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ABSTRACT

The ZnO, NiO and Fe,O, oxides were deposited as thin films by pulsed
laser deposition (PLD) at two energy densities (500 and 700 m]). Therefore,
the purpose of the work was to investigate the effects of processing energy
on the structural, morphological, electrical and biological properties of
the obtained films. X-ray diffraction (XRD) measurements confirmed that
pure crystalline phases were obtained in all the samples (i.e. a wurtzite
phase for ZnO, a rock-salt phase for NiO, and a hematite phase for Fe,O,).
Crystallinity and grain size developed with increasing energy except NiO
which showed abnormal behavior due to internal stresses. Field-Emission
scanning electron microscopy (FE-SEM) demonstrated that the particles
were mostly spherical and the size was controlled by the processing energy.
Particle size was found to increase for ZnO and NiO while it was decreased
for Fe,O, when 700-m] energy density was used, which can be attributed
to an increased nucleation rate. Electrical measurements showed the films
to be semiconducting in nature, and the conductivity was increased by
post-deposition heating. The maximum conductivity was obtained for the
samples which were prepared at 700 mJ, which was associated with higher
crystallinity and lower structural defects. The conductivity was found to be
in the following order: NiO, Fe,0,, ZnO. Metabolite bioactivities revealed
obvious inhibition against Escherichia coli and Staphylococcus aureus, in
which the inhibition strength increased with increasing energy density
and concentration. ZnO showed the highest antibacterial activity with an
inhibition zone of 32 mm against S. aureus followed by Fe,O, and then
NiO. These results highlight the important role that the surface structure
plays in improving the biological performance of the thin films.
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INTRODUCTION

Over the past decades, the pulse laser
deposition (PLD) has become particularly relevant
as one of the most sophisticated ways of creating
high purity nanostructured films and oxides. This

* Corresponding Author Email: 1 hudamusa@uowasit.edu.iq

method is characterized by the evaporation of a
solid target by laser pulses of high-energy in the
prepared medium to allow homogeneous sub
layers to be deposited with strictly determined
crystalline structure and thickness to be used

This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



H. Mutlaq, and A. Abbas / Antibacterial Properties of ZnO, NiO, Fe,0, Oxides

[1,2]. This method has been employed with
much success to synthesize transition metal
oxides (including zinc oxide, nickel oxide, and iron
oxide) because of their characteristic properties,
including: wide band gap, optical activity, and
chemical stability since the 1990s [3,4]. One
of the most valuable semiconductor oxides
(3.3 eV band gap) is zinc oxide and it has found
applications in sensing, photonics and in solar
cell applications [5,6]. Nickel oxide is one of the
P-type semiconductor being magnetic in nature
with high bactericidal capacity at nanometer scale
which is applicable in electrodes and gas sensors.
In the meantime, iron oxide (hematite) has
outstanding photo catalytic and electrochemical
activity, as well as, anti-bacterial growth activity
due to the production of reactive oxygen species
(ROS). PDL method enables the optimization of
structural and electrical characteristics of these
oxides through the control of the laser intensity,
the oxygen pressure, and the temperature of
substrate hence enhancing both the conductive
characteristics and antibacterial actions on a
functional basis. The recent reports have indicated
that zinc oxide, nickel oxide and iron oxide films
synthesized by this method exhibited regular
crystal structure, increased conductivity as well as
high chemical stability that make them potential

(a)

Vacuum chamber
2.5*103mbar

Glass substrate

~~ Nd:YAG laser
(1064 nm, 6 Hz)
E= 500, 700 mJ

application prospects in sensors, optical devices,
or biomedicine [7,8]. The importance of this study
is that, three metal oxide nanostructures, i.e., NiO,
Zn0, and Fe,0,, were prepared and characterized
via pulsed laser deposition (PLD) technology,
which is a sophisticated and efficient method
to prepare a quality film of different materials.
This technique helps in enhancing the structural
and surface properties of the films making them
more suitable to be used in industrial and medical
applications. Moreover, the correlation of these
films in structure and electrical properties to
their antimicrobial activity gives a fresh insight
on the application of such films in bioelectronics
devices and antimicrobial materials, and the
creation of medical applications on the basis of
nanotechnology [9,10].

MATERIALS AND METHODS
Laser Deposition Method for Thin Films

Thinfilms of ZnO, NiO, and Fe,O, were deposited
on glass substrates using a pulsed laser deposition
(PLD) system with Nd-YAG laser (1064 nm, 6 Hz).
High-purity metal targets of (Zinc oxide, Nickel
oxide and Iron oxide) were used laser ablation was
performed in an Oxygen atmosphere at pressure
of 2.5x103 mbar. Laser energy ranged from 500
to 700 mJ. The optimum deposition time was

NiO

Fig. 1. lllustrates the process of deposition of thin films of metal oxides using pulsed laser deposition (PLD). (a) Schematic

representation of the PLD system showing the system components and the laser path in the vacuum chamber. (b) Actual

image of the PLD system used for deposition of thin films in the laboratory. (c) Image of glass samples after the deposition
process with layers of (ZnO), (NiO) and (Fe,0,) deposited on their surfaces.
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determined to achieve a film thickness of about
200 nm. Note the shape and layout of the system
with photos of the samples after deposition (Fig.
1).

RESULTS AND DISCUSSION
X-ray Diffraction (XRD)

X-ray diffraction analysis was performed to
study the crystal structure of the samples prepared
using pulsed laser deposition (PLD). This analysis
aimed to identify the crystal phases and evaluate
the crystallinity and purity of the samples. The
XRD patterns of NiO samples prepared by PLD at
500 and 700 mJ show that all peaks correspond

to the cubic (rocksalt) structure of NiO (see Fig.
2). The peaks at 700 mJ exhibit higher intensity
and narrower width, particularly for the (111)
and (200) planes, indicating improved crystallinity
and larger crystallite size in these directions. In
contrast, the (220) and (311) peaks show broader
widths and smaller calculated crystallite sizes,
suggesting anisotropic growth or internal stress.
The crystallite size values were calculated using
the Scherrer equation (D=KA/(B cosB® )), which
depends on the full width at half maximum
(FWHM) of the peak and the diffraction angle,
and provides an estimate of the average crystallite
size along the specific plane. Overall, the average
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Fig. 2. XRD pattern of NiO nanoparticles PLD.
Table 1. XRD data of NiO nanoparticles PLD.
ener " 26 FWHM dhkl cs
&Y (Deg.) (Deg.) Exp(A)  (nm)
111 37.30 1.87 2.41 4.48
500 200 43.67 1.42 2.07 6.03
220 62.98 0.31 1.47 30.05
311 77.68 0.33 1.23 30.91
111 37.20 1.29 2.42 6.47
200 43.12 1.28 2.10 6.67
700 220 62.98 0.49 1.47 19.01
311 77.46 0.36 1.23 28.29
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crystallite size decreased from approximately 17.9
nm at 500 mJ to approximately 15.1 nm at 700 mJ
(Table 1). This change is attributed to the higher
laser energy, which increases particle energy
and surface mobility, improving crystallinity in
some directions, but may also introduce defects
or internal stress, leading to smaller crystallite
sizes in other directions. This is consistent
with previous literature, which also suggests
the possibility of anisotropic crystal growth or
preferred crystallographic orientation [11, 19, 20].

800

The X-ray diffraction (XRD) results for the zinc
oxide samples prepared using the PLD technique
at two different laser energies (500 and 700 mlJ)
(see Fig. 3) showed distinct diffraction peaks at the
(100), (002), (101), (102), (110), (103), and (112)
planes, corresponding to the hexagonal (wurtzite)
structure of ZnO. The peaks at 700 mJ were sharper
and more intense, indicating improved crystallinity
and larger crystallite size, while the peaks at 500
mJ were broader and less intense, reflecting a
smaller crystallite size and lower crystallinity.
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Fig. 3. XRD pattern of ZnO nanoparticles PLD.

Table 2. XRD data of ZnO nanoparticles PLD
FWHM

ener; hkl 26 (Deg. dhkl Exp.(A C.S (nm
8y (Deg.) (Deg.) p.(A) (nm)

100 31.80 0.66 2.81 12.52

002 34.40 0.63 2.60 13.20

101 36.06 0.53 2.49 15.76

700 102 43.70 0.31 2.07 27.61
110 56.10 0.37 1.64 24.33

103 63.05 0.28 1.47 33.28

112 67.80 0.26 1.38 36.81

100 31.90 0.91 2.80 9.08

002 34.00 0.48 2.63 17.31

101 35.88 0.65 2.50 12.85

102 . . 2. 28.

500 o 44.00 0.30 06 8.56
110 56.47 0.42 1.63 21.47

103 62.67 1.33 1.48 6.99

112 68.04 0.38 1.38 25.22
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Calculations of the crystallite size revealed values
of approximately 17.5 nm at 500 mJ and 23.4 nm
at 700 mJ (Table 2) demonstrating that increasing
the laser energy leads to larger crystal growth and
improved crystallinity, which is consistent with
previous findings in the literature [15,17,21].

XRD analysis of iron oxide nanoparticles
synthesized by pulsed laser ablation at different
temperatures 500 and 700 mJ indicates that the
sample synthesized at 500 mJ has broad peaks
and low intensity with higher values of FWHM

show in Fig. 4. This shows reduced crystallite sizes,
5 to 24 nm in size and a relatively low level of
crystallinity. In contrast, the samples prepared at
700 mJ showed sharper and more intense peaks
with smaller FWHM values, reflecting significant
crystal growth, an increase in crystallite size to
approximately 44 nm, and improved crystallinity,
as shown in Table 3. The smaller crystallite size at
500 mJ results in a larger surface area and more
crystal defects, thus increasing the chemical
activity of the material. Conversely, increasing the
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Fig. 4. XRD pattern of Fe,0, nanoparticles PLD.
Table 3. XRD data of Fe, O, nanoparticles PLD.
energy hid 20 (Deg.) F(\éve?;' dhkl Exp.(A)  C.S (nm)
104 33.69 1.62 2.66 5.12
110 37.40 1.34 2.40 6.26
113 43.78 1.22 2.07 7.02
500 018 57.57 0.57 1.60 15.90
300 64.38 1.07 1.45 8.77
220 77.49 0.42 1.23 24.25
104 33.80 2.39 2.65 3.47
110 37.35 1.59 2.41 5.27
113 43.80 1.42 2.07 6.03
700 018 57.55 0.50 1.60 18.13
300 64.35 0.32 1.45 29.33
220 77.50 0.23 1.23 44.29
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temperature promotes crystal growth, reduces
grain boundaries and defects, and improves
crystallinity at the expense of a reduced specific
surface area [16,18].

Morphology analysis using FE-SEM

The surface morphology and grain size
distribution of the deposited thin films were
studied using the field emission scanning electron
microscopy (FE-SEM). Fig. 5 represents the
scanning electron microscope (FE-SEM) images
of (NiO) nanoparticles prepared by the method
of PLD at a wavelength of 500 and 700 nm. The
shape of the particles is almost spherical with
a certain level of agglomeration of the particles
attributed to the close contact of the particles.
The particles at 500 mJ are smaller and seem
to be more homogeneous and were of a size of
about 44.15 nm on average. The particles become
bigger and less regular in its shape at 700 mJ and
their average diameter remains at about 51.89
nm. Such difference is explained by the higher
power of laser which enriches the motion of
atoms on the substrate surface, providing the
better opportunity of coalescence of nuclei and

formation of bigger crystals. This also results in
a more widely distributed size composition, as
can be seen in the accompanying graphs [11, 19,
23]. The FE-SEM images shown in Fig. 6 of ZnO
nanoparticles prepared by pulsed laser deposition
(PLD) technique at two different energies, 700 and
500 mJ, as well as the particle size distribution
plots, show that increasing the laser energy
from 500 to 700 mJ resulted in an increase in the
average particle size to about 23.24 nm, indicating
the formation of larger particles at higher energies.
Morphologically, samples prepared at 500 mlJ
exhibited relatively homogeneous, fine-grained
spherical particles with a partially agglomerated
appearance, while samples prepared at 700 m)J
exhibited larger and more diverse aggregates in
shape and size, indicating that increasing laser
energy promotes particle growth and increases
their heterogeneity. This behavior can be
explained by the fact that increasing the pulse
energy during the PLD process leads to an increase
in the ejection rate and energy of the ejected
species towards the surface, which enhances their
dispersion and coalescence, resulting in larger and
less homogeneous particles [14, 15, 24]. (FE-SEM)

N total Mean Standard _ Sum
Particle si 116 44.15426 17.51387 5121.894

1 @NiO-SOO

Minimum Median __ Maximui m
10.929 42,0515 99.837

Particle size (nm)
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Ntotal _ Mean Standard | Sum Minimum Median | Maximu
28 - Particle si 80 51.89465 18.0471 4151.572 22.936 53.115

26 NiO-700

Count%
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Fig. 5. Scanning electron microscope images of nickel oxide nanoparticles prepared by PLD at energies of 500 and 700 mJ,
with a graph of the particle size distribution.
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images and size distribution plots of iron oxide
particles prepared in the same way at two different
energies (500 and 700 mJ) (as shown in Fig. 7)
show that laser energy clearly affects both size
and shape, with the average particle size at energy
500 mJ at about 35.8 nm. The particles appeared
partially clumped with irregular edges and semi-
irregular shapes that tended to merge with each
other, indicating inhomogeneous growth and a
wide distribution in particle size. At 700 nm, the
average size decreases to approximately 22.7 nm,
and the particles appear more regular and closely
shaped, with pronounced spherical tendencies,
a more homogeneous distribution, and better
surface coverage. This difference is attributed to
the fact that increasing the laser power in PLD
technology increases the ejection rate and the
number of nucleation centers, which leads to the
formation of a larger number of small, closely
shaped particles, while lower energy allows for
the growth of larger, less regular particles, which
explains the contrast in images and histograms
between the two energies [16,18,25].

DC electrical conductivity
The electrical conductivity curves of (ZnO),(NiO)

Count %

and (Fe,0,) prepared by pulsed laser deposition
(PLD) technique at two different energies (500 and
700 mJ) showed a distinct semiconductor behavior
for all samples, (as shown in Figs. 8, 9 and 10). The
electrical conductivity increased with temperature
due to the activation of charge carriers (electrons
or holes) and the improvement of their mobility
within the crystal lattice. It was observed that
the samples prepared at 700 mJ had higher
conductivity than their counterparts at 500 mJ
due to improved crystallinity, reduced structural
defects and increased oxygen vacancies that act
as electron doping centers. The 700-ZnO sample
showed a clear increase in conductivity compared
to the 500-ZnO sample due to fewer defects
and grain boundaries [9,27]. While the 700-NiO
sample showed the highest thermal response due
to increased vacancy density and improved crystal
order, which reduced internal resistance and
facilitated charge transfer between grains [13,28].
The Fe,0, sample deposited at 700 mJ showed
higher conductivity due to improved crystallinity
and increased oxygen vacancies compared to the
500 mJ sample. It can be concluded that increasing
the preparation energy from 500 to 700 m)
improved the electrical conductivity of all oxides

N totar Standard D Sum | Mimmum | Median | Maximut
8.25632

Woan m
Jparticie 80 24.33431 1946745

size
ZnO-500

20

25

Minimum | Median | Maximus

N
Pa[i?cle size (nm)

Fig. 6. Scanning electron microscope images of ZnO nanoparticles prepared by PLD at energies of 500 and 700 mJ, with a
graph of the particle size distribution.
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[4,26]. The three are clearly distinguished, thanks
to the improvement of the crystal structure, the
reduction of defects, and the increase in the
number of effective charge carriers. In comparison
between the materials, (NiO) showed the highest
conductivity and thermal response, followed
by (Fe,0,) and then (Zn0O), which reflects the
difference in charge transport mechanisms
depending on the nature of each oxide and its
crystal structure.

Antibacterial activity

Antibacterial activity against both Gram-
negative (Escherichia coli) and Gram-positive
(Staphylococcus aurous) bacteria was tested using
the agar diffusion method. Zones of inhibition
were measured after incubating the samples
for 24 hours at 37°C. Antibacterial tests of thin
films prepared by pulsed laser deposition (PLD)
of ZnO, NiO, and Fe,0s3 oxides at 500 and 700
mJ showed a significant effect against both E.
coli (Gram-negative) and Staphylococcus (Gram-
positive) bacteria (see Figs. 11, 12, and 13). The
inhibition effect increased with increasing sample
concentration from 12.5% to 100%. Increasing
the laser energy from 500 to 700 mJ improved
the biological activity of all samples due to the

Count %

increased surface area. Zinc oxide (ZnO) showed
the highest antibacterial activity compared to
other oxides, due to its high production of reactive
oxygen species (ROS) [22, 14, 12]. It also exhibited
wide inhibition zones and strong activity, especially
against E. coli, indicating its high ability to
penetrate the cell wall of Gram-negative bacteria.
Nickel oxide was the least effective on the list of
the other oxides, and had reasonable antibacterial
activity. Nevertheless, its action was stronger
against Gram-positive bacteria like Staphylococcus
aureus as opposed to its action against Gram-
negative Escherichia coli. Its limited effectiveness
is due to its weak effect at high concentrations,
especially when dealing with Gram-positive
strains with stronger wall structures. Based on the
results, the biological activity of the studied oxides
can be ranked according to their efficiency as
follows: ZnO, Fe,0,, and NiO. It was also observed
that increasing the laser energy used in the
preparation from 500 to 700 mJ led to a significant
improvement in the ligand capacity of these films,
confirming the association between nanoscale
properties and molecular structure and its direct
role in antibacterial activity [10, 18, 29].Table 4
shows the antibacterial activity of Nickel oxide,
Zinc oxide, and Iron oxide nanoparticles prepared

Pa

rticle size (nm)

N Fe,0, - 700

N totar
Particle siz

MMMMMM Maximum
46.87

Mean Standard D Sum Voda
80 2266261  6.96456  1813.009 21.112

Particle size (nm)

Fig. 7. Scanning electron microscope images of Fe,O, nanoparticles prepared by PLD at energies of 500 and 700 mJ,
with a graph of the particle size distribution.
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using PLD at two different energies, 700 and 500,
against Staphylococcus aurous and Escherichia coli,
the inhibition zone was measured in millimeters
at different concentrations (A constant group, B
2.5%, C 25%, D 50%, E 100%). It is clear that the
Zinc oxide nanoparticle sample at 700 PLD showed
the largest inhibition zones against bacteria (up to
30-32 mm against S. aurous and 24-25 mm against
E. coli), indicating the powerful effect of (ZnO),
especially at high energies. On the other hand,
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axigd] —E—Nio-500
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2.3x10" 4
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1.8x107 4

Conductivity (S/m)

1.5%x10

1.3x10

1.0x10™ -+ T T

T T T T T
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Temperature (°C)

(NiO) particles showed relatively less inhibition,
with maximum values of 22-24 mm against S.
aurous and 18-21 mm against E. coli. Fe,03 showed
intermediate activity, achieving concentrations
of 27-28 mm against S. aurous and 20-24 mm
against E. coli. Overall, the response was stronger
against S. aurous (Gram-positive bacteria) than
against E. coli (Gram-negative bacteria). (Gram),
and increasing the concentration (from A to E) and
increasing the preparation energy led to enhanced
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Fig. 8. Conductivity of NiO (500,700 mJ).
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Fig. 9. Conductivity of ZnO (500,700 mJ).
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Fig. 10. Conductivity of Fe,O, (500,700 mJ).
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Staphylococcus

500 mJ

Fig. 11. Antibacterial activity against Staphylococcus aurous and
Escherichia coli using PLD-prepared ZnO nanoparticles. A: Control
group. B: 12.5%. C: 25%. D: 50%. E: 100%.

Staphylococcus

500 mJ

Fig. 12. Antibacterial activity against Staphylococcus aurous and
Escherichia coli using PLD-prepared NiO, nanoparticles. A: Control
group. B: 12.5%. C: 25%. D: 50%. E: 100

Staphylococcus

700 mJY

Fig. 13. Antibacterial activity against Staphylococcus aurous and
Escherichia coli using PLD-prepared Fe,O, nanoparticles. A: Control
group. B: 12.5%. C: 25%. D: 50%. E: 100%.
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Table 4. Explain the antibacterial activity of nanoparticles.

sample A B C D E

S.aureus NiO NPs 700 6 17 18 22 23

Ecoli PLD 6 6 17 18 20

S.aureus NiO NPs 500 6 18 19 23 24
PLD

E.coli 6 15 16 19 21

S.aureus ZnO NPs 700 6 19 20 30 32

E.coli PLD 6 16 19 24 25

S.aureus Zn0O NPs 500 6 16 17 23 24
PLD

E.coli 6 17 18 22 23

S.aureus Fe20s NPs 700 6 18 19 27 28
PLD

E.coli 6 14 15 20 22

S.aureus Fe20s NPs 500 6 18 19 22 25

Ecoli PLD 6 16 17 23 24

antibacterial activity, which was associated with an
increase in the size of the inhibition zone [30,31].

CONCLUSION

Zing, nickel, and iron oxide films were prepared
by pulsed laser deposition (PLD) at two energy
levels (500 and 700 mlJ). The results showed
that increasing the laser energy improved the
structural, morphological, conductive, and
biological properties. XRD examinations showed
that the samples were crystalline pure, with
improved crystallinity as the energy increased,
with a clear increase in the crystallite size of ZnO
and Fe,0s, and a slight decrease in NiO. FE-SEM
images showed tightly packed spherical particles,
the size of which was affected by increasing
energy. The electrical conductivity of all samples
increased with temperature and power, and was
highest for NiO, followed by Fe,03 and then ZnO.

ZnO showed the highest antibacterial activity
followed by Fe,0, and NiO, with increased efficacy
at higher energy levels. The results confirm that
the improvement of the crystal structure resulting
from the increase in laser energy enhances the
electrical and biological performance of these
oxides, making them suitable for bioelectronics
and antibacterial applications.
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