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1. INTRODUCTION

Thin film deposition is one of the most prominent methods known in materials technology for improving
certain physical, chemical, and mechanical properties of surfaces, to suit the requirements of specific precision
and industrial applications[1]. Most modern technological applications, such as some smartphones,
environmental sensors, and electrochemical catalysts, rely primarily on thin layers whose composition,
thickness, and physical properties are precisely controlled[2]. This progress has opened up vast and exciting
prospects for the development of materials with enhanced properties such as corrosion resistance, optical and
thermal transparency, electrical conductivity or insulation, and biocompatibility in some medical
applications[3]. These thin films are widely used in solar cells to improve light absorption efficiency, in layered
mirrors to increase reflectivity and refraction, and in thin-film electronic chips to provide insulating or
conducting junctions[4]. Thin films also play an important role in optical applications such as multilayer lenses,
some optical filters, and laser components[5]. Optimal performance requires precise control of the
nanostructure and surface properties and increased productivity[6].

In the industrial field, thin films have proven their ability to increase the corrosion and heat resistance of
metals and alloys, extending the operating life of devices and components used in harsh environments, such as
power plants or precision aerospace industries[7]. This technology is particularly important when depositing
metal oxides such as magnesium oxide and cerium oxide, known for their insulating, anti-reflective, and
corrosion-resistant properties, in thin films. These oxides are excellent candidates for developing protective or
active coatings in optical and electronic devices, especially when their properties are enhanced by the addition
of doped or semi-modified materials precisely at the atomic or nanoscale level[8]. Pulsed laser deposition
(PLD) is one of the most widely used and accurate thin-film deposition techniques, offering a high degree of
control over the compositional and structural properties of the deposited layers[9].
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This technology relies on the use of a high-energy pulsed laser, often an excimer laser or Nd:YAG laser,
to generate plasma from the surface of the target material. This plasma is then deposited onto the surface of
the target substrate (such as glass, silicon, or metal). This method is well-known for its ability to deposit
multiple materials, even those with high melting points or materials of different components, without any
significant differences in their chemical composition[6]. One of the most notable advantages of PLD is that it
maintains the same element concentration in the original compound during the transition from the target to the
substrate, making it ideal for the deposition of complex materials such as binary oxides, complex compounds,
and hybrids. This method also allows for the deposition of thin films with thicknesses ranging from a few
nanometers to a few microns with high precision and good speed[10]. Deposition parameters such as pulse
energy, pulse rate, substrate temperature, chamber pressure, and the distance between the substrate and the
laser nozzle are controlled to achieve the desired crystal structure. PLD has proven its excellence in the
deposition of magnesium oxides (MgO) and cerium oxides (CeO:), yielding composites with high
homogeneity, distinct crystal structure, and high transparency. These composites are ideally suited for
applications such as optical coatings, lenses, spectral filters, and nanocomponents in photovoltaic devices. The
addition of cerium oxide as a dopant to the MgO structure improves the electrical and optical properties of the
laser-generated layers and enhances their chemical, thermal, and environmental resistance. This makes this
MgO:CeO: composite system increasingly valuable in research related to sensing, advanced optics, resistive
memory technologies, and most optical applications in solar cells[11].

This research aims to study the effect of doping with cerium oxide (CeO2) and magnesium oxide (MgO)
on some structural and optical properties of thin films deposited on glass by pulsed laser deposition (PLD)
technique, by analyzing the crystal structure using X-ray diffraction (XRD) and calculating the optical
enhancement through transmittance and energy gap measurements.

2.  EXPERIMENTAL PART AND RAW MATERIALS

The white nano magnesium oxide powder with a purity of 99.9% and a nano particle size of 30nm,
produced by SkySpring Nanomaterials, Inc., USA, was used. The nano cerium oxide powder with a purity of
99.5% and a nano particle size of 30+5nm, produced by Changsha Santech Co., China, was used. The pure
nano magnesium oxide powder was pressed in a Chinese SHOP PRESS hydraulic press at a pressure of 5 tons
and a time of 10 minutes per press with a die diameter of 10mm, as shown in Figure (1). The nano cerium
powder was added at weight ratios of (0.1, 0.2, 0.3%) to the pure magnesium oxide, and the pressing process
was carried out under the same conditions. The thickness of the resulting samples became (0.5 cm) and they
can be bombarded by the pulsed laser deposition (PLD) method. The laser type was (Nidemum Yak) with an
energy of 700 mJ and a frequency of 6 Hz for a period of 17 minutes. Figure (2) shows the shape of the samples
after the laser bombardment process. The deposition process was carried out on high-purity glass substrates
free of contaminants that affect the results. The samples resulting from the deposition are ready for thermal
annealing at 300°C for a period of one hour so that the glass substrates are ready for structural and optical tests.

Figure 1. The mold used in the pressing process.
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Figure 2. The compressed after the pulsed laser deposition process.

3. MEASUREMENTS

3.1. X-ray Diffraction Test

X-ray diffraction is a test used to identify the reactants within a coating layer sprayed onto substrates. The
phases formed, along with Miller's coefficients and the type of materials present in each coating, can be
identified. The test was conducted using an Aeris Research device manufactured by Malvern Panalytical, a
Dutch company. The tube used was a Cu(ka) tube, and the test was conducted at room temperature.

3.2. Optical Properties tests
Optical measurements were performed using a UV-Visible-NIR spectrophotometer manufactured by
Shimadzu, Japan. This device covers the wavelength range from 300 to 900 nm and uses a two-beam system.
The optical measurements included the determination of absorbance and transmittance within the mentioned
wavelength range, which helps in studying the optical properties of films prepared using nano-titanium oxide
by the chemical-thermal deposition method and analyzing the effects of thermal and compositional treatments
[12]. Transmittance (T) is defined as the ratio of the intensity of the transmitted beam (I;) to the intensity of the
incident beam (I-) and is written in the following formula [13]:
[
T=r €]
[0}
Reflectivity I is defined as the ratio of the intensity of the reflected ray (I,) to the intensity of the
incident ray (I-) and is written in the following formula [14]:
R = I_r (2)
o
Where Ii: transmitting light intensity, I reflected light intensity, I,: incident light intensity.
Transmittance can be written in terms of reflectivity, absorption coefficient and film thickness [15].

T=(1—-R)?2e™ 3
There is another relationship between transmittance, absorbance and reflection [16].
R+T+A=1 (€))

The relationship between the incident light (I) and the intensity of the transmitted light (I,) can be
written using Lambert’s law, which is a law for the absorption of radiation. The relationship between the
intensity is as in the following equation [17]:

I =Le 5

Where: «: is a function of the wavelength and is known as the absorption coefficient and is measured

in units of (cm-1), and t: the thickness of the film. After simplifying the previous equation, we get[18]:

8
xt= 2.303L0g7 (6)

Where (Log 17 ) represents A, which is the absorbance of the thin film, and the intensity of the incident

radiation decreases exponentially through the material (e %), and o represents the absorption coefficient,
which represents the percentage of decrease in radiation energy through the material. Thus, the equation can
be written as follows [19]:

a= 23032 7)
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4. RESULT AND DISCUSSION

4.1. X-ray diffraction(XRD) Analysis

When analyzing the X-ray diffraction (XRD) patterns of samples prepared from nano-magnesium oxide
doped with nano-cerium oxide at different concentrations (0.1%, 0.2%, 0.3%), and deposited on glass
substrates using pulsed laser deposition (PLD) technology. The results revealed a number of important
properties, as shown in Figure (3) and Table (1). The X-ray diffraction (XRD) data indicate that the nano-
magnesium oxide appears in the cubic phase, which is the known crystalline phase of this element, and is
known for its structural stability at medium temperatures [20]. Cerium oxide nanoparticles also exhibited clear
peaks consistent with the cubic phase, indicating proper crystallization and crystalline regularity in the
composition of these nanoparticles. At 0.1% CeOs, the crystalline peaks appeared relatively weak and blunt,
indicating poor crystallization and small crystallite size, which may indicate the beginning of the appearance
of Ce*" ions in the magnesium oxide crystal lattice without the formation of clearly defined new phases[20].
When the concentration was increased to 0.2%, sharper peaks appeared with an increase in peak intensity,
particularly at 20 angles between 30° and 40°, corresponding to the (200), (220), and (311) crystal planes. This
reflects an improvement in crystal ordering and an increase in the size of the resulting crystals. As the cerium
content increased to 0.3%, the existing peaks became sharper and more intense, with the appearance of other
previously invisible phases. Remarkably, the new phases, attributed to the mixed oxide compound MgCeOs,
were clearly obtained in the monoclinic phase, indicating that the fusion of MgO and CeO: at this concentration
led to the formation of a new crystalline complex within the composites. This formation of a crystalline phase
is considered important for the chemical interaction between the two materials and the formation of a composite
phase with some structural properties different from the original compounds [21]. Regarding crystal stresses,
some peaks were found at higher ratios with relatively broad peaks, indicating the presence of low crystal
stresses (microstresses) resulting from the difference in ionic radii between Mg* and Ce*" [22]. The
introduction of larger ions leads to a slight expansion of the crystal lattice, generating interfacial distortions.
The heat treatment process at 300 °C plays a key role in reorganizing the crystal grains within the film. This
improves the clarity of the crystalline peaks and reduces some structural defects. It also helps organize the
formed phases and reduce the stresses generated during growth [23]. Overall, this glass-deposited system
shows that the addition of nano-cerium oxide with variable ratios of nano-magnesium oxide significantly
improves the structural properties and contributes to the formation of cubic and monoclinic crystalline phases.
This also improves the crystallization process and enhances the potential of these films in optical and electronic
applications, particularly in areas requiring high transmittance, structural regularity, uniformity, and good
thermal stability [24].
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Figure 3.XRD results when adding (0.1,0.2,0.3)% of cerium oxide to magnesium oxide after thermal annealing.
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Table 1. Parameters of X-ray diffraction results for the (MgO-%CeO3) system.

Crystallite

2Theta (deg) FWHM (deg) d-spacing (A) Size (°A)

Theta (deg) hkl Material

36.837 4303 2.438 1.16 18.418 (111)
42.943 6.93 2.095 0.73 21.572 (200) MgO
62.272 7.21 1.49 0.8 31.136 (220) MgO
74.605 7.34 1.271 0.86 37.302 (311) MgO
76.445 7.51 1.259 0.86 37.723 (311)
28.498 5.661 3.13 1.62 14.249 111) CeO2
36.907 2.856 2.434 3.24 18.453 (111) MgO
42.933 3.048 2.105 2.24 21.466 (200) MgO
47.487 5.731 1.913 1.71 23.744 220)) Ce0O2
62.272 4316 1.49 2.0 31.136 (220) MgO
74.605 5.45 1.271 1.98 37.302 (311) MgO
Doping CeO2 =0.2
28.548 5.28 3.12 1.73 14.279 111) CeO2
36.957 2.954 2.424 2.56 18.483 (111) MgO
42.983 4216 2.095 1.94 21.496 (200) MgO
47.537 5.491 1.903 1.82 23.774 220) Ce0O2
62.322 4.497 1.48 2.09 31.166 (220) MgO
74.655 5.561 1.261 2.07 37.332 (311) MgO
78.579 5.701 1.207 2.12 39.294 (222) MgO

Doping : CeO2 =0.3

|
|

28.498 5.38 3.13 1.63 14.249 111) Ce02
36.907 3.054 2.434 2.46 18.453 (111) MgO
42,933 4316 2.105 1.84 21.466 (200) MgO
47.487 5.591 1.913 1.72 23.744 220) Ce02
62272 4.597 1.49 1.99 31.136 (220) MgO
74.605 5.661 1.271 1.97 37.302 311) MgO
78.529 5.801 1.217 2.02 39.264 (222) MgO

4.2. Optical Properties Analysis

Figure (4) shows the absorbance curves of CeOz-doped MgO films deposited using the PLD technique,
showing a clear change depending on the percentage of cerium oxide. At 0.1%, the absorbance appears low
and rapidly decreasing, indicating a wide energy gap and a pure crystalline structure [25]. At 0.2%, the
absorbance increases and continues towards longer wavelengths, indicating improved crystallinity and the
emergence of an additional energy range within the energy gap as a result of doping. At 0.3%, the peak
decreases slightly, but the absorption continues to a longer range, indicating a saturation effect and an increase
in crystal defect centers [26]. These results demonstrate that controlling the CeO: percentage helps modify
some of the absorption properties, improving the potential of these films for optical applications such as filters
and solar cells [27].
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Figure 4. Relationship between absorbance and wavelength of (MgO-%CeO>) films

Figure (5) shows the optical transmittance curves of MgO films doped with CeO: at different
concentrations (0.1, 0.2, 0.3%). The sample with a concentration of 0.1% showed the highest transmittance,
reaching more than 80% in the spectral range of more than 1000 nm, indicating that it has a transparent structure
with a wide energy gap and low absorbance, a behavior suitable for elements used in optical applications such
as spectral windows. When the CeO: percentage was increased to 0.2%, the transmittance decreased to less
than 65%, indicating an increase in light absorption due to the entry of many defect centers into the crystal
lattice, which may cause internal scattering of light or absorption in the visible wavelength range [28]. This
reflects a change in the structural composition due to the incorporation of Ce*" into the MgO lattice, leading to
the emergence of internal energy ranges that reduce transparency [29].

The 0.3% sample exhibits a further increase in transmittance, exceeding 80% at higher wavelengths, with
a similar curved shape to the original sample. This behavior may be attributed to the result of atomic
arrangement and improved crystal growth after annealing, which reduces defect density and improves film
purity. This indicates an optimal doping ratio that improves some optical properties without damaging the
structural crystal structure [29]. Overall, these results confirm that CeO: doping can modify the optical
properties of MgO films, increasing and enhancing their performance, particularly in applications requiring
high transmittance and adequate light transmission, such as solar cells, lenses, and optical coatings. Controlling
the doping ratio is also essential for achieving improved properties that meet the functional performance
requirements of some modern optical devices [30].

The Effect of Doping by Nano-Cerium Oxide on the Structural and Optical Properties of Nano-Magnesium Oxide Using
Pulsed Laser Deposition Technique (Yaqutah D. Suleiman)



20 0 Iragi Journal for Applied Science (ISSN: 3006-5828)

81 -
72
63 -
==
< 54
=
S as 4
=
E 36 4
=
8 274
[ 2=
18
o = .
0.1 CeO,+0.9MgO
o w ” r r r w r r r
282 376 470 564 658 752 846 9240 1034
Wavelength(nm)
70
0.2Ce0O_,+0.8MgO
60
50 o
=
o 40 o
=
=
= 3049
=]
=
s 204
=
—
10 -
o -
” ol d - r r v - v
110 220 330 440 550 660 770 880 290 1100
Wavelength(nm)
20
81 -
72 -
63 -
==
& 54 4
—
= a5 4
£ 36 4
=
&3
= 27
18
9 -
0.3CecO,+0.7TMgO
o

.l v v T el ol r ol T
282 376 470 564 658 752 846 2940 1034
Wavelength(nm)

Figure 5. The relationship between transmittance and wavelength for (MgO-%CeO2) films.

Figure (6) shows the optical band gap (Eg) energy profile of MgO films doped with nano-cerium oxide
(Ce0:) at concentrations of 0.1%, 0.2%, and 0.3%, prepared by pulsed laser deposition and annealed at 300°C
for one hour. There is a noticeable change in the optical band gap value with increasing CeO: percentages. In
the first sample with a concentration of 0.1%, the apparent energy gap from the Tauc curve appeared to be
about 3.695 eV, a value close to the known optical band gap of nano-magnesium oxide. This indicates that the
low CeO:2 percentage did not significantly alter the electronic arrangement of the MgO lattice, which stabilized
at near-constant Eg values, which is possible at low doping without creating new energy levels within the
overall band gap [31]. When the CeO: percentage increased to 0.2%, the energy gap increased to 3.790 eV,
which is evidence of the beginning of the formation of doping effects on the electron band gap structure. This
pattern may be attributed to the presence of larger CeO: ions compared to Mg, indicating a slight distortion in
the crystal structures and a modification in the density distribution of electronic states, leading to a slight
widening of the optical gap [32].

This widening could be due to the formation of localized energy levels associated with Ce atoms within the
crystal lattice, which hinders the transition of electrons between the valence and conduction bands. In the
sample with the highest 0.3% CeO: content, a high energy gap of 3.807 eV was observed, indicating a double
doping effect on the film structure. This demonstrates that a high CeO. content enhances the crystal lattice
order and reduces the density of electronic defects, which reduces atomic rearrangement centers and increases
the purity of the electronic structure [33]. A high Eg also indicates improved optical properties, as seen in
applications requiring a wide band gap, such as ultraviolet optical devices and some optical insulators [34].
The results show that increasing the doping of MgO with cerium oxide leads to a gradual widening of the
optical gap, which can be used to improve the performance of films in electronic and optical applications in

solar cells, especially in devices that require thermal or electrical stability along with high transmittance in the
UV spectrum [35-37].
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Figure 6. Relationship of energy gap with photon energy for (MgO-%CeO) films after thermal annealing.

5. CONCLUSIONS

The final conclusion of the article is the feasibility of applying the deposition method to capsules of the
(Mg0O-%Ce02) system using the pulsed laser method, and the possibility of fragmenting its atoms and
depositing them on glass substrates in the laboratory. Through X-ray diffraction testing, a new phase was
obtained that contributed to improving the optical properties of the material, namely the Mg,CeO3 phase with
a monoclinic crystal system. The results of the optical tests also showed a gradual increase in the energy gap
value with each added concentration of nano-cerium oxide up to 0.3%. The transmittance and absorbance
results also showed an improvement at the same ideal ratio of 0.3%. Therefore, it is possible to obtain deposited
Nano layers with suitable scientific applications in solar cells and gas sensors.
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