-, IRAQI JOURNAL OF MATERIALS
A . Volume (4) Issue (3) July-September 2025, pp. 125-130
o= 4

Low-Pressure Pulsed-Laser Deposition
of ZnMgO Nanostructures from
Sputtered Zn-Coated Mg Target

Ayad J. Faraj, Kamel O. Salman

Department of Physics, College of Science, University of Misan, Al-Amarah, IRAQ

Abstract

In this work, zinc-doped magnesium oxide nanostructures were synthesized by pulsed-laser deposition
technique at low pressure. A zinc-coated magnesium target was prepared by magnetron sputtering technique
to be irradiated by Nd:YAG laser pulses in presence of oxygen inside deposition chamber. Nanostructured
zinc-doped magnesium oxide thin films were deposited on glass substrates. Two main parameters were
studied; laser pulse energy and thickness of zinc layer on magnesium target, which was determined by
sputtering time. As the film thickness was minimized (~50nm), the structural characterization showed that only
ZnMgO structures were found in the final sample. As well, using higher energy of laser pulse has caused the
nanoparticle size to be smaller.
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1. Introduction

Zinc magnesium oxide (ZnMgO) nanostructures are ternary oxide semiconductors formed by
alloying ZnO with MgO. ZnO is a well-known wide-bandgap semiconductor with a bandgap of about
3.37 eV, while MgO has an even wider bandgap (about 7.8 eV) [1-4]. The incorporation of magnesium
into the ZnO lattice increases the bandgap tunability, making ZnMgO nanostructures valuable for
optoelectronic applications. The bandgap of Zn,;_.xMgxO can be engineered between 3.37 eV and
approximately 4.3 eV depending on the Mg content, enabling ultraviolet (UV) photodetection and
emission tuning [5-8]. Physically, ZnMgO nanostructures can take various morphologies, including
nanorods, nanowires, nanoparticles, and thin films. These nanostructures exhibit high crystallinity and
optical transparency in the visible region, along with strong UV absorption [9,10]. The wurtzite structure
of ZnO can be retained up to a certain Mg content (typically x < 0.4); higher Mg concentrations can
induce phase separation or formation of the cubic MgO phase [11]. ZnMgO is stable under ambient
conditions and shows improved resistance to corrosion and oxidation compared to pure ZnO. The
material is chemically inert in many solvents, but it can be etched under specific acidic or basic
environments. The addition of Mg can suppress native defects like oxygen vacancies in ZnO, thereby
enhancing the electrical and optical properties of the nanostructure [12-15].

ZnMgO nanostructures are synthesized using various physical and chemical methods. Common
preparation techniques include sol-gel method. This solution-based technique offers excellent control
over composition and homogeneity. It involves the hydrolysis and condensation of zinc and magnesium
precursors followed by drying and annealing [16,17]. ZnMgO nanostructures are also synthesized by
hydrothermal method, which is conducted at moderate temperatures and pressures, hydrothermal
methods are widely used for fabricating ZnMgO nanorods or nanowires with controlled dimensions
[18,19]. ZnMgO nanostructures are also synthesized by chemical vapor deposition (CVD) techniques
those are employed for high-quality thin film growth, offering superior crystallinity and surface uniformity
[20,21]. Pulsed-laser deposition (PLD) can also be used to synthesize ZnMgO nanostructures. This
technique enables precise stoichiometric transfer from target to substrate and is suitable for creating
ZnMgO thin films with tunable Mg content [22,23]. These nanostructures can be synthesized by both
RF and DC sputtering methods, which are commonly used for depositing ZnMgO films. Co-sputtering
from ZnO and MgO targets allows precise control over the Mg content [24,25].

ZnMgO nanostructures find diverse applications owing to their tunable bandgap and enhanced
chemical stability. In UV photodetectors, with a wide and adjustable bandgap, ZnMgO is ideal for solar-
blind and UV-A/B detectors with high sensitivity and fast response times [26-28]. In light-emitting diodes
(LEDs), ZnMgO-based heterostructures are promising candidates for short-wavelength LED
applications due to efficient electron-hole recombination [29,30]. In solar cells as a window layer or
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buffer layer in thin-film solar cells, ZnMgO improves light harvesting and electrical conductivity [31,32].
In gas sensors, the enhanced surface area and stability of ZnMgO nanoparticles make them suitable for
detecting gases such as NO,, ethanol, and H, at low concentrations. ZnMgO films serve as transparent
conducting oxide (TCO) layers in display panels and photovoltaic devices due to their transparency and
electrical conductivity [33,34].

In this work, zinc-doped magnesium oxide nanostructures were synthesized by pulsed-laser
deposition technique at low pressure. A zinc-coated magnesium target was prepared by magnetron
sputtering technique to be irradiated by Nd:YAG laser pulses in presence of oxygen inside deposition
chamber. Nanostructured zinc-doped magnesium oxide thin films were deposited on glass substrates.

2. Experimental Part

The experimental part of this work includes two main parts; deposition of zinc films on magnesium
substrates by sputtering of highly-pure zinc target with argon discharge plasma inside vacuum chamber.
The vacuum chamber is made of stainless steel with inside diameter of 50 cm and height of 50 cm. This
chamber was evacuated down to 10-% torr using diffusion pump and filled with highly-pure argon gas at
pressures ranging in 0.01-0.08 torr. Discharge voltage of 3.5 kV was applied between cathode and
anode to generate plasma at discharge current of 35 mA. The Zn target was placed on the cathode
while the Mg substrate was mounted on the anode. Both were 5 cm in diameter and 0.3 mm in thickness.
The inter-electrode distance was optimized at 5 cm and the deposition time was controlled in order to
control the thickness of the grown film.
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Fig. (1) Experimental setup of this work

After completion of Zn film deposition, the Mg substrate was irradiated with pulses from a 1.064 ym

Nd:YAG laser at different pulse energies. The ablated particles were deposited on glass substrate
placed at 4 cm from the Zn-coated Mg substrate. The films thickness was measured by laser
interferometer method using 630 nm diode laser and the required optics.
Optical measurements were carried out by a SpectraAcademy UV-Visible spectrophotometer within the
range of 166-962 nm with accuracy of ~2.0 nm full width at half maximum (FWHM). The structures of
the prepared samples were introduced by the x-ray diffraction (XRD) patterns using Bruker X-Ray
Diffractometer, 1.54.5A CuKa radiation in the range 20-70 degrees. The particle size was determined
by TESCAN Vega EasyProbe scanning electron microscope (SEM) while the topography of the
prepared surfaces was introduced by atomic force microscopy (AFM) using Angstrom AA3000 SPM.
The formation of molecular bonds was determined by Fourier-transform infrared (FTIR) microscopy
using Shimadzu FTIR-8400S instrument.

3. Results and Discussion

Figure (2) shows a linear correlation between sputtering time and film thickness and he black dashed
line represents a best-fit linear regression, confirming a uniform deposition rate throughout the process.
This uniform trend is indicative of a highly controlled and stable sputtering environment, which is
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essential for reproducible thin film properties. From these data, the Zn thickness increases from 22 nm
at 15 min to 200 nm at 120 min. Therefore, the average deposition rate is about 1.70 nm/min. This
matches the slope inferred from the regression line in this chart and confirms the consistent deposition
throughout the sputtering session, as well as no visible saturation, target poisoning, or re-sputtering
effects over time [35].

This linearity has major implications for the growth of ZnMgO via pulsed laser deposition (PLD)
using Zn interlayers. Thickness directly influences crystallinity, grain size, and alloying behavior. In
ZnMgO nanostructures, at low Zn thickness (e.g., < 50 nm), Mg diffusion may dominate, leading to
weaker ZnMgO peaks and more disorder. At moderate thickness (~150 nm), Zn content is sufficient for
forming well-defined ZnMgO alloy peaks, as seen in XRD. Beyond 200 nm, there may be phase
separation, with MgO segregating due to limited solubility in the ZnO matrix. This plot can be used to
predict sputtering times needed for desired thicknesses, to ensure reproducibility of device-grade thin
films (e.g., UV photodetectors, TCOs, LEDs), to serve as a calibration curve for thin film manufacturing,
and to support the optimization of multilayer and gradient alloy films [36,37]
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Fig. (2) Variation of Zn film thickness with sputtering time

The X-ray diffraction (XRD) patterns shown in Fig. (3) represent ZnMgO nanostructures synthesized
using PLD technique, with varying Zn layer thicknesses of 50 nm, 150 nm, and 200 nm. The analysis
focuses on phase formation, crystallinity, phase separation, and strain evolution in relation to layer
thickness and the XRD patterns cover the 268 range from 20° to 70°. Multiple peaks corresponding to
Zn0O, MgO, and ZnMgO phases are clearly identified. With increasing Zn layer thickness, the intensity
of the peaks increases, indicating enhanced crystallinity and grain growth. The peaks are sharp and
well-defined, suggesting that the materials are highly crystalline. Major diffraction peaks assigned to
ZnO are present at approximately 26 = 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.8°, and 68°, corresponding
to the (100), (002), (101), (102), (110), (103), and (112) planes respectively (based on JCPDS card No.
36-1451). The consistent presence of ZnO peaks across all thicknesses confirms that ZnO retains its
wurtzite structure after Mg incorporation. Peaks attributed to MgO appear around 26 = 42.9° and 62.3°,
corresponding to the (200) and (220) planes of cubic MgO (JCPDS card No. 45-0946). The presence of
distinct MgO peaks at all thicknesses indicates partial phase separation of MgO, meaning not all
magnesium is fully incorporated into the ZnO lattice. Peaks labeled ZnMgO (e.g., at ~34.9° and 60.2°)
suggest the formation of a solid solution or alloy phase. These peaks appear between the ZnO and MgO
peak positions, which is expected because ZnMgO is a substitutional alloy. The slight shift in the ZnMgO
peak positions compared to pure ZnO indicates lattice distortion due to the substitution of smaller Mg?*
ions for Zn?* ions [38].

Lower peak intensities suggest limited crystallite growth and lower crystallinity. Peaks are broader,
indicating smaller grain size and/or higher microstrain. The ZnMgO peak is less pronounced, implying
lower alloying efficiency or incomplete diffusion of Mg into ZnO. Sharp increase in peak intensity and
narrowing of peaks imply better crystallinity, larger grain size, and reduced defects. ZnMgO peaks
become more distinct, indicating a higher degree of solid solution formation. Phase separation is still
evident, but the ZnMgO phase is more dominant than in the 50 nm sample. Highest intensities and
sharpest peaks indicate superior crystal quality. ZnMgO peaks are strongest here, confirming effective
Mg incorporation at thicker Zn layers. However, the clear presence of MgO peaks alongside suggests
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solubility limit has been approached or exceeded, leading to Mg-rich phase segregation [39]. Using the

Scherrer equation:
KA

= (1)
Bcos6

The broadening of peaks at thinner Zn layers (50 nm) implies smaller crystallite size and/or higher
strain. Peak sharpening at 150 and 200 nm confirms grain coarsening and relaxation of strain during
growth.

Zn layer thickness strongly affects the crystallinity, grain size, and phase composition of ZnMgO
films. At lower thickness (50 nm), Mg incorporation is limited and leads to weak ZnMgO signals. Optimal
alloying occurs at intermediate thickness (150 nm), where the ZnMgO phase dominates with minimal
phase separation. At high thickness (200 nm), although crystallinity improves further, phase separation
becomes more pronounced, possibly due to the limited solubility of Mg in ZnO lattice. The results
indicate that tuning the Zn layer thickness is a key parameter for optimizing phase purity and
optical/electrical properties of ZnMgO thin films grown by PLD.
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Fig. (3) The XRD patterns of the samples prepared from Mg targets coated with Zn films of different thickness (50, 150
and 200 nm)

The field-emission scanning electron microscope (FE-SEM) images in Fig. (4) offer a compelling
visual comparison of ZnMgO samples prepared using two distinct laser energies. The image in Fig. (4a)
displays a highly interconnected and seemingly denser arrangement of ZnMgO nanoparticles. The
predominant morphology appears to be an aggregation of rod-like or elongated structures that are
extensively entangled and form a porous, yet compact, network. There's a notable degree of uniformity
in the size and shape of these individual structures, which appear to be in the nanometer to sub-
micrometer range. The overall impression is one of a material with a high surface area due to the intricate
interconnections, but also potentially exhibiting good structural integrity due to the robust linking of
particles. This morphology could suggest a more efficient growth or deposition process where the laser
energy facilitated the formation of these elongated structures and their subsequent aggregation into a
cohesive mass. The tightly packed nature might lead to different optical, electrical, or catalytic properties
compared to a more dispersed structure [40].

In contrast, the image in Fig. (4b) reveals a noticeably different morphology. Here, the ZnMgO
particles appear more discrete and less interconnected. While elongated or rod-like structures are still
present, they are more isolated and dispersed within a matrix that seems to consist of finer, possibly
amorphous, background material or smaller unaggregated particles. There's a greater degree of
separation between the individual larger structures, and they do not form the same extensive,
interconnected network observed in the first image. The overall arrangement seems less dense and
more open. This could indicate that the laser energy used for this sample resulted in less efficient

© All Rights Reserved ISSN (print) 2958-8960 (online) 3006-6042 Printed in IRAQ 128



IRAQI JOURNAL OF MATERIALS
Volume (4) Issue (3) July-September 2025, pp. 125-130

aggregation or even promoted the growth of individual particles with less propensity to self-assemble
into larger, intertwined structures. The presence of a finer background matrix could also suggest different
growth kinetics, perhaps leading to the formation of smaller nanoparticles that don't coalesce as readily.
The variation in particle distribution and the presence of more isolated structures could impact properties
such as crystallinity, defect density, and ultimately the performance of the material in applications.
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Fig. (3) SEM images of the ZnMgO samples prepared using laser energy of 50 mJ (a) and 150 mJ (b)

Analyzing the scale bar, which represents 10 um in both images, allows for an estimation of the size
of the features. In both cases, the individual elongated structures appear to be in the range of a few
micrometers in length, with widths in the sub-micrometer range. However, the arrangement and density
of these features are the key differentiators. The first image showcases a microstructure dominated by
large clusters of interconnected elongated particles, while the second image presents a more
fragmented landscape with more spatially separated particles.

The differences in morphology between the two samples are likely attributable to the distinct laser
energies employed during their preparation. Higher laser energy can influence various aspects of
material synthesis, including deposition rate, particle nucleation and growth kinetics, and the degree of
particle agglomeration. For instance, a higher laser energy might lead to more rapid material ablation
and subsequent particle formation, potentially resulting in larger, more interconnected structures (as
seen in the first image). Conversely, a different laser energy might promote the formation of smaller,
more dispersed particles or inhibit strong inter-particle bonding (as suggested by the second image).
These morphological variations directly impact the material's properties, including its surface area,
porosity, mechanical stability, and ultimately its functional performance in devices or catalytic reactions.
Understanding this correlation between laser energy and morphology is crucial for optimizing the
synthesis parameters to tailor the properties of ZnMgO for specific applications.

4. Conclusions

The ZnMgO thin film analysis reveals a consistent deposition rate of 1.70 nm/min, crucial for
reproducible properties. The Zn layer thickness dictates crystallinity, grain size, and phase formation.
Optimal ZnMgO alloying occurs at 150 nm Zn thickness, while 50 nm shows limited alloying and 200
nm exhibits increased phase separation. The laser energy's impact on morphology is revealed as higher
energy yields interconnected ZnMgO networks, whereas lower energy results in discrete particles.
These findings underscore the importance of precise control over both sputtering time (Zn thickness)
and laser energy to tailor ZnMgO thin film characteristics for various device applications.
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