation in Excel. Figure (3) shows applied
stress changes with number of cycles. According to
Basquin equation
or =M (Np)" (2)
where M and n are material constants.

The obtained results indicate a notable degree of
correlation between the above equation and the
experimental data, as evident from the high value of
the coefficient of determination (R2). This high
correlation coefficient provides substantial evidence
supporting the suitability of the Basquin equation in
accurately describing and explaining the recorded
experimental data.

The successful correlation of the experimental
data with the Basquin equation underscores the
efficacy of this model in characterizing fatigue
behavior under the specific testing conditions. Such
validation is vital in ensuring the accuracy and
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reliability of the fatigue analysis, which, in turn,
facilitates the understanding of material responses
and the prediction of fatigue life. The data presented
in Fig. (3) elucidates the advantageous effects of
nanomaterial reinforcement on the fatigue strength of
the tested specimens over different cycles. These
enhancements in fatigue performance may be
attributed to the unique strengthening mechanisms
induced by the nanomaterials, including grain
refinement, dislocation pinning, and interfacial
strengthening. Such improvements hold significant
promise in optimizing material performance in
critical engineering applications, where fatigue
resistance is of paramount importance.

Table (3) S-N curve results of Al6082 at four cases

Al6082 Best Zero
Applied No. of average :
Stress () cycle to Eaj ;Itlij(l)r:] R?
MPa Failure, Nfa, q
60 120300
;8 ;gggg 01=307.96 (N1 | 0.97
100 3010

Al6082 Best Nano 3% SiCat R.T.
Applied No. of average

Stress (ay) cycle to Saus ;]ttigr:] R?
MPa Failure, Nfa, q
60 210540
70 58250 _ ’
%0 25540 01 =310.13 (N)013 | 0.99
100 4523
Al6082 Zero Nano at 500°C
Applied No. of average :
Stress () cycle to eB aus ;]tligr; R?
MPa Failure, N 9
60 80250
70 21030 = -0.156
80 2050 07 =338.11 (Ny) 0.93
100 3730

Al6082 Best Nano 3% SiC at 500°C
Applied No. of average

Stress (a7) cycle to Eajgtli;(i)r; .
MPa Failure, Nfay q
60 126300
;8 ?451888 01 = 292.27 (Ny013 | 0.98
100 3200

Overall, the successful utilization of the Basquin
equation and the clear demonstration of fatigue
strength improvements resulting from nanomaterial
reinforcement contribute to the advancement of
knowledge in fatigue mechanics and the design of
fatigue-resistant materials. These findings have
implications in diverse industries, ranging from
aerospace and automotive to structural engineering,
where fatigue failure prevention is a crucial concern.
The influence of incorporating 3 wt.% SiC
nanoparticles on fatigue performance becomes clear
when assessing the enhancement in fatigue strength.
This improvement in fatigue strength can be
calculated by the equation below [10]

FSIF = Onano ~Ounreinforced *100% (3)

Ounreinforced
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Tables (4) and (5) present a comprehensive
summary of the improvements in fatigue strength
observed at both 10° and 10° cycles, attributed to the
incorporation of nanomaterial reinforcements. The
tables showcase the quantitative enhancements in
fatigue performance achieved through the addition of
these nanomaterials.

110

—o— AL6082 Base metal

—{— Nanocomposite 3% SiC
—— Al 6082 Base metal at 500C
—O— Nanocompsite 3% SiC at 500C

Applied stress of (MPa)
8 8 B8

]
o

[=2]
o

50

0 50000 100000 150000 200000 250000
No. of avearge cycle to failure (N;)

Fig. (3) S-N curves behaviors for four cases of testing

Table (4) Dry Fatigue without and with 3 wt.% SiC at 10° and

10° cycles
103 105
Cycles

cycles cycles

Without nano (MPa) 118.7 62.88

With nano (MPa) 122.9 66.3

Fatigue Strength Improvement Factor o o

(FSIF) 3.5% 5.4%

Table (5) Thermal fatigue without and with 3 wt.% SiC at 10°
and 10° cycles

103 105
Cycles
cycles cycles
Without nano (MPa) 115 56.1
With nano (MPa) 115.8 62.48
Fatigue Strength Improvement Factor o o
(FSIF) 0.69% 11.37%

Based on the data presented in tables (4) and (5)
and Fig. (4), a notable increase in fatigue life, from
10% to 10° cycles, correspondingly led to a significant
rise in the FSIF, ascending from 3.5% to 5.4%. This
observation demonstrates a direct correlation
between fatigue life extension and FSIF
enhancement. Notably, the influence of low cycle
fatigue on FSIF appeared comparatively limited. This
disparity can be attributed to the distinctive fatigue
mechanisms at play under low cycle conditions,
which may not exhibit the same magnitude of impact
on the overall FSIF. In the context of thermal fatigue,
a considerable improvement in fatigue strength was
observed, increasing from 0.69% to 11.37%. This
improvement was made possible by lowering the
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applied fatigue stress, which also led to higher FSIF
values in both dry and thermal fatigue scenarios.
These results demonstrate the importance of stress
reduction in  promoting enhanced fatigue
performance, particularly in the setting of thermal
fatigue conditions.

160

118.71229 115115.8

120 -
80 + 62.8866.3

40 -

Fig. (4) S-N fatigue behaviors at 10% and 10° cycles

According to the experimental results, the fatigue
strength improvement factor is an important statistic
to evaluate the influence of many variables on fatigue
behavior. It provides useful information about the
material's ability to be cyclically loaded under
different conditions and is an important factor in
fatigue life prediction and material selection for
difficult engineering applications. Furthermore, the
outcomes underscore the effectiveness of
incorporating nanocomposite reinforcement, as
discussed in the previous sections, in enhancing
fatigue properties, thus accentuating the potential of
these advanced materials in  fatigue-critical
applications across various industries. Additionally,
the exploration of thermal fatigue behavior
demonstrates the importance of considering operating
conditions, as they can significantly impact the
fatigue performance of materials in real-world
applications subject to varying thermal environments.

3.2. Endurance fatigue limit at 107 cycles

The improvements in fatigue performance
achieved through the addition of SiC nano-
reinforcements are particularly prominent when the
material is subjected to low applied stress levels,
typical of high cycle fatigue conditions. Under such
circumstances, the smaller grain size induced by the
nano-reinforcements acts as a barrier to fatigue crack
initiation and propagation, effectively retarding the
onset of failure and prolonging the material's fatigue
life. In contrast, the impact of the nanoreinforcements
is less pronounced under high applied stress
conditions, characteristic of low-cycle fatigue.
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Table (6) and figure (5) offer endurance fatigue
limit at 107 cycles and an improvement factor of
material Al6082 reinforced with 3 wt.% SiC. By
leveraging the advantages of nanoreinforcements,
researchers and engineers can advance the
development of advanced materials tailored to meet
the stringent demands of fatigue-critical applications
in industries such as aerospace, automotive, and
structural engineering. Additionally, the study of the
endurance fatigue limit at 107 cycles provides a useful
guide for material selection and design
considerations, assuring long-term performance and
reliability in high-stress conditions. Elevated
temperatures have been observed to detrimentally
affect on the fatigue properties of composites, leading
to a considerable degradation in endurance fatigue
and a reduction in fatigue life [11].

Table (6) Endurance fatigue limit at room temperature and at

500°C
el elyss Improvement
Conditions Fatigue at pFactor

107 cycles
Al 6082 Best Zero at R.T 33.3 MPa 7.4%
Al 6082 Best Nano 3% SiCatR.T 35.8MPa e
Al 6082 Zero nano at 500°C 27.4 MPa 2399
Al6082 Best Nano 3% SiC at 500°C | 33.7 MPa e

40
33.7

30 1
20 1
0

R.Twithout 500 C Wlthout 500°C With
nano nanomatenal nano nano

Fig. (5) Comparison between endurance fatigue

The experimental results presented in table (6)
corroborate the findings of numerous studies, which
consistently report a decrease in fatigue life with
increasing testing temperature [12]. The data in table
(6) clearly highlight the remarkable influence of
temperature on the endurance fatigue limit of the
composite.

The addition of nanoreinforcements in the form of
SiC has proven to be effective, significantly
improving the fatigue strength of the composite at 107
cycles. At room temperature, the fatigue strength
increases from 33.3 to 358 MPa with an
improvement ratio of 7.4%, whereas at 500°C, the
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fatigue strength increases from 27.4 to 33.7 MPa with
an improvement factor of 23.2%. This improvement
in fatigue endurance can be related to the unique
qualities of nanoreinforcement, especially its high
hardness and excellent mechanical properties . The
addition of nanosized SiC particles to the composite
improves its resistance to fatigue crack initiation and
propagation, resulting in better endurance fatigue and
fatigue life. The outcomes of the present research
highlight the importance of taking temperature effects
into consideration when evaluating the fatigue
performance of composites. Moreover, the
incorporation of nanoreinforcements, such as Silicon
carbide particles, offers a promising avenue for
enhancing the fatigue resistance and endurance of
composites, making them more suitable for
demanding engineering applications subjected to
cyclic loading and elevated temperatures.

These insights contribute to advancing the
understanding of fatigue behavior in composite
materials, enabling the development of novel and
durable materials tailored to meet the challenges of
fatigue-critical applications in diverse industries. By
comprehending the mechanisms governing fatigue
strength and endurance, researchers and engineers
can optimize material design and selection, ensuring
reliable and high-performance components in
aerospace, automotive, and structural engineering,
among other fields.

4. Conclusion

The present study focused on investigating the
constant S-N curves fatigue strength and life of
6082Al alloy reinforced with 3 wt.% SiC under
rotating bending loading conditions. From the
comprehensive analysis, several key conclusions can
be drawn. The addition of 3 wt.% SiC nanoreinforced
material significantly improved the fatigue strength
improvement factor (FSIF) of a composite, with
values at room temperature and 500°C reaching 3.5%
and 11.37% respectively. This highlights the
nanoreinforced material's beneficial influence on
composite fatigue behavior. The endurance fatigue
limit of the nanocomposite showed significant
improvements at both room and elevated
temperatures, with a 7.4% increase at room
temperature and 23.2% increase at 500°C, These
significant enhancements underscore the
advantageous effects of the 3 wt% SiC
nanoreinforcements in elevating the fatigue
performance of the composite at both room and
elevated temperatures. The outcomes of this study
provide valuable insights into the fatigue behavior of
6082Al alloy reinforced with SiC
nanoreinforcements, with implications for the design
and optimization of high-performance materials in
engineering applications. The observed
improvements in fatigue strength and endurance
fatigue limit emphasize the potential of
nanocomposite materials for enhancing fatigue
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resistance and durability, particularly in demanding
environments subject to cyclic loading and varying
temperatures. These findings contribute to the
growing body of knowledge in the field of composite
materials and pave the way for further advancements
in fatigue-resistant materials for aerospace,
automotive, and structural applications, among
others.
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Comprehensive Investigation
of Morphological, Structural,
and Optical Properties of
NiO:Al Films Prepared by
Thermal Evaporation

In this study, aluminum-doped nickel oxide (NiO) thin films were
prepared by vacuum thermal evaporation technique on glass substrates.
The structural and spectroscopic characteristics of these films were
determined and analyzed. Adding 6 wt.% of aluminum has transformed
the crystalline structure of nickel oxide layer into a polycrystalline phase.
Uniform grains were produced in the undoped NiO films while the doping
with aluminum has reduced the particle size by 6%. Surface topography
changes were also observed. The spectroscopic properties have revealed a
65% visible image transmission rate, tied to an adjustable energy gap
from 3.81 to 3.89 eV with increasing doping ratio. This study unveils the
interplay between composition, morphology, and optics, promising
versatile applications of NiO thin films doped with metal like aluminum.
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1. Introduction

Metal oxide thin films have become the focus of
many studies in recent years in view of their electrical
properties, stability at high temperature and
durability. Many researchers have studied metal
oxide thin films as electronic materials due to their
structural simplicity and low cost [1-5]. However, in
order to improve such devices the surface defects and
the characteristics of thin films prevailing in film
fabrication processes need to be carefully understood
[6,7]. Transparent conducting oxides (TCOs) denote
a class of oxide materials that simultaneously exhibit
high electrical conductivity and optical transparency
to visible light [8,9]. TCOs are critical to numerous
state-of-the-art technological applications, ranging
from touchscreen screens, flat panel displays, and
photovoltaic cells to light emitting diodes and
transparent electronics [10-12]. However, the
properties of electrical conductivity and optical
transparency are mutually exclusive and there is a
challenge to combine them. Nickel oxide is p-type
semiconductor material and is widely used in
different applications such as transparent conductive
films and electrochromic devices, as a potential
candidate in the chemical sensors [13,14]. NiO
exhibits a wide bandgap of 3.6-4.0 eV at room
temperature; thus, NiO is considered transparent in
the visible light region [15,16]. Moreover, NiO is
largely used as a cocatalyst with different n-type
semiconductors due its high p-type concentration,
high hole mobility and low cost. The existence of NiO
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enhances the separation of electron and hole pairs via
electric junction field and also promotes the
interfacial charge transfer [17,18]. Nanoscale NiO
structures NiO thin films can be made using a variety
of techniques, such as spraying, spray pyrolysis, the
sol-gel process, chemical vapor deposition, electron
beam evaporation, molecular beam inflation, and
electroposition [19-22]. We will primarily focus on
thermal evaporation under vacuum among these
technologies in this work because of its several
advantages, including its ability to produce extremely
clean films, excellent surface areas, and great
crystalline regularity [23-26].

In this paper, the nickel oxide thin films were
fabricated by vacuum thermal evaporation on glass
substrate. The effect of the aluminum doping ratio on
the structural, surface morphology and optical
properties has been investigated.

2. Experimental procedures

Powders of nickel and aluminum with 99.9%
purity were used in this work. Aluminum was
employed as an additive at a ratio of x=6 wt.% with
respect to nickel, which served as the basis material
(1-x). After adding the aluminum to the nickel, the
components are blended in an agate mill for 30
minutes. The mixture is then put into a steel mold and
pressed for 5 minutes at a pressure of 5 tons/cm?, then
dried in an oven.

Deionized water (DI), methanol, acetone, and
isopropyl alcohol were used to clean the glass
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substrates. Pure aluminized nickel powder was
applied in weight ratios (0.6 wt.%) to the substrates
on the sample holder and evaporation chamber. It was
heated in a tungsten boat under a pressure of about
3.2x10°®° Torr and the films were extracted first from
the device after deposition and then placed in a
thermal oxidation furnace at a temperature of 400 °C
for two hours to obtain pure Al-doped NiO films.

The prepared samples were characterized using
Shimadzu XRD-6000 X-ray Diffractometer, Inspect
TM F50 field-emission scanning electron microscope
(FE-SEM), Nanosurf NaioAFM 2022 atmic force
microscope, and Shimadzu UV-1800 UV/Visible
Spectrophotometer.

3. Results and discussion

The undoped NiO thin films that were doped with
aluminum were examined using the XRD analysis
using an x-ray source with wavelength of 0.15406
nm. The range of diffraction angle (20) from 20° to
80° was considered for the XRD measurements.
Additionally, Scherrer's formula was applied to the
XRD pattern to determine the crystallite size (D)
within the thin film structure as:

0.91
D(nm) = Beosd (D)

where A is the x-ray wavelength (0.154nm), B is the
full-width at half maximum (FWHM), which is
determined from the XRD pattern, and 6 is the
diffraction angle (peak position)

Figure (1) shows the XRD patterns of pure nickel
oxide films doped with aluminum (6 wt.%). It is clear
that all films were polycrystalline, and that the crystal
system was of the cubic type. The peaks identifying
nickel oxide appeared with crystalline directions
(111), (200), (220), and (311), with average crystallite
size of 62.18nm.

The addition of (6 wt%) Al, this percentage,
increased the randomness of the composition, as this
percentage of the addition overwhelmed and
separated from the dominant substance. The atoms of
the added substance have created their atomic levels
within the crystal lattice of the base material, so the
scattering of the X-rays falling at the atomic levels of
each atom of the substance that has been added, and
the base material will not be in the same phase, and
this causes destructive partial interference, and thus
the amplitude or peak intensity [27].

Figure (2) displays an FE-SEM picture of the NiO
thin films, an EDS histogram, and a histogram of the
crystal diameter distribution. According to the
morphology study, the material's sedimentation
coefficients allowed it to have a structure similar to
sand crystals, and the average nanocrystal diameter
was 20.27 nanometers. According to EDS, the film
had a uniform distribution and was smooth. The
proportions of oxygen and nickel were around 60%
and 40%, respectively [28].
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Fig. (1) XRD pattern of pure nickel oxide (NiO) films and
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Fig. (2) FE-SEM images and EDS spectrum of NiO with
histograms of diameters with Gaussian distribution

The results of the scanning electron microscopy
of the neo-doping reaction with Al are shown in Fig.
(3). Film analysis revealed that the doping had
already occurred, as evidenced by the crystallization
and agglomeration of nickel oxide, grain size
reduction, and membrane surface cracking. An
electron microscope magnification at a distance of 1
um was used to obtain these results. For EDX, the
doping ratios were very close to the ratios taken with
a few drops, and the average grain size was between
(15-17) nm [29].
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Fig. (3) FE-SEM images and EDS spectrum of NiO-Al(6%)
with histograms of diameters with Gaussian distribution

After (AFM) analysis was used to examine the
samples' surface morphologies, it became clear that
NiO had a polycrystalline granular morphology with
an average pore diameter depth and surface
roughness. AFM analysis of pure and doped thin
films is depicted in Fig. (4) as the results that were
obtained.The 3D scans show that the nickel oxide
surface layer is entirely coated with particles almost
uniformly distributed over the surface.
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Fig. (4) 3D AFM images of pure NiO and NiO doped with 6
wt.% Al

The thin films in the 3D pictures show distinct
vertical cone particles. It is noticeable that the NiO
film has a modest surface roughness (5.46 nm), which
can be due to minimal buildup in the material. The
average surface roughness decreases by 3.37 nm, and
the average peak size decreases from 41-26 nm when
aluminum is added. An earlier study found that the
presence of aluminum could reduce the surface's
grain size and roughness [30].

Thin coatings on glass substrates were evaluated
for their optical properties using the Shimadzu 1800-
Japan  spectrophotometer,  which measures
transmittance and absorption at wavelengths between
300 and 1100 nm. Equation (2) was used to determine
the absorption coefficient as:
0=2.303(5) @)
where A is absorption and t is the thin film thickness.
Furthermore, equation (3) is used to determine the
energy gap (Eg), as shown in Fig. (6)

(aho)" =A (hv — Ey) 3
where ho is the photon energy, A is a constant, and n
is the index used to determine the type of spectral
transition, which takes the value of 2 for the allowed
direct transition

Figure (5) shows the UV-visible absorption
spectra of undoped and Al-doped NiO (6 wt.%) thin
films. It can be observed that the maximum
absorbance is recorded at the wavelength of 404nm
for undoped sample, while the absorbance of the films
doped with 6 wt.% Al decreases due to the low
absorption energies of the incident photons and their
inability to excite the electrons from the valence band
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to the conduction band, as the relationship between
wavelength and photon energy is inverse.
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Fig. (5) Absorption spectra of undoped and 6 wt.% Al-doped
NiO thin films

By plotting the (ahv)? vs. photon energy (hv) and
extrapolating the most linear part, the values and type
of optical transition can be determind [31]. As shown
in Fig. (6), the energy band gap (Eg) increases from
3.81t0 3.89 eV as the amount of Al dopants increases
to 6 wt.%. Doping causes a decrease in the localized
near-valence band (a drop in the optical energy gap
due to crystallinity enhancement produced by an
increase in the optical band gap) and an increase in
the optical energy gap [32].
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Fig. (6) determination of optical energy gap for undoped and 6
wt.% Al-doped NiO thin films
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4. Conclusions

In summary, this study provides valuable insights
into Al-doped NiO thin films for photodetector
applications. It was observed that increasing the
aluminum doping ratio enhances substrate coverage,
which serves thin film applications. The introduction
of doping results in a 6% increase in the band gap,
enabling tailored sensitivity to different light
wavelengths. Additionally, while doping introduces
disorder and defects, this may be leveraged to
enhance specific photodetector characteristics. These
findings suggest that Al-doped NiO films have the
potential to advance photodetector technologies,
offering versatility and tunable properties that can
improve the efficiency and sensitivity of various
photodetector devices, including diodes, transistors,
and solar cells.
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Fabrication and Improvement
of Optoelectronic Properties of
Copper Chalcogenide Thin
Films

Thin films from copper compound (CuzS) and Cu.S doped with 5% Cd prepared by
thermal evaporation have potential applications. High-quality CuzS thin films with
thickness of 100 nm were deposited on glass and silicon substrates. They were
engaged in evaluating the characteristics of films and their potential use as
optoelectronic devices, specifically for solar cell applications. This study examines
the structural, electrical, and optical properties of CuzS and Cu2S:Cd 5% thin films.
The x-ray diffraction analysis revealed that both films had a polycrystalline cubic
structure with a lattice constant of 5.56A as four sharp peaks were observed
corresponding to the (220) planes. Both types of films have direct energy gap and
the optical absorbance in the visible region was increasing for Cuz2S:Cd 5%. The
mobility of the Cu2S:Cd 5% films was higher than that of CuzS films. The results
obtained from this study demonstrate that thermally evaporated Cu2Se and CuS:Cd
5% thin films can be utilized as potential materials for optoelectronic applications.
The highest efficiency (1.56%) was obtained for heterojunction made from p-

CuzS:Cd 5%/n-Si with thickness of 100nm at room temperature.

Keywords: Thin films; Cu,S Solar cells; Conversion efficiency; Thermal evaporation
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1. Introduction

Cu,S is a semiconductor material among the
important copper chalcogenides that have gained
significant attention due to their unique optical,
electrical, and thermoelectric properties [1,2]. These
materials have a layered structure consisting of
alternating layers of copper and chalcogen atoms
(selenium or sulfur), and their properties are
determined by the arrangement of the atoms in these
layers and the interlayer bonding. Cu.Se is a
semiconductor with direct bandgap ranging from 2 to
3 eV, classified as a wide bandgap semiconductor,
has high absorption coefficient, and strong light
absorption [3]. In contrast, Cu,S exhibits a narrow
bandgap semiconductor behavior characterized by a
direct bandgap ranging from 1.2-2.5 eV unlike Cu,Se
[4,5]. Cu,Se has a high electron mobility and a low
thermal conductivity which make it an attractive
material for thermoelectric applications. It has a high
thermal stability, making it suitable for high
temperature applications [6]. It also has a low electron
mobility and high thermal conductivity, making it
less suitable for thermoelectric applications [7]. It is
non-toxic and low-cost p-type semiconductor and
good material for solar energy absorber [8,9]. The
structure of Cu,S thin films has a lattice parameter of
a=5.564A and a cubic crystalline structure [10]. The
effect of different doping materials on
characterization of Cu,S were investigated by various
researches such as the influence of zinc (Zn) doping
[11] and aluminum (Al) doping on structural and
optical properties of Cu,S [12] by controlling the
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concentrations of copper by chemical bath deposition
[13]. The properties of these materials can be
controlled and optimized throughout Cu,S various
synthesis methods such as chemical bath deposition
[14,15], modified chemical method [16], pulsed-laser
deposition [17], reactive magnetron sputtering [18],
consecutive ionic stratum adsorption and reaction
[19], and chemical vapor deposition [20]. The main
objective of this study is to focus on the effect of
cadmium (Cd) dopants on the structural, optical and
optoelectronic properties of Cu,S films, as well as the
influences associated with copper chalcogenide thin
film materials, with a focus on the revision aspect.

2. Experimental Part

Copper(ll) sulfide (Cu,S) alloy and thin films
have been prepared. The wuse of alloy in
semiconductor applications has become increasingly
popular due to their unique properties, such as
improved electrical conductivity, enhanced optical
properties, and improved mechanical strength. The
preparation of alloys through thermal vacuum entails
heating a vacuum chamber containing a high purity
(99.99%) elemental copper, and sulfur material with
a weight percentage ratio of 2:1. The heating process
is carried out until the material reaches a temperature
of 927°C for 8 hours. After that, it is cooled to room
temperature (RT), evaporated and subsequently
deposited onto a substrate to form a thin film.

The x-ray diffraction (XRD) is a powerful tool for
characterizing the crystalline structure of thin films,
and it has been widely used to study the structure of
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Cu.S thin films by using Scherrer’s formula and
Bragg’s law to calculate the crystallite size of such
films [21,22]. Absorption spectroscopy is used for
characterizing the optical properties of thin films,
from 400 to1000 nm. Absorption spectra of Cu,S and
Cu,S:Cd 5 wt.% thin films on glass substrates were
used to determine the energy gap using the Tauc’s
equation [23,24]. The electrical conductivity of Cu,S
thin  films was measured, and the carrier
concentration, mobility, and conductivity type (n or
p) of these films were determined using the Hall
effect measurements throughout van der Pauw
(Ecopia HMS 3000) technique. The conversion
efficiency of a solar cell, which represents the ratio
between the solar cell maximum power and incident
light power (Pin), was calculated [25,26]. The
formation of heterojunctions involved the synthesis
of composite thin films, namely Cu,S, deposited onto
(111) single-crystalline (n-type) silicon to form two
distinct interfaces (p-Cu,S/n-Si).

3. Results and Discussion

In Fig. (1), we can observe the XRD patterns of
Cu,S alloy. The patterns exhibit four polycrystalline
peaks corresponding to the reflections from (111),
(200), (220), and (311) planes of the cubic phase, as
confirmed by the ICDD card (00-053-0522) of Cu.S.
By examining the FWHM values of the (220) peak in
the thin films depicted in Fig. (2), we can employ
Scherrer's formula to estimate the crystallite size. The
data presented in table (2) reveal that when copper
sulfur is doped with cadmium, there is an increase in
the crystallite size, suggesting a higher likelihood of
material crystallization in the films, and the value of
lattice constant is very close to what previously
published [8,10]. The high degree of crystallinity in
Cu,S and Cu,S:Cd 5 wt.% thin films is important for
their optical, electrical, and thermoelectric properties.
The smooth and homogeneous surfaces of the
prepared films are also important for their application
in various devices, such as solar cells and
thermoelectric generators.

350
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Fig. (1) The XRD pattern for Cu,S alloy
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Fig. (2) XRD patterns of Cu,S and Cu,S:Cd 5 wt.% thin films

Figure (3) illustrates the influence of doping on
CuzS. This was accomplished by conducting surface
topography calculations for pure Cu,S with a 5 wt.%
doping level. The results from XRD corroborate the
findings regarding crystallite size. Table (3) provides
a comprehensive overview of the grain size, surface
roughness, and root mean square roughness values for
all prepared thin films.

The optical properties of the prepared thin films
can be effectively characterized throughout the use of
absorption spectroscopy, which is a powerful
analytical tool, and it has been widely used to study
the absorption properties of Cu,S and Cu.S:Cd 5
wt.% thin films. Absorption and transmission spectra
of Cu,S and Cu,S:Cd 5 wt.% thin films in the range
400-1000nm are shown in Fig. (4). They have
revealed that these materials have a strong absorption
edge in the visible and ultraviolet regions of the
electromagnetic spectrum. The absorption edge can
be controlled by the preparation method and growth
conditions, and it is an important factor for the
optimization of the optical properties of these
materials.

PRINTED IN IRAQ 224



v T L

Fig. (3) 3D AFM images of thin Cu,S and Cu,S:Cd 5 wt.% thin
films

Table (3) AFM parameters for Cu,S and Cu,S:Cd 5 wt.%

thin films
s R.M.S.
- Grain Size | Roughness
Thin Films Roughness
(nm) (nm) o)
CuzS 83.86 1.19 1.41
CuzS:Cd 5 wt.% 90.33 1.42 1.65
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Fig. (4) Absorption and transmission spectra of Cu,S and

Cu,S:Cd 5 wt.% thin films
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The ability of the material to absorb light is
determined by the absorption coefficient, which
depends on both the energy of the incident photons
(hv) and the energy gap (Eg) [22,23]. In a comparable
manner, it can be stated that figure (5) illustrates the
variation of absorption coefficient (o) with photon
energy (hv), indicating high values above 10* cm™,
The value of a for Cu,S and Cu,S:Cd 5 wt.% thin
films increases from 3.18 to 4.4x10* cm, which
leads to an increase in absorbance of Cu,S:Cd 5 wt.%
films. Furthermore, the value of direct band gap
decrease from 1.85eV for Cu,S (wide bandgap
semiconductor) to 1.5 eV for Cu,S:Cd 5 wt.%
(narrow bandgap semiconductor). This decrease in
band gap (Egopt) Can be attributed to the increase in the
absorption coefficient, which is consistent with
previous studies [3,4]. The energy gap value
experiences a blue shift with grain sizes ranging from
31.31 to 34.83 nm, which is explained by the energy-
dependent weak quantum confinement against the
grain size. The reasons for this weak correlation
between the grain size and band gap value could be
attributed to a variety of factors as follows: (1) the
grain size being larger than the Bohr radius, (2)
Coulomb interaction between the charge carriers, and
(3) agglomeration of the nanomaterials. The decrease
in the band gap may be ascribed to the moderate or
limited impact of quantum confinement on the energy
with respect to the size of the crystallites [27].
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Fig. (5) Absorption coefficient and direct optical band gap for
Cu,S and Cu,S:Cd 5 wt.% thin films

Table (4) Values of direct optical band gap and absorption
coefficient for Cu,S and Cu,S:Cd 5 wt.% thin films

Sample CuzS Cu,S:Cd 5 wt.%
Egort (eV) 1.8 1.5
ax104cm-! 3.18 44

Table (5) lists the results of Hall effect
measurements (Ru) that was utilized to determine the
majority carriers and mobility of Cu,S and Cu,S:Cd
5 wt.% thin films. The results indicate that all thin
films had a positive Ry value, confirming that the
conducting carriers were of p-type, specifically holes.
These findings are in agreement with the previous
studies [14,28]. It is noteworthy that a decrease in
carrier concentration for both Cu,S and Cu,S:Cd 5
wt.% thin films resulted in an increase in the Hall
coefficient (Ry) due to an increase in voltages applied
on and current passing through the films. However,
this increased probability of collisions between the
carriers led to a decrease in the values of mobility
(uH). The Cu,S films had the highest percentage of
charge carriers.

Table (5) Results of Hall effect measurements for p-type Cu,S
and Cu,S:Cd 5 wt.% thin films

Na
o} MH R
SR @cm)! | (cmaV.S) (’Sn‘zz) (cmi.CH)
CusS 0033333 | 0231739 | 8.99 | 6952169
CusS:Cdbwith | 0025 | 2414992 | 0.647 | 9659969

Table (6) lists the photovoltaic parameters
variations of Cu,S and CupS:Cd 5 wt.% films
obtained from current-voltage measurements. The
current-voltage (I-V) curves for three Cu,S and
Cu,S:Cd/Si heterojunction devices under
illumination are displayed in Fig. (6). The efficiency
of Cu,S:Cd/Si increases with incident power of
80mW/cm? due to the reduction in energy gap value,
as reported in the study of optical properties.
Additionally, the Jsc values also increase. The open
circuit voltages (Voc) increase with crystallite size,
absorption coefficient, and mobility of carrier
concentration [29].
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Fig. (6) Electrical characteristics under illumination for Cu,S
and Cu,S:Cd 5 wt.% thin film heterojunction solar cells

Table (6) The 1-V characteristics of solar cells fabricated from
Cu,S and Cu,S:Cd 5 wt.% thin films

Parameter CuS/Si CuzS:Cd/Si
Voc (MV) 150 170
Jsc (MA/cm?) 12 15
Vimex (MV) 100 120
Jmax (mAlcmZ) 10 13
Fill Factor 0.55 0.61
Efficiency (%) 1 1.56

4. Conclusions

Copper compound (Cu.S and Cu,S:Cd 5 wt.%)
thin films were prepared by vacuum thermal
evaporation. The prepared films showed the
polycrystalline structure cubic for two compound
semiconductors. Compared to the previously reported
works, the p-Cu,S:Cd 5wt. %/n-Si solar cell exhibits
superior structural, optical, and electrical properties.
Additionally, the decrease in resistivity values
contributes to the enhancement of its optoelectronic
properties, as evidenced by the fill factor values and
efficiency, which were 0.61 and 1.56%, respectively.
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Table (1) Structural parameters for Cu,S alloys

a a
20 (Std.) | 20 (Exp.) | d(Std.) | d(Exp.) FWHM | C.S
allo 2 2 hkl exp. | stand.
Y| (Deg) | (Deg) | A | A (deg) | (om) | 0| ¥
27.7660 | 27.2672 | 3.210300 | 3.26797 | 111
32.1114 | 32.4604 | 2.785100 | 2.75602 | (200)
36.1076 | 36.3375 | 2.485500 | 2.47036 | (210)
CuzS | 39.6449 | 39.2477 | 2.271500 | 2.29363 | (211) | 0.2560 | 35.21 | 5.56 | 5.564
46.1034 | 45.9980 | 1.967200 | 1.97151 | (220)
51.9251 | 51.8274 | 1.759500 | 1.76263 | (310)
54.6724 | 54.4014 | 1.677400 | 1.68516 | (311)
Table (2) Structural parameters for Cu,S and Cu,S:Cd 5 wt.% thin films
a a
e 20 (Std.) | 26 (Exp.) | d(Std.) | d(Exp.) FWHM | C.S
Thin Films 2 2 hkl exp. | stand.
(Deg) | (Deg) | (A | (A (deg) | (om) | T | * )
Cu2S 46.1034 | 45.9980 | 1.967200 | 1.931 | 220)( | 0.289 | 31.310 | 5.65 | 5.564
Cu2S:Cd5wt.% | 46.1034 | 46.2001 | 1.967200 | 1.962 | 220)( | 0.259 | 34.83 | 5.66 | 5.564
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Structural and Optical
Properties of TiN and TiO.:TiN
Nanostructures via DC Reactive
Magnetron Sputtering
Technique

A pure titanium nitride phase (TiN) and Titanium dioxide: Titanium nitride (TiO2:TiN)
nanocomposite thin film samples were deposited by dc reactive magnetron sputtering
technique from a titanium target in a mixture of 60:40 Ar:N2 and 40:20:20 Ar:O2:Nz,
respectively. The structural, morphological, and optical properties of the deposited films
were examined. The X-ray diffraction (XRD) analysis reveals the presence of a pure
TiN phase in samples prepared without oxygen, as well as mixed phases comprising
anatase TiO2, rutile TiO2. Furthermore, an additional phase characterized by a cubic
TiN structure is observed when samples are exposed to both reactive gases, oxygen and
nitrogen. The FE-SEM test reveals a reduction in the nanostructure size and an
increase in porosity in the TiN sample when compared to the composite sample. The
FTIR pattern shows the bands corresponding to the Ti-N without any oxide phase, while
the composite sample showed further vibrations corresponding to TiOz, in addition to
the hydroxyl band corresponding to the adsorbed water vapour on the surface of both
samples. The Plasmon resonance absorbance band widened for the TiN sample to cover
the entire range of the visible region. These properties make the TiN sample candidate

for use in a photocatalytic application.

Keywords: Nanostructures; Reactive sputtering; Titanium nitride; Nanocomposites
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1. Introduction

Pure TiO, thin films possess a wide bandgap,
confining their utility in photocatalysis to the UV
range [1]. In order to enhance the photosensitivity of
TiO, nanocrystalline, different techniques were used
such as by doping or composing with other
substances [2,3]. The common technique to expand
the photoresponse of TiO, thin films toward visible
radiation by doping such as with Ag [4], N2 [5], etc.
Doping TiO, with N aid to narrowing the bandgap of
TiO,, substitutional doping of N [6] or by plasmonic
band within the visible range [7,8].

Titanium nitride (TiN), a renowned member of the
refractory transition metal nitride family, boasts an
array of valuable properties encompassing
mechanical strength, tribological characteristics, and
chemical stability [9]. Its versatility finds expression
in a wide spectrum of applications, including serving
as crucibles for metal casting [10], specialized
refractories [11], decorative coatings akin to gold
[12], and protective layers against corrosion [13].
Research investigations have illuminated the crucial
role of nitrogen diffusion in the formation of TiN
composites when titanium powder is heated in
nitrogen-rich atmospheres [14]. Beyond these
applications,  TiN  also  exhibits inherent
biocompatibility and exceptional hemocompatibility,
making it suitable for use in medical contexts such as
dental implants and joint prosthetics [15].
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Consequently, various methods are employed to
deposit TiN coatings on implants made from diverse
materials, enhancing their corrosion resistance and
biocompatibility [16].

Diverse techniques such as reactive evaporation
[17] and radio frequency magnetron sputtering are
employed for TiN thin film deposition. Plasma-
enhanced methods have exhibited deep nitrogen
penetration, yielding highly corrosion-resistant
coatings [18]. Despite the expense of high-vacuum
sputtering, it remains vital for implant coatings due to
film purity, homogeneity, and nanostructural
precipitation tendencies [19]. Researchers seek to
control TiN stoichiometry and component ratios for
specific applications using varied techniques.

Numerous studies have addressed the preparation
of stoichiometric TiN thin films or TiN:TiO,
composites through diverse methods. Ajenifuja et al.
[20] employed DC reactive magnetron deposition to
create TiNx thin films on carbon steel, revealing
crystal orientation changes and increased nitrogen
content. Wu et al. [21] compared sputtering
techniques for bio-coatings, finding that higher N/Ti
ratios improved corrosion resistance. Zhang et al. [22]
demonstrated that increasing the Ar ratio in RF
magnetron sputtering yields stoichiometric TiN and
reduces surface roughness, friction, and wear.
Mascaretti et al. [23] associated near-stoichiometric
TiN structures with optimal plasmonic properties and
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low resistivity. Jithin et al. [24] linked the Ar:N, ratio
in plasma to microstructural, surface, and electrical
characteristics of TiN films.

This study compares the structural, surface
morphological, and optical properties of TiN thin
films and TiO,:TiN nanocomposite produced via dc
reactive magnetron sputtering. The investigation aims
to study the variation in these properties, shedding
light on their potential applications in diverse
technological fields.

2. Experimental Part

Pure titanium nitride (TiN) and TiN:TiO;
composite thin films were synthesized using the dc
reactive magnetron sputtering technique. A 5 cm
diameter titanium target was employed for sputtering
inside a stainless steel vacuum chamber. The chamber
included a gas mixer system equipped with a gas
mixer before the gas inlet controlled by a fine-tuned
needle valve. Vacuum levels were monitored using a
digital Pirani gauge. The magnetron comprised two
concentric permanent magnets ring. The inter-
electrode distance was fixed at 4 cm and the
deposition time of 3-hours at a substrate temperature
of 350°C and a working pressure of 8.5x10-2 mbar for
all samples. Argon was used as the sputtering gas,
while the nitrogen and oxygen were used as reactive
gases. The gas mixture used as 60:40 Ar:N; for TiN
sample and 40:20:20 Ar:0O2:N; for the TiN:TiO; thin
film.

To assess the structural properties, surface
morphology, and optical characteristics of the
prepared samples, a Shimadzu XRD 6000
diffractometer, an Inspect F-50 SEM scanning
electron microscope, a Shimadzu 16442 Fourier-
transform infrared spectrometer, and a SP-8001 UV-
visible spectrophotometer were employed.

3. Results and Discussions

Figure (1) presents the X-ray diffraction (XRD)
patterns of the TiO2:TiN composite and TiN films,
offering a profound insight into their respective
crystallographic structures. Both patterns exhibit a
characteristic polycrystalline nature, indicative of the
arrangement of atoms in multiple crystalline domains
within the samples. In the case of the TiO2TiN
composite sample, the XRD analysis unveils a
complex composition. The composite is comprised of
a mixture of two distinct TiO, phases: Anatase and
Rutile, alongside a minor presence of the rock salt
structured TiN. These constituents are clearly
identified by their corresponding card numbers: 96-
900-9087 for Anatase, 96-900-7532 for Rutile, and
96-101-1100 for TiN. Notably, the dominant Anatase
phase exhibits a preferred orientation, with a
discernible peak situated along the (101) crystal
planes at a Bragg angle of 25.3983°. This orientation
signifies a specific alignment of the crystalline
domains, possibly resulting from growth conditions
or the material's inherent properties. The intensity of
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the diffraction line along the (111) direction further
emphasizes the presence of Anatase and the interplay
between its crystallographic facets. The comparative
intensity of the diffraction lines is also informative. In
the TiO2TiN composite, the diffraction peaks
corresponding to TiO, phases are notably more
intense than those associated with TiN, underscoring
the predominant presence of TiO; in the composite
material. This observation aligns with the
compositional information provided earlier and
highlights the composite's rich TiO; content.

Intensity (a.u)

20 (deg)

Fig. (1) XRD patterns of TiO,:TiN and TiN films prepared by
reactive dc sputtering

On the other hand, the XRD pattern corresponding
to the TiN film showcases a pure cubic TiN phase.
This crystalline arrangement is evident from the
distinct diffraction peaks observed at Bragg angles of
36.6140°, 42.5571°, 61.7680°, 73.9800°, and
78.2400°, coinciding with the (111), (200), (220),
(311), and (222) crystal planes, respectively. The
presence of these peaks underscores the highly
crystalline nature of the TiN film, indicating the well-
defined arrangement of atoms in the cubic lattice.
Notably, a preferred orientation is observed along the
(200) direction, suggesting an alignment of crystal
domains that contributes to the overall texture of the
film.

A compelling outcome of the refinement process
is the striking agreement between the calculated
stoichiometric pattern and the experimental pattern of
a sample. This congruence between theoretical and
observed patterns validates the accuracy of the
refinement technique and accentuates the reliability
of the results. This alignment enhances our
confidence in the structural assessment of sample.
Figure (2) shows the retrieve refinement fitting for the
TiO2:TiN composite and TiN patterns with their
standard cards. The contribution of anatase, rutile,
and titanium nitride to the crystalline structure of the
composite sample appears in the percentage of
32.6%, 45.6%, and 11.3%, respectively. From the
other hand, a good fitting appeared between the
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calculated  stoichiometry  pattern  with  the
experimental pattern for the pure TiN sample. This
alignment is a result of the absence of oxygen atoms
in the sputtering process, which, in turn, prevents the
formation of oxidized phases in the sample.

The inert-planer distances (dn«) were calculated
according to Bragg’s law [25], while the crystallite
size was calculated using Scherrer’s formula [26].
The calculation of inter-planer distances (dna) and the
determination of crystallite size provide crucial
insights into the materials' internal structure. Notably,
the calculated crystallite size experiences a reduction
from 14.7 nm in the composite sample to 11.3 nm in
the TiN sample, for the preferred orientation along
(101) and (200) planes, respectively, as tabulated in
table (1). This reduction in crystallite size suggests a
refinement in the crystal domains within the TiN
sample, possibly attributed to various factors such as
synthesis conditions or the intrinsic properties of the
material. This change in crystallite size can impact
material properties and performance, potentially
influencing phenomena like catalytic activity or
electronic behavior.

w

1500 2000 2800 B0 3500 4080 4500 5000 S5M0  AOM0 SO0 000 7RO  BONO 8500
2iheta

' TiO,:TiN

W00 iS00 0 |0 MM 360 4000 4500 5000 S5O0 6000  GSOD 7000 TR 000
savsse ) 2neta

o TiN
Fig. (2) XRD patterns of TiO: TiN and TiN films prepared by
reactive dc sputtering

The field-emission scanning electron microscopy
(FE-SEM) images presented in Fig. (3), at two
distinct magnification levels, provide detailed
information about the surface morphology of both the
TiN:TiO2 nanocomposite and the TiN thin films.
These images reveal insights that highlight their
potential applications in scientific fields such as
catalytic processes or gas sensing. The FE-SEM
images offer an intricate portrayal of the surface
morphologies of the materials.

Both the nanocomposite and thin film samples
exhibit nearly identical features, consisting of nearly
spherical nanoparticles but with different size. The
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nanocomposite sample compose of consistent particle
size range of 20 to 40 nm. This uniformity in particle
size is a crucial aspect as it promotes consistent and
predictable catalytic behavior, ensuring
reproducibility in photocatalytic reactions.

TiN
Fig. (3) FE-SEM images of TiO,:TiN and TiN thin films
deposited on glass substrates
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A noteworthy observation from the images is the
interconnected nature of these nanoparticles,
culminating in the formation of an intricate porous
structure. This porous architecture carries significant
implications for photocatalysis, as it provides an
amplified surface area available for interactions
between the catalytic material and the target
reactants. The pores serve as conduits for reactant
diffusion and product desorption, enhancing the
efficiency of the catalytic process by facilitating
unhindered molecular movement and optimized
contact between the catalyst and the reactants.

The TiN thin film exhibits reducing particle size
and enhancing the degree of porosity in comparison
to the composite sample. This distinction could be
attributed to the presence of TiO nanoparticles in the
composite material. The inclusion of TiO;
nanoparticles may influence the pore distribution and
size, thereby affecting the overall porosity of the
material. Small particle size increases the surface-to-
volume ratio, facilitating greater interaction between
surface atoms and light, thereby enhancing the
material's photocatalytic activity. Surface atoms,
possessing active sites, are exposed to the
surrounding environment, including the light source,
resulting in a range of chemical reactions. These
reactions may encompass the degradation of
pollutants, the generation of hydrogen from water, or
other photochemical processes. Also, the variation in
porosity between the two samples opens up avenues
for tailored photocatalytic applications, where the
choice between the nanocomposite and thin film can
be made based on specific process requirements and
desired outcomes.

Figure (4) displays the results of energy-
dispersive x-ray spectroscopy (EDS) of the TiO2:TiN
composite and TiN samples. These results show
emission lines corresponding to titanium (Ti), and
nitrogen (N) in both samples, in addition to oxygen
(O) in the composite sample. The absence of oxygen
atoms or any other foreign atoms in the EDS analysis
of TiN thin film sample indicates a high level of
structural purity and suggests that the sample has not
undergone oxidation. This result is consistent with the
expected composition of TiN, which is composed of
titanium (Ti) and nitrogen (N) atoms and does not
contain oxygen (O) in its ideal form.

Elemental mapping leverages the compositional
precision inherent in techniques such as EDS
microanalysis and combines it with high resolution
imaging to present complex data in an accessible,
visually striking format. It is based on compiling
extremely specific elemental composition data across
an area of a sample. This is typically done in an SEM
or TEM using EDS analysis.
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Fig. (4) EDS analysis and EDS mapping of TiO,:TiN and TiN
thin films

A high resolution image of the area of interest is
collected along with the EDS data, and the two are
correlated. For every pixel in the digital image
collected, a complete elemental spectrum is also
collected. By processing these spectra, the relative
intensity of spectral features associated with a number
of elements of interest can be translated into
computed colorization layers, which color codes the
electron photomicrograph signifying layers and sites
of elemental compositional information in the
prepared sample. The EDS mapping shown below the
spectra specifies the uniformity of deposition. This
map provides spatial information about the
distribution of titanium and nitrogen within the TiN
thin film, confirming that the Ti and N elements are
evenly distributed, further indicating the uniformity
and quality of the deposition process.

The FTIR for TiO2:TiN nanocomposite and TiN
samples were presented in Fig. (5). For the composite
sample, the broad band at around 3450 cm™ is
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recognized as the hydroxyl group that comes from the
adsorbed water vapor on the surface of the
nanoparticles. The CH stretching vibration appeared
at 2980 and 2920 cm™ indicating the existence of
some carbonyl group on the sample surface. The band
at 1580 cm for the Ti-OH, 1420 cm™ for N-H. The
triple bands at 1130, 1040, and 1008 cm™ for Ti-N,
and the band at 920 cm™ for N-O. The two broad
bands appeared at 640, and 540 cm corresponding
to Ti-O, Ti-O-Ti in the TiO, [27], while the weak
band 420 cm™ corresponded to Ti-O in rutile
structure [28]. The pure TiN sample appeared with
bands located at 3436 cm™ for O-H, 1635 cm™ for O-
H bending, 1370 cm™* for N-H, 1135, 1055 cm™* for
Ti-N, and 920 cm? N-O [29]. There are no bands
corresponding to titanium oxide were appeared in the
TiN sample.

Stretching CH;

—TIN

Transmittance (%)

TI02:TIN

2 w0 o
Wavenumber (cm ')

Fig. (5) FTIR spectra for TiO,: TiN composite and TiN samples
prepared by reactive dc sputtering

Figure (6) displays the absorption curves for the
TiO2TiN and TiN thin films deposited on glass
slides. The absorption edge appeared at about 370 and
350 nm for TiO2:TiN and TiN samples, respectively.
A plasmonic band appeared around 450 nm
wavelength for the composite sample corresponding
to plasmon resonance in the TiN structure [30]. This
band appeared at a broad range covering nearly the
entire visible region and redshift compared to the
composite sample due to the presence of the TiOa.
This result is in line with the literature [31]. This
behaviour can be applied in different applications
such as in the photocatalytic technique [32].

4. Conclusions

The presented study demonstrates the efficient
fabrication of TiO2:TiN nanocomposite and high-
purity TiN nanostructure using a straightforward dc
reactive magnetron sputtering configuration. The
thorough  evaluation  of  their  structural,
morphological, and optical characteristics has
unveiled significant distinctions between the two
systems. Remarkably, the exceptional phase purity of
these materials, covering a broad spectrum, highlights
the potential versatility of TiN for various
technological applications, affirming its suitability
for a range of practical uses.
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Fig. (6) Absorption spectra of TiO,:TiN and TiN thin films
deposited on glass substrates
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Table (1) XRD parameters for TiO, and TiO,:TiN composite thin films prepared by reactive dc sputtering
Sample 26 (Deg.) FWHM (Deg.) dhii (A) C.S (nm) hkl Phase
25.3983 0.5541 3.5040 14.7 (101) Anatase
27.4171 0.5146 3.2504 15.9 (110) Rutile
36.0861 0.5146 2.4870 16.2 (101) Rutile
37.8278 0.7126 2.3764 11.8 (004) Anatase
41.2716 0.5937 2.1857 14.3 (111) Rutile
42.7363 0.7521 21141 11.3 (200) TiN
48.0010 0.5542 1.8938 15.7 (200) Anatase
54.3741 0.7125 1.6859 12.5 (105) Anatase
TiO2:TiN 55.0866 0.5542 1.6658 16.2 (211) Anatase
56.6700 0.5938 1.6230 15.2 (220 Rutile
62.0139 0.7125 1.4953 13.0 (220 TiN
62.8055 0.5937 1.4784 15.7 (204) Anatase
64.1118 0.6729 1.4514 13.9 (310) Rutile
69.0203 0.5542 1.3596 17.4 (116) Anatase
69.9703 0.7521 1.3435 12.9 (220) Anatase
75.0371 0.8313 1.2648 121 (215) Anatase
82.6769 0.9500 1.1662 11.1 (224) Anatase
36.6140 0.4920 1.2769 18.3 (111 TiN
42.5571 0.5315 2.1141 11.3 (200) TiN
TiN 61.7680 0.6240 1.4953 13.0 (220) TiN
73.9800 0.4873 1.2769 18.3 (311) TiN
78.2400 0.6266 1.2769 18.3 (222) TiN
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This study investigates the characterization and growth dynamics of a Magnetically
Stabilized Gliding Arc Discharge (MSGAD) system, generating non-thermal plasma with
argon gas under atmospheric pressure and flow rates of 1-5 L/min. The electrical

properties and growth patterns concerning gas flow rates and applied voltages were
examined utilizing a magnetic field for stability. Using a digital oscilloscope, a correlation
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and applied voltage directly impact arc growth. Furthermore, the magnetic field's role in
guiding and stabilizing the plasma discharge was explored. This research elucidates the
interplay between electrical behavior and geometric characteristics in MSGAD, offering

019 insights into potential applications.
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1. Introduction

In the pursuit of innovative technologies for
various applications, the study of non-thermal plasma
systems has garnered significant attention [1-4].
Among these systems, the Magnetically Stabilized
Gliding Arc Discharge (MSGAD) stands out as a
remarkable candidate, offering the potential to
generate non-thermal plasmas under atmospheric
pressure conditions [5-7]. This research endeavors to
delve into the intricacies of the MSGAD system,
focusing on its electrical characteristics and growth
dynamics, with particular emphasis on the influence
of gas flow rates, applied voltages, and the
application of an external magnetic field [8,9]. The
MSGAD system represents a fusion of advanced
plasma science and engineering, where a gliding arc
discharge is harnessed and stabilized by a transversal
magnetic field, resulting in a striking "plasma disk"
configuration  [10-12]. This unique plasma
configuration has the potential to revolutionize
various fields, including environmental protection,
chemical processes, and beyond [13-15].

The study's objectives are multifaceted,
encompassing the investigation of the electrical
properties of the generated discharge, the exploration
of its growth patterns under varying operational
parameters, and the assessment of the impact of
magnetic field application on plasma behavior
[16,17]. A sophisticated plasma pixel isolation
algorithm is employed to precisely quantify arc
length, area, and volume for different argon gas flow
rates and applied voltages [18]. Through meticulous
experimentation and data analysis, this research seeks
to unravel the complex interplay between electrical
behavior, geometric characteristics, and external
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magnetic fields in the context of the MSGAD system
[19]. The findings hold the potential to provide
valuable insights into the controlled manipulation of
non-thermal plasma systems, ultimately opening new
avenues for enhanced efficiency and novel
applications [20-23].

In this comprehensive exploration of the MSGAD
system, we aim to shed light on the fundamental
aspects of its operation, paving the way for
advancements in  plasma technology  with
implications for a broad spectrum of scientific and
industrial domains [24,25].

2. Experimental Setup

The experimental setup is shown schematically in
Fig. (1). A gliding arc discharge at atmospheric
pressure is generated between two diverging stainless
steel electrodes. The GAD plasma system consists of
argon gas to produce plasma in the gliding arc, gas
flowmeter (K Weld Corporation, India), which was
used to measure the amount of gas entering the
hollow metal tube. The gas flowlrates used in this
work were 1, 2, 3, 4 and 5 L/min. The system also
contains of magnetic coil of 350 and 500 turns to
rotate and confine plasma, and two electrodes, one of
them high-voltage electrode, which is the central
spiral wire, while the other is the container wall which
is the grounded electrode. Also, the system contains
an A.C. power supply, which was used to ensure that
the electrodes are switched continuously to prevent
their damage due to high temperature. The power
supply operates in a range of frequencies from 0 to
150 kHz and a high voltage of 20 kV. A D.C. power
supply (Pro'sKit, China) was connected to the poles

PRINTED IN IRAQ 235



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 19, No. 4C, December 2023, pp. 235-242

of the magnetic coil, this is to prepare the coil with
electric current to obtain an electromagnet.

The total height of the system is 13 cm. The base
has a width of 8 cm and a total diameter of 6.4 cm.
The distance between the wire and the container wall
is 1cm, is shown in figures (2) and (3).

Oscilloscope GAD plasma image

Flow meter
>,

- : }i ¢ "
) / 'DCPower Supply
Voltage Probe | =3 [
Sa GAD _t

Plasma

=

~~Magnetic coil
ACPower Supply

Argon gas
‘ Teflon il

Fig. (1) Schematicldiagram oflthe gliding arc discharge
(GAD) system

13cm

8cm

Fig. (2) Front view oflthe MSGAD system

6.4 cm
LJ

Fig. (3) Toplview of the MSGAD in operation

To pinpoint the plasma pixels within the images
generated by the system, we employ digital image
processing techniques for plasma torch segmentation
within the MATLAB environment. The process is
illustrated in Fig. (4), depicting the sequential
algorithm employed to initially isolate the plasma
torch pixels and subsequently convert them into a
length representation.

The sequential procedure for isolating plasma
pixels in the suggested technique is outlined by
reading color plasma image, and then converting
color plasma image to greyscale plasma image.

The plasma can be differentiated from the other
aspects of the image by applying a threshold, where
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the specific threshold value is calculated based on the
image histogram. The image histogram expresses the
distribution of the color values in a digital image: it is
a plot of the number of points (pixels) for eachlcolour
value [26]. The x-axis of the graphical depiction
depicts the diverse chromatic values, ranging from
darker shades on the left to lighter shades on the right.
Meanwhile, the y-axis corresponds to the quantity of
pixels [27].

Read colour
plasma image

A
Convert colour plasma
image to grayscale image

}

Applying threshold (T)

No @ Yes

g (x y) =0 glx y)=1
:
End

Fig. (4) Thelsteps of the plasma pixellisolation algorithm

A matrix of zeros with dimensions identical to
those of the original image is generated. The matrix
elements are modified to a value of one if the color
value of the relevant pixel in the greyscale image
satisfies the threshold value. In the event that the
threshold is not satisfied, the element's value will
persist as zero. The outcome is a binary representation
of the image, whereby each pixel is assigned a value
of either zero or one. A value of one signifies the
presence of plasma pixels, while a value of zero
indicates the absence of plasma in the corresponding
areas of the image [28]. The methodology, when
applied to the matrix element denoted by matrix
coordinates, can be succinctly described by the
equation.

- (1 iffxy)<1
gy = {0 otherwise } @
where g(X, y) is the output binary value for the matrix

element, f (X, y) is the corresponding input greyscale
pixel color value, and T is the threshold.

The algorithm employed in this research study
serves the purpose of assessing plasma performance
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through the facilitation of calculations pertaining to
plasma lengths, areas, and volumes.

3. Results and Discussion

The forms of waves of both voltage and current
obtained from the electrical diagnostic are depicted in
Fig. (5). The measurement of discharge voltage and
current was conducted using a high voltage probe and
a Rogowski coil. The experimental setup involved the
utilization of a two channel USB oscilloscope for
connectivity. As observed, the resulting voltage
exhibits a smooth sinusoidal waveform devoid of
spike lines. Similarly, the corresponding peak-to-
peak current showcases sinusoidal characteristics
accompanied by decay waveforms. The power supply
operated at a frequency of approximately 9.1 kHz.

Fig. (5) Waveforms of the current (blue) with the applied
voltage (yellow) of the gliding arc discharge by Digital Storage
Oscilloscope

The 1-V characteristiclcurve was acquired in
order to ascertain the operational regime of the
gliding arc plasma. Figure (6) demonstrates that the
voltage on the gliding arc drops as the current
increases, but the gas flow and frequency remain
constant. This behavior is characteristic of an arc
discharge. Nevertheless, the voltage across the arc
exhibits a considerable magnitude, typically
measured in kV, while the current flowing through it
is limited to values below 10 A. Therefore, the non-
equilibrium characteristic of the arc is maintained.

20

—_
()]
1

Current ( A)

10 LN B B B R B B L B B N B R B B B BB BB L L

8 10 12 14 16 18 20
Applied Voltage (kV)

Fig. (6) 1-V curves of magnetically stabilized tornado gliding
arc discharge
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To understand the role of gas flow and applied
voltage in the arc length, area, and volume, images of
the GAD have also been recorded in the presence of
the magnetic field. The frequency of the arc rotation
with the magnet is 9.1 kHz. This finding suggests that
the external magnetic field plays a dominant role in
maintaining the arc rotation in the upper zone of the
GAD. Additionally, the shape and length of the
plasma arc are also affected by the presence of the
external magnetic field. At the beginning of the wire,
we notice that the length and volume of the arc
increase gradually with the increase in the gas flow
rates, and the area also increases.

Table (1) The length, area, and volume of the plasma for
different argon gas flow rates with magnetic coil 500 turns as
calculated with the proposed plasma isolation algorithm

Flowrate Length Area  Volume
(L/min)  (Pixel) (Pixel) (Pixel)

1 13.969 134113 4045
15.087 180.418 6787
18.035 230.788 10950
22.724 327450 15330
32.418 441551 18890

(SN SR |G ]

Table (2) The length, area, and volume of the plasma for
different argon gas flow rates with magnetic coil 350 turns as
calculated with the proposed plasma isolation algorithm

Flowrate Length Area  Volume
(LImin)  (Pixel) (Pixel) (Pixel)

1 12014 123.885 3704
14.865 168.742 6017
18.894 258.761 9443
21122 297.089 10267
29.552 329.745 11586

(S B SR |G ]

These findings are illustrated in figures (7, 8, 9
and 10). The length of the arc at 1 L/min is 13.969
pixels and increases gradually to reach a maximum
value of 32.418 pixels at 5 L/min. The area of the arc
at 1 L/min is 134.113 pixels and increases gradually
to reach a maximum value of 441.551 pixels at 5
L/min. The volume of the arc at 1 L/min is 4045
pixels and increases gradually to reach a maximum
value of 18890 pixels at 5 L/min, all with a magnetic
coil of 500 turns. Similarly, the length of the arc at 1
L/min is 12.014 pixels and increases gradually to
reach a maximum value of 29.552 pixels at 5 L/min.
The area of the arc at 1 L/min is 123.885 pixels and
increases gradually to reach a maximum value of
329.745 pixels at 5 L/min. The volume of the arc at 1
L/min is 3704 pixels and increases gradually to reach
a maximum value of 11586 pixels at 5 L/min, all with
a magnetic coil of 350 turns (see tables 1 and 2).

In a tornado arc discharge plasma system, the
growth of the arc discharge between the central high
voltage electrode and the grounded cylinder wall is
facilitated by the presence of a magnetic field. The
magnetic field plays a vital role in confining and
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guiding the plasma, leading to the formation and
sustained growth of the arc discharge. The stages of
development of this process can be explained as
follows:
Initial breakdown: The process starts with the
application of a high voltage potential between the
high voltage electrodes typically a central rod spiral
wire and the grounded Steel cylinder wall. The
electric field generated by the applied voltage initiates
the breakdown of the gas within the system.
Formation of the plasma channel: As the
breakdown occurs, a plasma channel begins to form
between the voltage electrode and the cylinder wall.
The plasma is composed of ionized gas species,
electrons, and neutral atoms or molecules. Initially,
the plasma channel may be relatively short and
unstable.

Fig. (7) The original image of the gliding arc discharge at
various gas flow rate a) 1L/min, b) 2L/min, c) 3L/min, d)
4L/min and e) 5L/min with magnetic coil 500 turns

Magnetic field application: Once the plasma
channel begins to form, a magnetic field is introduced
into the system. This can be achieved by using
electromagnets. The magnetic field is typically
applied parallel to the axis of the discharge (aligned
with the central rod).

Magnetic confinement: The magnetic field interacts
with the electric current flowing through the plasma,
resulting in the Lorentz force. The Lorentz force acts
perpendicular to both the current and the magnetic
field lines, causing the plasma to experience a radial
force. This force helps confine the plasma column
towards the axis of the discharge.
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Fig. (8) The image of the gliding arc discharge using the
isolation algorithm at various gas flow rate a) 1L/min, b)
2L/min, c) 3L/min, d) 4L/min and e) 5L/min with magnetic coil
500 turns

Fig. (9) The original image of the gliding arc discharge at
various gas flow rate a) 1L/min, b) 2L/min, c) 3L/min, d)
4L/min and e) 5L/min with magnetic coil 350 turns

Spiral motion: Beneath the influence of the magnetic
field, the confined plasma column starts to exhibit a
spiral motion called as a "tornado" or "helical”
motion. The Lorentz force causes the plasma to rotate
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around the axis of the discharge, resulting in the
formation of a spiral-shaped plasma column. The
direction and pitch of the spiral motion depend on the
orientation and strength of the magnetic field.

Fig. (10) The image of the gliding arc discharge using the
isolation algorithm at various gas flow rate a) 1L/min, b)
2L/min, ) 3L/min, d) 4L/min and e) 5L/min with magnetic coil
350 turns

Enhanced growth and stability: The spiral motion
of the plasma column enhances the growth and
stability of the arc discharge. The magnetic field aids
in maintaining a well-defined and extended plasma
column between the voltage electrode and the
cylinder wall. The spiral motion increases the length
of the plasma channel, providing a larger volume for
plasma reactions and energy deposition.

The growth of a magnetically stabilized gliding
arc discharge can be influenced by several factors,
including the gas flow rate. The gas flow rate affects
the behavior and characteristics of the discharge, and
ultimately impacts its growth. Here are a few ways in
which the gas flow rate can influence the growth of a
magnetically stabilized gliding arc discharge:
Plasma stability: The gas flow rate can affect the
stability of the plasma in the discharge. An optimal
gas flow rate can help maintain a stable and well-
defined gliding arc, promoting sustained growth.
Insufficient gas flow rates may lead to extinction of
the discharge, while excessive flow rates can disrupt
the stability of the plasma column.

Plasma temperature: The gas flow rate influences
the temperature of the gliding arc plasma. Higher gas
flow rates can enhance convective cooling of the
discharge, reducing its temperature. Conversely,
lower flow rates can result in higher temperatures.
The temperature of the plasma affects the ionization
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and excitation processes within the discharge,
influencing its growth and behavior.

Mass transport and reaction kinetics: The gas flow
rate affects the transport of reactive species to and
from the gliding arc discharge. By modifying the flow
rate, the supply of precursor species or reactants can
be controlled, thereby influencing the growth and
characteristics of the discharge. This can be
particularly relevant for processes involving surface
modification or chemical reactions within the
discharge.

Fig. (11) The original image of the gliding arc discharge at
various applied voltage a) 2 kV, b) 4 kV, c) 6 kV, d) 8 kV and
e) 10 kV with magnetic coil 500 turns

Figures (11, 12, 13 and 14) represent the increase
in arc length with an increase in applied voltage and
constant gas flow. When the applied voltage is
increased from 2 kV to 10 kV, the length of the arc
increases from 12.006 pixels to 31.786 pixels, the
area of the arc increases from 134.365 pixels to
384.196 pixels, and the volume of the arc increases
from 4724 pixels to 16281 pixels. All of these
measurements were taken with a magnetic coil of 500
turns. On the other hand, when using the magnetic
coil with 350 turns, the applied voltage increased
from 2 to 10 kV, resulting in an increase in the length
of the arc from 10.674 to 29.526 pixels. Similarly, the
area of the arc increased from 97.915 to 321.014
pixels, and the volume of the arc increased from 2172
to 12460 pixels (see tables 3 and 4).
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Fig. (12) The image of the gliding arc discharge using the

isolation algorithm at various applied voltage a) 2 kV, b) 4 kV,
c) 6 kV, d) 8 kV and e) 10 kV with magnetic coil 500 turns

Table (3) The length, area, and volume of the plasma for
various applied voltage with magnetic coil 500 turns as
calculated with the proposed plasma isolation algorithm

Voltage Length  Area  Volume
(kV) (Pixel)  (Pixel)  (Pixel)

2 12.006 134.365 4724

4 15.338  219.651 9227

6 17.814 26255 10850

8 22.021 307.854 12790

10 31.786  384.196 16281

Table (4) The length, area, and volume of the plasma for
various applied voltage with magnetic coil 350 turns as
calculated with the proposed plasma isolation algorithm

Voltage Length  Area  Volume
(kV) (Pixel)  (Pixel)  (Pixel)

2 10.674 97915 2172

4 16.086 158.464 8568

6 17632 262115 10245

8 21.758 283.883 11206

10 29.526  321.014 12460

The effect of changing the amount of high voltage

on the growth of a magnetically stabilized sliding arc
discharge can be significant. This effect can be
summarized in the following points:
Arc length and stability: Increasing the high voltage
can lead to a longer arc length in the discharge. This
extended arc can contribute to enhanced plasma
growth and increased energy deposition. However,
excessively high voltages can also cause instabilities
and disrupt the stability of the sliding arc.
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Fig. (13) The original image of the gliding arc discharge at
various applied voltage a) 2 kV, b) 4 kV, c) 6 kV, d) 8 kV and
e) 10 kV with magnetic coil 350 turns

J

Fig. (14) The image of the gliding arc discharge using the
isolation algorithm at various applied voltage a) 2 kV, b) 4 kV,
¢) 6 kV, d) 8 kV and e) 10 kV with magnetic coil 350 turns

Plasma temperature: Higher voltages generally
result in higher plasma temperatures. This increase in
temperature affects the ionization and excitation
processes within the discharge, influencing the
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growth and behavior of the plasma. It can impact
reaction rates and the formation of reactive species,
which ultimately influence the discharge's growth
characteristics.

Gas ionization: The high voltage provides the energy
necessary for gas ionization in the discharge. As the
voltage increases, more gas molecules become
ionized, leading to a denser plasma and a potentially
larger plasma volume. This increased ionization can
impact the discharge growth by altering the
concentration of charged particles and their
interactions.

Electric field strength: The high voltage determines
the strength of the electric field between the
electrodes. This electric field affects the motion and
behavior of charged particles within the discharge.
Changes in the electric field strength can influence
the distribution and transport of ions and electrons,
impacting the growth patterns and dynamics of the
sliding arc discharge.

Energy deposition: The amount of high voltage
directly correlates with the energy deposited into the
discharge. Increasing the voltage can lead to higher
energy deposition, which can affect the physical and
chemical processes occurring within the plasma. This
energy input influences the growth rate, reactivity,
and efficiency of various plasma-mediated processes.

4. Conclusions

This study examined the complex relationship
between gas flow, applied voltage, and external
magnetic fields on GAD plasma. We found that these
elements significantly affect the arc's length, area,
and volume through careful experimentation and
analysis. Our findings show that the external
magnetic field is crucial to arc rotation in the GAD's
top zone. The association between applied voltage
and arc characteristics confirms the complex
interaction between electrical potential and plasma
activity. The significant differences in arc dimensions
under different coil turn configurations demonstrate
the complex impacts of magnetic field intensity on
plasma properties. This research improves our grasp
of GAD phenomena and non-thermal plasma
behavior theory and practice. By understanding the
complicated relationship between gas movement,
voltage, and magnetic fields, we can improve
environmental protection, materials processing, and
more.
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The current study aims to prepare sensor NO2 gas by synthesis and doping of
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temperature of 200°C, a pure ZnO sensor demonstrated a sensing response for
NO: gas of 75.9% with an average reaction time of about 8.61 s. While doping
of SnOz had an effect in increasing the sensitivity value of the ZnO-SnOz sensor

0.19 at different operating temperatures
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1. Introduction

Numerous dangerous gases, including CO, NOg,
NHs, CH., ethanol, methanol, and benzene, are
routinely produced daily from industrial and
agricultural activities. They are also discharged as
part of automobile exhaust emissions. Others, such as
NO- and toluene, are detrimental to human health and
the environment; when their concentrations are above
a critical threshold, some become explosive when
exposed to air as Hy and CHa. It is crucial to create
high-precision gas sensors with in situ and real-time
monitoring capabilities, high sensitivity, quick
response, strong selectivity, and low limit of detection
(LOD) [1,2]. High-performance gas sensors with high
sensitivity, selectivity, and response speed are still
needed to improve gas detection. SnO,, ZnO, CuO,
CdO, WOs, and TiO, are metal oxides that can
identify combustible, reducing, or oxidizing gases
[3]. Several research teams have recently
concentrated on nanocomposite materials for gas
sensing applications, such as CdO-ZnO, ZnO-SnOy,
and ZnO-Iny03 [4,5]. Tin dioxide (SnO2) and zinc
oxide (ZnO) are valuable gas-sensing materials. They
both are n-type materials, and their electrical
conductivity depends on the density on the surface of
pre-adsorbed oxygen ions. According to their
literature review, the physical and chemical
characteristics of SnO; and ZnO are adaptable for gas
sensing applications. The synthesis process is another
essential variable. Due to the synergistic effect
between the two components, using a ZnO:SnO,
composite material is a wise decision since it modifies
the properties of the materials to raise the sensitivity
of metal oxide gas sensors [6]. ZnO is a significant
wide-bandgap semiconductor with a direct bandgap
of ~3.37 eV. It is a material with great potential for
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UV nano-optoelectronic devices and lasers at room
temperature [7]. It is widely recognized that doping
significantly impacts the fundamental physical
characteristics of semiconductors with certain
elements, such as electrical and optical properties,
which are essential for their practical use. Numerous
groups have reported the creation of doped ZnO
nanoparticles and nanostructured films, and they have
also investigated the characteristics of these doped
nanostructures in terms of electrical, optical, and
sensor functions [8-11]. The choice of material has a
significant impact on the behavior of the gas sensor.
The sensor's material should be conductive when
reacting with gases, especially at the semiconductor's
surface component [12,13]. ZnO and SnO; are
examples of n-type materials having relatively few
oxygen adsorption sites that are appropriate for
sensing applications to build potential barriers. In
addition, adding additives to the semiconductor
material may enhance the gas sensor's performance
[14]. The advantages of composite sensors, including
being more thermally stable, having high electron
mobility, and having many hetero-contacts between
the phase and the catalytic activity of the sensing
matrix, can be controlled [12,15,16].

This research aims to prepare NO; gas sensor for
pure ZnO films then doped with 7 wt.% SnO.. These
films showed different responses to gaseous
sensitization at different operating temperatures.

2. Experimental Part

This paper used the vacuum thermal evaporation
technique to prepare pure ZnO thin films and doping
with SnO, by ratio (7 wt.%). They were heated-
resistant in a molybdenum boat under a pressure of
about 3x10° Torr. The distance between the glass
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substrates and the molybdenum boat was 12 cm. The
thin films in this study were deposited on glass
substrates made of glass strips with a thickness of
1mm and dimensions 26x76 mm? after cleaning the
glass substrates. Zinc powder (Zn) with a purity of
99.95 was used, mixed, and milled by an agate mill
with the weight ratios of tin (Sn) with a purity of
99.95 in weight ratio of 7 wt.% of Sn. Finally, the
films are extracted from the vacuum thermal
evaporation after deposition and then placed in the
furnace for thermal oxidation at a temperature of
450°C for two hours to obtain pure ZnO films and
ZnO films doped with SnO..

3. Results and Discussion

In order to confirm the phase structure of the
produced pure ZnO thin films, the XRD pattern in
Fig. (1) shows the pure ZnO and doped with 7 wt.%
SnO,, it can be seen that the preferred orientation
peaks of ZnO at (002) and angle 34.889° and that all
films are polycrystalline with a hexagonal structure.
Furthermore, no diffraction peaks from other
impurities were detected. This figure also depicts that
the intensity of the peaks increased with the doping.
These results matched (JCPDS card 01-075-1526).
The crystallite size (D) was calculated using the
Scherrer’s formula [17]:

0.91
D = 1
Bcos6 ( )
268 —
H Zn0-Sn02 (7% wt)
2014 g I vZnO
|
134 4 f 5 -
- ) = £ g
T 67 W e ' ; b4
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Fig. (1) The XRD patterns of pure ZnO film as well as ZnO film
doped with 7 wt.% SnO,

It was found that the crystal size decreases when
doping with 7 wt.% SnO; the reason is stress arising
from the entry and diffusion of impurity atoms in the
material and their possession of sites in the crystal
lattice, which causes the sites of the 20 vertices in
XRD pattern to be displaced to greater or less
dependent values on the ionic diameter of the atoms
of the lattice when compared with the host material in
the lattice. On the other hand, the stress occurring in
the crystal lattice was calculated using the equation
[18]:

o =232.75 %)

@)
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where C- is the lattice constant from JCPDS card, C
is the lattice constant calculated in practice, and o is
the stress in the crystal lattice

It was found that the stress in the crystal lattice
increases with increasing doping; the cause of stress
is due to changes in the order of atoms and the random
distribution of impurities within the crystal lattice or
atoms have an irregular arrangement, they cause
distortions in the crystal lattice and increase stress, as
shown in table (1).

The surface morphology is studied using atomic
force microscopy (AFM), which is crucial for gas
sensor applications. Particle size and surface
roughness affect how gases interact with surfaces.
Figures (2) and (3) show AFM images of pure ZnO
film and ZnO film doped with 7 wt.% SnO; on glass
substrates. These surfaces contain pyramid-shaped
granules with sharp edges. The diameter size of these
films is 6.351 nm for pure ZnO film and 5.055 nm for
doped film, with an average roughness of 233.6 nm
and 100.8 nm, respectively. The decreases in grain
size with increasing the doping ratio may be related
to forming composite structures. Table (2) below
shows our results from the atomic force microscope
analysis AFM [19].

Table (2) The change in the grain size rate and surface
roughness rate of pure ZnO film doped with SnO, (7 wt.%)
using AFM analysis

Roughness | Root mean | Diameter
Sample Average Square Size
(nm) (nm) (nm)
Pure ZnO 233.6 8.440 6.351
Zn0-Sn0a (7 wt.%) 100.8 6.967 5.055
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Fig. (3) Surface morphology for ZnO film doped with 7 wt.%
SnO,

Figure (4) presents the FE-SEM images of the
ZnO thin films (pure and doped) by the thermal
evaporation method in a vacuum. In order to
determine the thickness of the prepared pure ZnO
film, its thickness was measured using the cross-
section technique wusing a scanning electron
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microscope. It was found that the thickness of the film
was about 144 mm, as shown in Fig. (4a). The FE-
SEM images show that pure ZnO films are
nanostructures with stone-like shapes, with diameters
ranging from 32-85 nm, as shown in Fig. (4b). The
effect of doping with 7 wt.% from SnO; on the ZnO
films led to a change in the shapes of the films'
images, as they became softer and had delicate sand-
like shapes, which are round granules with diameters
ranging from 10-40 nm, as in Fig. (4c) [20]. On the
other hand, knowing the proportions of the elements
involved in the formation of these films, the analysis
of the constituent elements By EDX of pure ZnO film
and doped with 7 wt.% SnO,. Figure (4d) shows that
the zinc oxide film contains only oxygen and zinc and
that the intensity of the zinc peak is higher than the
oxygen peak. The reason may be the duration of
exposure of the film to oxidation. The process of
doping ratio 7 wt.% from SnO; on the ZnO films led
to the appearance of a peak belonging to tin (Sn), and
the percentage of this peak is close to the added
percentage of impurities, as in Fig. (4e) [21].
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Fig. (4) (a) The cross-sectional images of pure ZnO films, (b,c)
the FE-SEM images, (d,e) the EDX spectra of the pure ZnO
film and ZnO film doped with 7 wt.% SnO,
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They used the thermal evaporation method in a
vacuum for preparing ZnO-SnO; films. In order to
study the optical characteristics of pure ZnO thin film
and ZnO thin film doped with 7 wt.% SnO,. These
characteristics are essential in evaluating the
significance of films in their employment as a gas
sensor. The absorption coefficient may be readily
estimated from the absorbance (A) and the film
thickness (t) using the following equation (3) [22]:
a=2.303 A/t 3)
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Fig. (5) (a) The absorption coefficient, (b) the optical energy

gap, and (c) transmission spectra of the pure ZnO film and

ZnO film doped with 7 wt.% SnO,

It is clear from Fig. (5a), for pure ZnO that the
absorption coefficient gradually increases by a small
amount with increasing photon energy, and for the
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range of energies (hv>3eV), this result helps us
predict the essential absorption edge, which is
attributed to the absorption processes arising from the
transfer of electrons from the valence band to the
conduction band. This means that the transitions from
the basic absorption processes are direct transfers. As
for doping, it led to an apparent decrease in the values
of the absorption coefficient, especially at low photon
energies, and this also appears clear through the
essential absorption edge; the values of the absorption
coefficient were also more significant, which
suggests the occurrence of direct electronic transfers
as well. This result is because the doping led to the
formation (generation) of actual donor levels inside
the energy gap and near the conduction band, which
in turn worked to absorb low-energy photons [20]. In
Fig. (5b), the band gap (Ey) of the films ranged
between 3.268 to 3.801eV and also increased with the
increase of the doping from 0 to 7 wt.%. Unstructured
flaws may be responsible for these band gap increases
by lowering the density of localized states in the band
gap and so raising the energy, and this is consistent
with the results of XRD, where the crystalline size
decreases upon doping. Analysis of thin films can
benefit from the transmittance characteristic.
However, when doping with SnO; (7 wt.%), an
increase in the transmittance was observed, as it
increased sharply at the wavelength 395 nm at the
central absorption edge region, which confirms that
these films have a comprehensive energy gap and are
of the direct type [23].
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Fig. (6) FTIR spectra for (a) pure ZnO, and ZnO doped with 7
wt.% SnO,
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Figure (6a) depicts the FTIR spectra of pure ZnO
nanoparticles doped with 7 wt.% SnO,. The vibration
of Zn-O bonds is reflected in high frequency bands
between the region of 400-550 cm™. When doping
ratio is 7 wt.%, a peak appeared that belonged to the
tin oxide Sn-O bond at wave number 581 cm™. It is
noted from Fig. (6b) that the peak is of low intensity,
and the reason may be attributed to the small
percentage of doping [24].

The gas sensitivity of pure and doped ZnO films
was tested using oxidizing gas (NO). The main
factors determining the gas sensing mechanism for
thin films are the nano-distances between atoms,
operating temperature, selectivity, response time, and
recovery time. The sensing properties of all films
were examined as a function of time to determine the
sensitivity of the films to their absorption of oxidized
gas, as shown in figures (7) and (8). The sensitivity to
the gas increases with the temperature of the pure
ZnO film within the range of degrees (25, 100, 150,
and 200°C), where at a temperature of 25°C, the
sensitivity was 38.9% and then gradually increases
until it reaches 75.9% at temperature of 200°C. When
the temperature increases, it can affect the dynamics
of the chemical process. In some gas sensors, the gas
reacts with the surface of the film chemically. The
speed of a chemical reaction is related to temperature,
as temperature increases the speed of the reaction.
This can lead to increased response and recovery
times, as the sensor takes longer to react to the gas and
return to the original state after being exposed to the
gas. On the other hand, when doping with 7 wt.% of
tin oxide, we note that the sensitivity increased its
values from the rest of the ratios. The reason is due to
the regularity of the crystal structure, which made the
membrane sensitive to these different degrees of
temperature, and this was shown by the tests (XRD)
for these films, where the sensitivity was 79.2% at
25°C and then increased to 80.5% at 100°C.
However, the response and recovery times have not
improved much at doping with SnO,. The decrease in
grain size shown in the AFM images may be the
reason for the improved sensor response increase with
the addition of tin oxide. The small particle size
allows an immense amount of nitrogen oxide gas
molecules to react with the surface of the sensor ZnO-
SnO,. However, when NO; gas reacts on the ZnO
surface and even at lower working temperatures, it
absorbs electrons from physisorbed oxygen species
(O2) and becomes desorbed as NO, gas molecules
[25-30]. The figures below show the response and
recovery times at four operating temperatures for pure
ZnO and doped with SnO; films. Higher temperatures
accelerate the reaction kinetics between gas
molecules and sensing materials, leading to a faster
response time of the sensor.

PRINTED IN IRAQ 247



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 19, No. 4C, December 2023, pp. 243-250

— 710 pure (25C)

30.6

30.4 4

30.2 4

30.0 4

e(MQ2)

Q 29.8 4

tan

2 206 -

Response Time=45.99514)

29.4 4 Recovery Time=29.96443

29.2 4

29.0 4

T T
100 150
Time (sec)

0 50 200

65 e 70O pure(100C)

6.0

| Response Time=16.32778

bl
o

o
o
L

>
o
1

Recovery Time=12.74821

Resistance(MQ)

~
o
L

354

3.04

T
0 20 40 60 80
Time(sec)

100

700 pure (150C)
2.6

244

| Response Time=22.06525

v
o

Resistance(MQ)
:v
L

Recovery Time=20.12857

T T T
0 20 40 60 80

Time(sec)

710 pure (200C
1.60 - pure ( )

1.58 4

-

12

>
1

Response Time=8.61538
154 -

Resistance(MQ)
g @&

Recovery Time=15.04568
1.48 -
1.46 -
1.44 -
T T T T
0 20 40 60 80 100
Time(sec)

Fig. (7) The response and recovery times of pure ZnO thin film

at four operating temperatures (25, 100, 150, and 200°C)

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

—7n0:$n0,-7% (25C)
8.2 5

8.1+

8.0 4

~
o
1

Response Time=35.10072

Resistance(MQ)
) |

~
>
L

~
o
L

T4+

-20 0 20 40 60

Time(sec)

e 710:5n0,-7% (100C)

8.2

8.1

Response Time=37.26847

Resistance(Q)

40

Recovery Time=21.69167

T T T T
80 100 120 140 160

Recovery Time=23.99925

Time(sec)

w— 7n0/Sn0 7% (150C)

Response Time=32.16667

~
©
L

Resistance(MQ)
[
N

~
o
L

754

-20 0 20 40 60

Recovery Time=16.3287

Y

T T T
80 100 120 140 160

Time(sec)

71 0/Sn0,-7% (200C,

30 4

15.9297

N
3
L

~
S
L

Resistance(MQ)
Response Time

=
o
L

Recovery Time=16.83965

T
0 20 40 60

T T
80 100 120 140

Time(sec)

Fig. (8) The response and recovery times of the ZnO thin film
doped with 7 wt.% SnO; at four operating temperatures (25,

100, 150, and 200°C)

© ALL RIGHTS RESERVED

PRINTED IN IRAQ



4. Conclusions

The pure ZnO as well as ZnO films doped with
SnO; are polycrystalline with a hexagonal structure.
The crystallite size decreases with increasing SnO;
doping. The optical properties showed an increase in
the value of the optical energy gap and transmittance
with a decrease in the absorption coefficient for pure
and doped zinc oxide films. The sensing properties of
the target gas showed an increase in sensitivity when
doping added for the ZnO films. Moreover,
increasing the operating temperature improved both
response and recovery times with an increase in the
sensitivity value of the gas sensor.
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Table (1) Stress and strain values represented in the crystal lattice of ZnO thin films

250

. . . . o Stress
Sample a (A) ao (A) (Std.) o (A) Co (A) (Std.) Strain
Residual
Pure ZnO 3.236290 3.2420 5.1908 5.1760 0.6655 0.04190
7 wt.% SnO2 3.234789 3.2420 5.19306 5.1760 0.7671 0.04193
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The objective of the study is to establish the permissible limit of the natural
chlorophyll pigment added to PMMA nanofiber by presenting a statistical model.
The nanofibers were produced using the electrospinning technique with pigment
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1. Introduction

The electrospinning technique uses electrostatic
force to produce nanofibers from molten polymer or
its solution. The resulting fibers are thin and have a
large surface area. The process occurs at room
temperature under normal atmospheric conditions.
The terminal polymeric  droplet undergoes
deformation due to the electric field interactions when
high voltage is applied to the needle’s tip, which
directs the polymer towards the drum. The electric
field interactions directly cause this modification to
occur. Several parameters affect the process,
involving at first the physical properties of fluid such
as elasticity and viscosity, solvent type, electrical
conductivity, temperature, the tension of surface,
vapor pressure, and appended salts. Secondly,
process-related parameters are collector shape,
spinneret geometry, the flow rate of the solution,
separating distance between the needle's tip and the
collecting drum, and influence voltage. Thirdly, the
surrounding parameters of the temperature, ambient
moisture, and speed of air [1-3]. Fong et al. found
that the concentration of polymer affects the
formation of beads in nanofibers. They discovered a
converse relationship between polymer concentration
and viscosity. POE polymer concentrations of 1-4.5
wt.% and viscosities of 1mPa.s to 1.25 Pa.s created
fibers with varying degrees of bead deformation. The
least viscous solution 13 mPa.s was produced at a
concentration of 1 wt.% and resulted in fibers with the
highest deformation of beads. Conversely, The most
viscous solution (1.25 Pa.s, 4 wt.%) forms nanofibers
with less beads [4]. As the viscosity of the polymeric
solution increases, the gap between the beads in
nanofibers increases while their diameter decreases.
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The viscosity has an effect on the beads’ shape as
well, with spherical beads gradually transforming into
ones shaped like spindles as viscosity grows.
Increasing viscosity or the concentration of solution
affects the nanofibers’ uniformity and diameter,
making them larger and more consistent. The
viscosity of the polymeric solution determines the
concentration range for nanofibers produced by
electrospinning. Lowering the viscosity of the
solution leads to bead formation due to surface
tension domination. Exceeding the critical limit of
solution concentration produces a structure of
nonstop fibers, whose morphology changes with the
degree of dilution [3]. Among the many factors that
determine the success of electrospinning, the polymer
solution has to reach a minimum level of viscosity,
which is a crucial condition, to ensure reasonable
solubility. In this context, solvents play a significant
role. However, the electrospinning technique requires
careful selection of the solvent [5].

The limitations in solubility, average molecular
weight decline, and high backbone rigidity are
characteristic of conjugated polymers. These
properties impede the formation of electrospinning
fibers by preventing necessary entanglements.
Conjugated polymers resist strength elongation and
produce breaking and discontinuous jets [6].
Chlorophyll is a fascinating natural pigment that
plays a crucial role in plants. It belongs to the group
of conjugated polymers due to its unique porphyrin
structure, which allows it to absorb electromagnetic
waves and excite electrons. Chlorophyll primarily
absorbs sunlight wavelengths in the red, blue, and
purple ranges, which is essential for the plant's
survival. Interestingly, chlorophyll is also being
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studied as a potential material for use in solar cells
and LED applications due to its optical properties [7].
The impact of adding chlorophyll pigment to
electrospinning fibers of the PMMA matrix at
different concentrations was examined in this paper.
The names of the nanofiber specimens and their
solutions reflected the weight ratio of chlorophyll to
PMMA (pure PMMA, 0.31, 0.63, 0.94, 1.25, and 1.56
wt.%), The evaporating solvent acetone has a weight
that is irrelevant. The study investigated the
relationship between viscosity changes and shear
flow of different solution concentrations of
chlorophyll. The same specimens were analyzed
using SEM and FT-IR techniques. The research also
investigated how the degradation of electrospun
fibers was influenced by chlorophyll concentration.

2 Method and Materials

Poly (methyl methacrylate) (PMMA) was the
matrix material and chlorophyll was the pigment
added to six specimens with different weight
concentrations.  They  were  made  using
electrospinning technique and acetone (CH3).CO was
the solvent used. The percentage weight ratio of the
chlorophyll in the solutions was (0, 0.05, 0.1, 0.15,
0.2, 0.25 wt.%). A pure PMMA dissolved in the
acetone had a concentration of 16 wt.%, which was
the reference specimen.

To extract chlorophyll, cleaned and dried basil
leaves were put in a glass tube with a cap that had
acetone in it. For two hours, the tube was left in a
beaker of boiling water, making sure the water stayed
hot before it cooled down. The solution in the tube
was in a dark place for forty-eight hours at room
temperature. They separated the leaves from the
chlorophyll juice with a cotton cloth, and stored the
juice in a fridge.

To determine the concentration of chlorophyll,
they dried 1 mL of the juice, measured its weight
before and after drying, and calculated the difference.
It is found that the chlorophyll concentration was 1
o/L.

Poly (methyl methacrylate) (PMMA) with a
molecular weight of 25000 type ALPHA Chemistry
(Germany) was dissolved in acetone solvent at room
temperature using a magnetic stirrer. The dissolution
process lasted for three hours. Chlorophyll was added
progressively to the solution after complete
dissolution of PMMA. The weight ratio of
chlorophyll to PMMA was adjusted according to the
values stated in later.

Electrospinning of PMMA was performed at a
weight concentration of 16 wt.%. The jet traveled 80
mm between the syringe tip and the drum.
Electrospinning was carried out using 30 kV and
different flow rates for other solutions with varying
additive concentrations, as shown in table (1).

The samples were aged at different times (0, 22,
55, 266, and 434 hours) and concentrations (0, 0.31,
0.63, 0.94, 1.25, and 1.56 wt.%) using an oven of our
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design. The oven was cube-shaped and made of
aluminum with sides measuring 70 cm. It was padded
with synthetic wool to maintain the temperature. The
heater consists of a machined 100-watt tungsten lamp
and a UV lamp with specifications (Nofel Company,
15 W, Wavelength 240 Nano, C type, China). A
thermostat kind RC-112E (Xuzhou Ringder
Electrical Equipment Co. Ltd., China) was connected
in series to the tungsten lamp to control its function
such that the temperature of the oven was kept at
60°C. An o’clock and the tungsten lamp were
connected to the same power supply to calculate the
aging time without any missing at every potential
sudden shutting down of power. The conversion of
the alternation current to a direct current of about
1.5V for the o’clock was cared for (see Fig. 1).

Table (1) Electrospun of variant chlorophyll concentration
versus different flow rates

Specimen Type | Pure
(Additive wt%) | PMMA 0.05 | 0.1 | 0.15 | 0.2 | 0.25

Flow Rate (mL/h) 25 42 | 38 | 38 | 38 | 30

O'clock  Power Supply

55 Comman Outlet

Tungstin Lamp
(100W)

~ Automatic Thermostat

Insulating Layer of Synthetic Wool

Samples

Fig. (1) The accelerated aging oven designed for the purpose of
aging the electrospinning micro-nanofibers. The aging
conditions are heating at 60°C, visible light of 100 W, and UVC
of wavelength 240 nm

The viscosity of the solutions prepared for
electrospinning injection was measured by an
instrument (cone plate, Brookfield Co., Germany)
and the results were analyzed and evaluated. The
nanofibers produced were imaged by SEM, and
analyzed by FT-IR (spectrometer, Bruker, Germany).
The degradation rate of the specimens was studied as
a function of chlorophyll concentration and the
activation energy was calculated according to the
amount of additive.

3 Results and Discussion

The rheological property of viscosity was a
significant parameter to measure for six unlike
samples of PMMA solution with different amounts of
chlorophyll added. Two different groups were
identified from the results. The first set included pure
PMMA specimens, 0.31, 0.63, and 0.94 wt.%, which
showed lower viscosity with higher shear flow, a
phenomenon called pseudoplastic or shear thinning
behavior (Fig. 2).

The rheological property in question was
observed in stabilized suspensions and colloids [8]. It
arises from the physical interaction between the
entangled chains of polymer and the extra particles
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belonging to another phase. This interaction creates a
model of two-layer, where the surface of additive
particles carries a charge opposite to that of the
surrounding polymer particles. By generating a long-
range force, the solution becomes stabilized. The
friction between the matrix polymer chains is lowered
by the added particles, which enhance the shear rate.
The previous figure of the primary group exhibited a
style that can justify this description. However,
approaching particles and layers to each other by
raising the concentration of additives converts the
attractive force to repulsive force. Hamaker’s theory
provides a good description of this interaction [9]. A
repulsive force makes additives form a solid in an
unstable suspension [10]. As a result, the suspension
has a rising viscosity, which makes it appear shear
thickening or dilatant. [8], as shown in Fig. (3).
Chlorophyll accumulation in PMMA causes solute
aggregation and hydro cluster convergence due to
shear flow [11].

Pseudoplastic Group
T T

T T
—=—Pure PMMA
——0.31w%
—=—0.63 W%
——0.94 w%

Viscosity, cP

40 60 80 100 120 140 160 180 200

Shear Flow, 5™
Fig. (2) Shear thinning conduct of solutions of the specimens
(pure PMMA, 0.31, 0.63, and 0.94 wt.%)

6 Dilatant Group

T
——1.25 W%
——1.56 w%

5

~
T

Viscosity, cP
w

I~

N
T

0

L L L L L L
0 20 40 60 80 100 120 140 160 180 200

Shear Flow, s!

Fig. (3) Shear thickening behavior of solutions of specimens
(1.25, and 1.56 wt.%)

As shown in Fig. (4), the low relative
concentration of chlorophyll causes the shear
thickening at its initial stage in this work. The highest
obtainable viscosity that can be reached by adding
chlorophyll up to ca. 0.4 wt.% is shown by the fitting
curve, before a new phase of the solution begins at a
chlorophyll concentration of ca. 1 wt.%.

Scanning electron microscopy (SEM), as shown
in Fig. (5), scanned the electrospun fibers of different
chlorophyll concentration values. The difference in
the purity of the fibers is apparent. Pure PMMA and
two chlorophyll specimens (0.31 and 0.63 wt.%) have
no beads.

Although the last three specimens have
similarities in their smearing, there are some
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differences that can be documented. The nanofibers
at 0.94 wt.% appeared to look like perfusion wetting
the nanofibers and developed an anomaly. Masses
formed at nanofibers 1.25 wt.% became fewer and
smaller at the nanofibers 1.56 wt.%.

Gaussian Distribution (R2=0.9988) of Viscosity
T T T

T T ]
10000 ‘ T > Exp. Data
‘ ‘ —Fitting Curve

8000 ‘ ‘

|
6000 ‘

Vicosity, cP

4000 - ‘ |

2000 | e R

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Chlorophyll Concentration, w%

Fig. (4) Gaussian distribution of high fitting quality depicts the
statistical alteration of the viscosity according to the increment
of the chlorophyll weight rate percentage

e

S

Fig. (5) SEM images of the produced nanofibers of different
concentrations of chlorophyll

Chlorophyll in electro-spun nanofibers was
confirmed by FT-IR. Chlorophyll traces detectable at
low concentrations. The peaks of PMMA would shift
if there was any physical bonding with the
chlorophyll in the solution. However, as shown in
Fig. (6), the PMMA molecules spectrum
overshadowed the peaks of chlorophyll. The last
figure displays some of the significant molecules of
PMMA [12].

Similar peaks in all charts show physical
interaction. Wavenumber shifts indicate PMMA-
chlorophyll bonding change (Fig. 7). Curves in Fig.
(7) show viscosity-dependent areas. First range: zero
to 0.8 wt% chlorophyll. Last bounds show
chlorophyll amounts for pure nanofibers. PMMA
molecules (-CH3, C=0, C-O) shifted to higher
wavelength numbers, showing more bonding with
chlorophyll [12]. The shift in wave numbers of the
FTIR spectra of the electrospun nanofibers of PMMA
blended with chlorophyll was due to the interaction
between the PMMA chains and chlorophyll
molecules. The shift in wave numbers is related to the
change in the dipole moment of the PMMA chains.
The best peak shifting occurred at a chlorophyll
concentration of approximately 0.31 wt.%, which has
the highest solution viscosity. The highest shift refers
to the highest value of the force constant of physical
bonds established among the PMMA and chlorophy!ll
molecules [10]. The best molecular overlapping is
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achieved in colloid or immobile suspension.
Chlorophyll concentration increase caused divergent
chlorophyll aggregation. Gravitational and Hamaker
force isolated PMMA molecules [9]. Gradually,
Viscosity decreased and new phase started in second
plateau. Increasing chlorophyll  concentration
effectively decreased the viscosity of the blend
solution, as shown in Fig. (4). The electrospinning
produced extremely thin fibers that entangled in the
shape of beads. The beads tended to be spherical,
especially at a chlorophyll concentration of 1.25
wt.%. At a higher additive concentration of 1.56
wt.%, although the blend solution viscosity decreased
and thinner fibers formed entangled fibers as beads
were produced, the beads proceeded to split into thick
fibers due to electric force originating from an
aggregation of charges in each bead’s middle. [13],

Fig. (8).

Transmittance (%)
38 2044.8 KE
M3, 1726,
X 1434.84 5
5 §86.94% .5

9 M5 0w Yo INED D %o TML £ s VI s

949.33%

-

9—!933{
k:

43576
9B6ATY

| % IMGG | e %4 IMGZL

,
26.90

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm")

Fig. (6) FT-IR analysis of the six specimens. Shifting of peaks
refers to formation of the physical bonds

The samples were subjected to accelerated
degradation using a specialized oven designed for this
purpose. The oven was equipped with a Tungsten
lamp that emitted visible light, and UV-type C
radiation, and maintained a temperature of 60°C. The
samples were exposed to these conditions for
different aging times of 22, 55, 151, 266, and 434
hours, in addition to the reference state of the samples
with traces of aging-free. The effect of aging on the
samples was evaluated by measuring the change in
their absorbance, as shown in Fig. (9).

The absorbance of the samples was measured at
two different positions after each aging time interval.
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The area under each curve of absorbance versus
wavelength was calculated with error bars. The aging
time affected the samples’ absorbance qualitatively
and quantitatively up to 55 hours, with a low amount
of absorbance comparable to the following durations
of 151, 266, and 434 hours. The increase in
absorbance during the first 55 hours of aging time can
be attributed to the appearance of new chemical
groups such as the carbonyl group or any other
potential type that supported the escalation of
absorbance quantity. Notably, Fig.10 showed that the
effect of chlorophyll concentrations up to ca. 0.8
wt.% was more stable than the occurred absorbance
beyond that concentration.

14358 T T T T

14358

14354 - 4

14352 - Tk 7
1435 h . -

/ S g
B 14348 4 *— B

Number, cm !
/

[ 0z 0.4 0.3 a8 1 12 14 138 18
Chlarcphyll Goncentration, w

C=0

] 02 04 06 08 [ 12 1.4 16 18
Chloropnyll Concentation, wi

C-0

Wave Number, cm !
&
T
+
. !/
i /
&3
g
(=]
g
;’ e

02 0 0.2 04 08 08 1 12 14 ) 18
Chiorophyll Concenraion, wie

Fig. (7) The nature of Gaussian distribution nature of the
shifting of molecular groups, -CH3, C=0, and C-O versus
change the chlorophyll concentration

Fig. (8) The difference between beads of chlorophyll
concentration 1.25 wt.% and 1.56 wt.%. The first state has a
spherical shape and more density than the higher chlorophyll
concentration of 1.56 wt.%. In the last case, beads converted to
fibers. That is why they tended to the longitudinal shape

The rate constant, R1, is influenced by the
concentration of chlorophyll up to 0.8 wt.%, which
was less than that of samples containing chlorophyll
beyond 0.8 wt.%, R2. The following exponential
equation A = ae ¢ described the fitted curve that
represented [14] the reaction rate. The coefficient k,
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which was the rate constant of the aging time t, can
be determined. A represented the integrated area
under the curve of absorbance versus the wavelength
domain, and a, was the amplitude of the function.
According to the values of the obtained rate constants,
specimens with chlorophyll concentration greater
than 0.8 wt.% have a reaction speed that was 159%
higher than that of specimens with chlorophyll
concentration lower than 0.8 wt.%. This increasing
ratio indicated an increase in collision among the
molecules of the reactants, resulting in an increased
likelihood of productive collisions [14,15].

Absorbance (au)

L ' L L L i s
02 04 06 08 1 12 14 16
Concentration of Chlorophyll (wt. %)

Fig. (9) The effect of chlorophyll concentrations on the samples’
absorbance over different aging time durations

The activation energy of the reaction (Ea) was
calculated for two cases based on the values of the
rate constants. The Arrhenius Equation, given by the

following formE, = —ln(:;O)RgT, can be used to

determine E.. Here, R is the rate constant of a sample,
Ro is the standard rate constant obtained from the
value of the pure specimen of PMMA, Ry is the
universal gas constant, and T is the absolute
temperature [16]. The low values of chlorophyll
concentrations led to an increase in activation energy
by 114%, where E;=10.13 kJ/mol. The activation
energy of higher chlorophyll concentrations and more
rapid reaction, Ea2, was 8.86 kJ/mol. The decrease in
activation energy value indicates weak degradation
resistance of the material for high concentrations of
chlorophyll (greater than 0.8 wt.%). Activation
energy refers to the minimum amount of energy
required to initiate a chemical reaction [16]. For a
more detailed view of the effect of chlorophyll
concentration, absorbance kinetics were plotted in
Fig. (10). This figure shows the absorbance of each
chlorophyll additive weight percent used in this
study. The values were calculated using the same
method as in Fig. (9) overall aging time intervals. The
fitted line of absorbance kinetics for each additive
concentration was obtained using two types of
exponential curves: y = ae~b* for samples of (0.63,
0.94, 1.25 wt%), and y =ae ?* +ce % for
samples of (Pure PMMA, 0.31, and 1.56 wt.%). This
was based on the best goodness of the fitting curve.
The R-squared values of the first group were 0.8444,
0.9115, and 0.9084 respectively, and of the second
group were 0.8723, 0.92, and 0.9807, respectively.
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Fig. (10) The aging time of the samples affected the up and
down curves of the normalized absorbance for chlorophyll
concentrations up to 0.8 and above 1.6 wt.%, respectively . R
and Ea represent the reaction rate constant and activation
energy, respectively

The Normalized Intensity

The general behavior of the rate constants values
of the samples as chlorophyll dependent was shown
in Fig. (11). Hence, the concentration of the
chlorophyll effect on the activation energy was
emerged by Fig. (12).
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Fig. (10) The aging conditions under consideration affected the
kinetics of absorbance for the six samples
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Fig. (11) The reaction rate constant changed depending on the
concentrations of added chlorophyll

The final behavior of the samples’ activation
energy under the same employed accelerating aging
conditions of 60°C and UV-C radiation depended on
the chlorophyll concentration. This factor affects
different other impacts such as the diameter and
density of the fibers, the crystallinity of the polymer,
the degree of polymerization, and the molecular
weight of the polymer macromolecule. The decrease
in electrospun fiber diameter creates a large surface
area with respect to the bulk volume, which increases
the exposure area and might decrease the activation
energy. However, the high crystallinity of polymers
results in high activation energy and degradation
resistance [17]. Increasing the molecular weight of a
polymer can increase its crystallinity. Linear polymer
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chains and high molecular weight increase the
crystallinity of a polymer [18].
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Fig. (12) The relationship between the concentration of
chlorophyll and the change in activation energy suggests that
chlorophyll plays a role in increasing the activation energy of
the blend

4. Conclusion

The study shows that chlorophyll has specific
bonds with the C-O, CHs, and C=0O groups of
PMMA. The viscosity increases when the chlorophyll
concentration is between 0 and 0.4 wt.%, reaching a
maximum of around 0.8 wt.%. This optimal
concentration results in nanofibers with minimal bead
formation, indicating that higher viscosity of the
polymer matrix enhances the electrospinning of
chlorophyll additive. Moreover, nanofibers with a
concentration of up to 0.8 wt.% chlorophyll show
high thermal stability at 60°C and degradation
resistance to UV-C and visible light.
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Optical filters are among the most important tools used in all fields of photonics
and lasers. In this work, four types of magnetic liquids-based optical filters with
different specifications have been designed and studied. The control of these
filters is fully reversible. The first type depends on magnetic fluid containing

Fe3O4 nanoparticles only. Two other kinds of filters were designed by adding
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non-magnetic solutes or nanoparticles to the magnetic fluid. These two filters
are of controllable transmittance and changing spectral shape. The fourth type
of tunable filter is designed with a perfectly flat and stable spectrum over a wide
range of wavelengths by synthesizing FesO4 particles that are completely tied to

SIR2022 copper nanoparticles. The results of this work can be invested in the field of
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designing pioneering filters for optical fields and communications applications.
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1. Introduction

Optical filters play an important role in various
fields such as communications, imaging,
spectroscopy, and sensing. They enable light
manipulation for a wide range of applications.
Optical filters are designed to selectively transmit or
reflect specific wavelengths of light based on their
properties [1, 2]. Recent advances have introduced a
new class of optical filters that can be controlled by
an external magnetic field wusing modern
nanofabrication techniques [3]. This functionality has
been achieved by fabricating specific magnetic
nanoparticles, such as magnetite (FesO.), dispersed
in nonmagnetic fluids [4]. These particles are
characterized by high magnetic orientation stability
in response to an external magnetic field, which
allows precise control of their optical properties. In
addition, when the magnetic field is removed, the
liquid and particles of the magnetic fluids fully
recover their initial properties. This innovative
technology provides unprecedented versatility and
tunability in optical filters and opens up exciting
possibilities in optical device design and applications
[5-7].

The magnetic field-controlled optical filters
considered in this work belong to the category of
optically tunable filters, which is a subclass of
general optical filters [8]. In spectral and interference
experiments involving different wavelengths of light,
it may be necessary to replace the filters for many
reasons, e.g., changing the source, the wavelength is
constantly changing, or for spectral shaping. In order
to avoid the filter replacement problems, adjustable
magnetic fluid-based optical filter can be used [9].
Adjusting optical filters is an important progress in
the field of light control. It opens a new way for
various applications that require flexibility and
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precise modification in the properties of optical filters
[10, 11].

The design and the performance of the magnetic
fluid-based optical filters have been a topic for a large
number of studies, e.g. [12-17]. Ferro-fluid optical
filters were proposed for the applications of hybrid
thermal photovoltaic cells (PV/T) using a new
magnetic electrolyte nanofluid (ENF) [12]. There are
filters designed using Monte Carlo optimization
depending on mixing nanoparticles in liquids [13].
Thanks to this technology, optical filters with
excellent performance have been achieved with
performance very close to conventional filters with a
deviation of less than 15% in the transmittance. The
main motivation behind these liquid filters is the
possibility of being pumped in and out of the system
to meet transient needs in many applications [13].

In this work we discuss the design of different
optical filters using the magnetic nanomaterial Fe3O4
alone and mixed with other material. The filters
designed in this work depend mainly on causing
spatial changes in the concentration of the dispersed
particles. This requires relatively bulk samples that
allow physical movement of the magnetic material
within the sample in response to an external magnetic
field.

2. Experimental part

In this work, several samples have been adopted
to design optical filters with different preparation
methods. All the prepared samples contained FezO4
nanoparticles. FesO4 nanoparticles were prepared
chemically according to the procedure described in
[18,19]. After the preparation process, we exposed
the material to ultrasound waves to break up the
agglomerated nanoparticles using a sonication probe
with a power of 160 watts for 5 minutes.
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To prepare this sample, methylene blue (MB) dye
was dissolved in methanol containing suspended
FesO4 particles. The ratio of the dissolved dye
concentration to the suspended nanoparticle
concentration was chosen depending on the required
shape of the absorption spectrum of the mixture. The
initial concentration of MB in this work is chosen to
be 0.018 mM.

These samples were prepared by mixing silver
nanoparticles with FesO4 particles. For this sample,
both types of nanoparticles were prepared separately.
The FesO4 particles were prepared by the chemical
method mentioned above. The silver nanoparticles
were prepared by using the pulsed laser ablation
technique. In this process, a 1 cm diameter silver disc
immersed in water and fired with multiple pulses of
Nd:YAG laser at 1064 nm with 100 mJ pulse energy.
After that, the resulting silver nanoparticles were
mixed with FesO4 nanoparticles suspended in water.
The mixing ratio depends on the shape of the desired
absorption spectrum or the required transmittance of
the optical filter at specific wavelength.

To prepare this sample, pulsed laser ablation was
used in several stages. First, the synthesized FesO4
nanoparticles were dried using an oven at 100 °C.
Then, the resulting powder was compressed into a
circular disc by using a mechanical piston with a
pressure of (10MPa). This disc was placed in
methanol and exposed to 5 Hz Nd:YAG laser pulses
at 100 mJ. The particles generated by using this way
were, in terms of optical and magnetic properties,
similar to the particles dispersed by using the
sonication probe. Second, the FesOs disk was
removed from the liquid and replaced with a high
purity copper disk. The laser ablation process was
repeated to generate the copper nanoparticles in the
same liquid containing the FesO4 nanoparticles. By
using this method, the generated copper
nanoparticles were completely bound to the FezO4
nanoparticles. The proof of this will be shown later.
The ratio of generated Cu particles to FesO4 particles
depends on the desired shape of the transmittance
spectrum of the final sample. This ratio is controlled
by controlling the number of laser pulses used to
prepare each type of material.

Optical measurements were performed for
assessing the performance of the prepared samples to
work as optical filters. The linear transmittance
variations was studied by measuring the transmitted
power of a laser beam at 532 nm passing through a 1
cm thick cell containing FesO4 nanoparticles. This
cell is surrounded by two coils for generating
magnetic field on both sides of the cell as shown in
Fig. (1). These two coils are supplied with current
from two separate sources and each generates a
magnetic field of 50 mT.

To study the change in the transmission spectrum
of the samples under study, a Spectra Academy UV-
VIS spectrometer provided by (K-MAC Co. Itd) was
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used with two magnets added to both sides of the
sample cell as shown in Fig. (2). The Spectra
Academy device consists of a broadband source
(200-900 nm) and an imaging spectrometer.
Therefore, the absorption or transmission spectra of
the samples can be directly measured and viewed in
live mode.

Magnet i

X

Detector

Laser

X

Magnet |

Fig. (1) Experimental setup for measuring the changes of the
linear transmittance

Magnet Il

Spectrometer w Source

<]
Magnet |

Fig. (2) Experimental setup for measuring the variations of the
transmission spectra of the designed filters under the action of
external magnetic field

3. Results and Discussion

The TEM examination, shown in Fig. (3),
indicates that the FesO4 nanoparticles have irregular
shapes with sizes ranging from 5 to 50 nm. These
particles connected to each other forming tangled
chains due to their magnetic properties. These chains
have random orientations in the absence of an
external magnetic field.

The Fes04 particles have a high-purity crystalline
structure (JCPDS card no. 26-1136), as can be
deduced from the XRD examination shown in Fig.
(4).

The linear optical transmittance of any magnetic
fluid depends on the wavelength of the transmitted
radiation and the concentration of the nanomaterial.
Therefore, the transmittance can be changed by
controlling the concentration of suspended
nanoparticles. This can be done in ferromagnetic
fluids by using an external magnetic field [20]. The
amount and speed of change in the transmittance is
determined by the viscosity of the liquid, the initial
concentration of the nanoparticles, and the strength
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of the magnetic field used. On the other hand, the
direction of the change of transmittance (increase or
decrease) depends directly on the direction of change
in the concentration of the nanomaterial (increase or
decrease) in the beam path. Figure (5) presents two
trajectories of transmittance change in two different
regions within the same sample cell, one at the center
of the cell and the other at the edge of the cell.

Fig. (3) TEM images of Fe;O, nanoparticles

200

(220)
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—
N
o

Intensity (CPS)
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o

40

20 30 40 50 60 70 80 90
20 (Degree)
Fig. (4) XRD pattern of Fe;O, nanoparticles

In the center of the cell, FesO4 particles are
attracted towards the magnetic poles at both ends of
the cell. This always leads to reduce the concentration
of the particles. Therefore, the transmittance of the
sample through this region always increases. At the
edge of the cell, the particles gather due to the
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magnetic pole at that end. This leads to reduce the
linear transmittance through the edge of the sample.
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Fig. (5) The linear transmittance change of a sample of Fe;O,
nanoparticles suspended in methanol when a magnetic field of
50 mT is applied

It should be noted that, since the magnetic

nanoparticles can be moved away from or towards
any region within the sample, the change in
transmittance is adjustable in two directions (increase
and decrease). Figure (6) shows different trajectories
of the optical transmittance changes induced by two
magnetic fields placed on the opposite sides of the
sample, as shown in the experimental setup (Fig. 1).
In this setup, the laser beam passes at the edge of the
cell close to the magnet | and the two magnets were
operated in three arrangements.
Arrangement A: Both magnets | and Il work together
Arrangement B: Magnet Il operates for 100 seconds,
followed by magnet | working for the rest of the time
Arrangement C: Magnet |1 operates for 100 seconds,
followed by magnet | working for the next 150
seconds, then magnet Il operates for the rest of the
time.
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Fig. (6) The linear transmittance change of a sample of Fe;O,4
nanoparticles suspended in methanol when a 50 mT magnetic
field is applied alternately on both ends of the cell
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In this work, we used two identical solenoids and
they wired such that neighboring magnetic poles are
different (north and south). In addition, since the
sample cell is placed halfway between the two
solenoids, the magnetic field distribution through the
cell can be considered uniform. We notice from the
figure that when both magnets work together, the
transmittance decreases due to the gathering of
nanoparticles at the edge of the sample. As for the
arrangement (B), when magnet 11 works far from the
laser beam, the particles move away from the laser
beam leading to increase the transmittance.
However, when magnet Il is turned off and magnet I,
which is near the beam path, is turned on, the
nanoparticles concentration in the beam path
increases. This leads to a sharp and rapid decrease in
optical transmittance. For this arrangement, the
stability of the transmittance at a certain value
suggests that all particles in the liquid are collected in
the path of the laser beam. Finally, arrangement (C),
since the magnets were operated alternately,
alternating changes in the optical transmittance have
happened.

This experiment, as shown in Figure (6),
demonstrates the possibility of using magnetic
nanomaterial to design attenuation optical filters that
can be quickly and accurately controlled in both
directions. The steep slope of the curves shown in the
figure proves the possibility of rapidly changing the
transmittance of the filter. It is also possible to adjust
the speed of change by adjusting the viscosity of the
liquid and the intensity of the magnetic field used.
The extent of the transmittance change, hence the
extent of filter control, depends mainly on the initial
concentration of nanoparticles. It can include a very
large controlling the range.

The tuning property can be employed in the
applications of optical filters as it has been studied in
many previous works, e.g. [12-17]. A sample of
nanomaterial can be a continuously changing or
passive optical filter working at a certain wavelength.
In addition, it is also possible to design an optical
filter with transmittance spectrum that can be easily
formed according to the required application. This
can be achieved by using mixtures of magnetic
nanomaterial with other materials, which can be
magnetic, non-magnetic, organic, or other materials.
The shape of the transmittance spectrum can be
formed by controlling the concentrations ratio of
magnetic nanomaterial and the other additives. In this
work, four types of controllable optical filters were
designed by using FesOs nanomaterial alone and
mixed with different materials.

Figure (7) shows the change in the spectrum of
the transmittance of FesO0, when a magnetic field is
applied to one end of the sample shown in Figure (2).
In this experiment, a weak magnetic field (5 mT) was
used. Therefore, the change in the spectrum was
relatively slow.
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Fig. (7) The change of the linear transmittance spectrum of a

sample of Fe;O, nanoparticles suspended in methanol when a

magnetic field is applied

We notice from the figure that the whole
transmittance changes due to the local concentration
changes induced by the magnetic field. However, the
shape of the spectrum is fixed and determined by the
optical properties of the magnetic material. This
sample can be considered as an attenuation filter that
can be controlled in a very wide range at all
wavelengths covered by this spectrum.

Another example of fabricating an optical filter
with adjustable spectrum is achieved by adding
Methylene Blue dye (MB) to the liquid containing the
Fes04 nanomaterial. The transmission spectrum of
this mixture is shown in Figure (8). MB was also
adopted in [11] to design an optical filter with slightly
different mixture.
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Fig. (8) The magnetic field-induced changes of the linear

transmittance spectrum of a sample of Fe;O, nanoparticles
suspended in methanol containing MB dye

It can be seen that before applying the external
magnetic field, the transmittance spectrum is
composed of the sum of the transmittance spectrum
of Fe;O4 particles and the transmittance spectrum of
MB dye. After applying the magnetic field, the local
concentration of FesO, particles decreases leading to
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increase the transmittance and change the shape of
the spectrum simultaneously. This type of filter,
using a variety of materials, is of a very high
importance in applications that require a directly and
accurate shaping of the spectrum of transmitted
radiation such as the spectral applications and laser
pulses shaping.

Another type of filter can be manufactured by
mixing non-magnetic nanomaterial with Fe3O4
particles. The transmittance change shown in Fig. (9)
is an example of this type of filters. This filter was
produced by adding silver nanoparticles to the
magnetic fluid. The shape of the initial spectrum can
be controlled by controlling the ratio of the mixed
concentrations.
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Fig. (9) The magnetic field-induced changes of the linear
transmittance spectrum of a mixture of Fe;O, nanoparticles
and silver particles suspended in water

In this kind of mixtures, there are three different
types of particles in the liquid; silver nanoparticles,
Fes0, nanoparticles, and silver nanoparticles
physically bound to the FesO4 nanoparticles. The last
type of particles can be formed in the liquid by the
agglomeration of the nanoparticles. When a magnetic
field is applied, the last two types of particles are
attracted to the field causing a change in the shape
and the value of the optical transmittance. However,
it can be seen from Figure (9) that the change in the
shape of the transmission spectrum is hardly noticed.
This indicates that a large percentage of the silver
particles are interconnected with the iron oxide
particles, which causes them to move with the iron
oxide particles due to the external magnetic field.
This kind of bounding between the particles is not
fully reliable because the particles can be
agglomerated or broken up by sonication and other
external and internal effects.

The last kind of filters designed in this work is a
filter with a stable and equal spectrum for all
wavelengths within a very wide range, starting from
the ultraviolet region and extending beyond the near
infrared region. This filter was designed for the first
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time by synthesizing hybrid nanoparticles using
pulsed laser ablation method. The iron oxide particles
covered with copper particles with a ratio that insures
producing a flat transmittance spectrum, as shown in
Figure (10). This figure presents the difference
between the transmittance spectrum of bare iron
oxide particles and those covered with copper
particles.
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Figure 10: Transmittance spectrum of Fe;O, and
FesO,@copper nanoparticles.

The bonding between the magnetic and
nonmagnetic particles ensures that they move
together with the action of the magnetic field. This
can be seen in Figure (11), which shows the magnetic
field-induced changes in the transmittance with a
perfectly stable spectrum shape over a wide spectral
range.
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Fig. (11) The magnetic field-induced changes of the linear
transmittance spectrum of Fe;O, nanoparticles covered with
copper particles suspended in methanol

The result shown in Fig. (11) indicates many
important observations. The most important of which
is that; first, the transmittance value of this filter can
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be changed from 5% to 32% in only three seconds.
Although this time scale is very long for photonics
applications, it is, for example, much shorter than any
time needed for replacing a passive filter in any
optical system. Second: the extent of the change can
be increased to reach 100% over a slightly longer
time. Third: the speed of change can be increased to
a very high value by using an external magnetic field
with a higher intensity. Fourth: the ideal stability of
the transmittance spectrum proves that all the copper
and Fe3O4 particles are tied to each other. Fifth: this
model can be of a very high value as it represents a
very accurate and fast attenuation filter that can be
used in the field of broadband and neutral filters.

It is worth mentioning that all the magnetic-
induced optical changes observed in this work are
due to the spatial changes in the concentration of the
nanoparticles. In other words, we could not detect
any direct influence of the magnetic field on the
optical or the spectral properties of the samples.

4. Conclusion

The designed filters in this work have
transmittance with value and spectral shape that can
be controlled freely in two opposite directions
(increase or decrease) by using magnetic fields
distributed around the filter. The transmission
spectrum of filters made of unconnected hybrid
nanoparticles can change via agglomeration and
dispersion. However, an optimally controllable and
highly reliable filter is designed based on magnetic
material tightly connected to copper nanoparticles.
This filter is an example of controllable filters with
fixed spectra defined by the optical properties of the
material used. The filters designed in this work can
have a very high value in the field of photonics and
communications.
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