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Structural and Optical
Characteristics of Zinc Oxide
Nanostructures Deposited by
Reactive Magnetron Sputtering:
Role of Gas Mixing Ratio

The reactive magnetron sputtering was employed to synthesize zinc oxide (ZnO)
nanostructures at different Ar:O, gas mixing ratios. The formation of wurtzite
phase of ZnO was confirmed with larger crystallinity at higher O, ratios and
reduced average crystallite size at the highest Ar ratio. The Zn-O stretching
vibration besides O-H bending and stretching modes were revealed, indicating
higher hydroxyl adsorption at larger oxygen content. The gas ratio was found
strongly influencing topographic morphology of ZnO films where the O,-rich
conditions produced finer and more homogeneous nanostructures, whereas Ar-
rich deposition promoted grain formation and surface roughness. The prepared
material showed stoichiometric composition with no traces for other elements or
impurities as well as showed strong UV absorption (350-360 nm) and high
transmittance in the visible range. The values of energy band gap (3.56-3.78 eV)
were found to decrease with decreasing O; ratio, highlighting the importance of
reactive magnetron sputtering of the synthesis highly efficient ZnO nanostructures
to satisfy the requirements of many applications including photocatalytic and
biomedical applications.
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Introduction

Zinc oxide is a versatile semiconductor metal oxide
that has attracted research interest because of its unique
combination of electronic, optical, and chemical
properties [1]. At ambient conditions ZnO adopts the
hexagonal wurtzite structure, in which zinc Zn*" and
oxygen O ions are arranged in tetrahedral
coordination [2]. The simplicity of tunning morphology
(from nanoparticles and nanorods to nanosheets and
thin films) combined with wide band gap (~3.6eV)
makes ZnO an attractive platform across catalysis,
photonics, sensor, and biomedical disciplines [3],[4].

A broad field of synthesis techniques has been
developed to produce ZnO nanostructures with
controlled size, shape, and defect content [5]. Physical
and thin films approaches (e.g., sputtering [6], thermal
evaporation [7], and pulsed-laser deposition [8]) allow
dense, crystalline films for devices fabrication, while
chemical methods (e.g., sol-gel [9], hydrothermal [10],
and precipitation [11]) are low coast, scalable for
colloidal nanoparticles and flexible nanocomposites
preparing. Green (bio-assisted) synthesis using plant
extracts [12], as reducing agents which have become
particularly prominent because they can reduce
hazardous reagents and produce ZnO with enhanced
biocompatibility [13]. DC reactive magnetron plasma
sputtering is an important technology for thin films
synthesis because it provides accurate control over the
composition and thickness of the films, as well as high
deposition rate [14]. In this technology, morphology is
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primarily governed by sputtering parameters such gas
mixing ratio, discharge power, and processing pressure
[15]. DC magnetron sputtering versatility enables
fabrication of multifunctional nanostructured materials
for diverse fields [16]. Nanostructures of ZnO are
applicable in numerous applications like electronics
[17], photonics [18], and environmental sensing [19].
These key applications include ultraviolet lasers [20],
chemical sensors for gas detection [21] and
nanogenerators for energy harvesting [22]. They are
also widely used in photocatalysis in water purification
[23] and antibacterial agents [24].

While ZnO has been frequently synthesized using
sputtering, studies that comprehensively investigate
how wvariation in gas mixing ratio influence the
structural, morphological, and optical characteristics
remain limited. Therefore, the objective of the present
work is to synthesize high quality and homogenous
ZnO nanostructures via reactive magnetron plasma
sputtering and focus on investigation of correlation
between  sputtering  parameters zinc  oxide
nanostructures characteristics.

Experimental Work

Zinc oxide nanostructures were fabricated via a
reactive magnetron plasma sputtering system. A
circular zinc sheet target (60 mm in diameter) was used
as sputtering cathode, powered by a 3 kV DC power
supply. The process was carried out at a process
pressure of 7.3x102 mbar within a vacuum chamber
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(31 cm diameter, 37 cm height) equipped with a rotary
pump. The sputtering environment consisted of a
mixture of (99.99%) pure argon and (99.99%) pure
oxygen gases. The glass substrates were positioned 40
mm from the target and directly faced it during
deposition. Furthermore, it was kept at room
temperature. An ultrasonic path was utilized to clean
substrates with 99% ethanol at 40°C for 10 min. before
the deposition process. They were then rinsed in
deionized water for an additional 10 min, and allowed
to air dry. The argon-oxygen gas mixtures were
introduced at varying ratios: (50:50), (55:45), (60:40),
(65:35), (75:25), and (80:20). The deposition was
conducted for 1.5 hours at a constant voltage of 700V.
A needle valve controlled the steady flow of the gas
mixture into the chamber, ensuring consistent pressure
throughout the process, which is critical for uniform
film formation. Figure (1) shows one of the synthesized
ZnO films.
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Fig. (1) Photographs of one of the synthesized ZnO films at a
specific gas mixing ratio

The film elemental composition and surface
morphology were examined using an Thermo Fisher
Scientific Axia ChemiSEM FE-SEM equipped with
EDS unit. Crystallographic structure and phase analysis
were performed via XRD using a Malvern Panalytical
Aries compact diffractometer, while molecular bonding
characteristics were analyzed using a Shimadzu FTIR-
8400S spectrophotometer. Optical properties were
determined using a Shimadzu UV-1800
spectrophotometer at ambient temperature. The
spectrum was carried out with a resolution of 1 nm
between 200 and 900 nm.

Results and Discussion

The XRD patterns in Fig. (2) of ZnO nanostructures
deposited at various Ar:0O; ratios confirm the formation
of hexagonal wurtzite phase (JCPDS card number 36-
1451), with all observed diffraction peaks assigned to
(100), (002), (101), (102), (110), (103), (200), (112),
(201), and (202) planes. The absence of secondary
phases indicates that reactive magnetron plasma
sputtering enabled the growth of pure phase ZnO under
all investigated parameters. A strong dependence of
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crystallinity on gas mixing ratio is noticed. At Ar-rich
parameters, specifically (65:35) and (75:25) exhibit
highest intensity suggested enhancement of
crystallinity. On the other hand, films synthesized at
intermediate (50:50) and (55:45) ratios show a slight
reduction in peak intensity, which may be attributed to
introduction of oxygen vacancies. Lastly, the (80:20)
mixing ratio results in broader peaks indicating smaller
crystallite size that is estimated according to Scherrer’s
equation. Furthermore, the increased value of
microstrain for 80:20 ratio arising from oxygen
vacancy induced lattice distortion under oxygen
deficient sputtering conditions. In addition, the results
showed an inverse correlation between the average
crystallite size and O content that can be explained by
enhancement of Zn adatoms and strong surface
diffusion favoring crystallites growth under low
oxygen content, while high oxygen content raises
nucleation density and restricts surface diffusion
yielding smaller ZnO crystallites. These findings
proved that optimizing Ar:O, ratio is important to
tailoring the structural quality of sputtered ZnO films
for many desired applications. Three Ar:0, mixing
ratios was selected with smaller average crystallite size
as optimum conditions for further characterization and
analysis, which are (50:50), (55:45), and (80:20).
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Fig. (2): XRD patterns of prepared zinc oxide films at (50:50),
(55:45), (60:40), (65:35), (75:25), and (80:20) Ar:O, mixing ratios

Table (1) Estimated average crystalline size and microstrain
values for deposited ZnO at different gas mixing ratios

Ar:0; % | Average crystallite size (nm) | Macrostrain
50:50 134 0.96
55:45 13.2 097
60:40 13.9 0.95
65:35 14.0 0.91
75:25 14.5 0.88
80:20 9.7 1.33
FTIR spectra of zinc oxide nanostructures

synthesized under selected Ar:O; ratios (50:50, 55:45,
80:20) depicted in Fig. (3). All spectra reveal main
three features: the fundamental Zn-O stretching
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vibration (400-600 cm™"), an O-H bending vibration
mode (~1620 cm™), and a broad stretching vibration
mode of O-H (3200-3600 ¢cm™"). Confirming formation
of ZnO with surface adsorption of hydroxyl groups due
to air moisture. Higher oxygen ratio (50:50) promotes
hydroxyl rich environment, whereas Ar rich deposition
(80:20) yield ZnO nanostructures with minimal
hydroxyl contamination. This trend suggests that
higher oxygen content creates more oxygen rich
surface terminations and dangling bonds which
promote adsorption of water molecules from air.
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Fig. (3) FTIR spectra of zinc oxide thin film prepared using 50:50,
55:45, and 80:20 mixing ratios of Ar:0,

FE-SEM images in Fig. (4) show that the
morphology of ZnO nanostructures is strongly
influenced by Ar:0, gas mixing ratio. For (50:50)
sample, it can be seen a percentage of agglomerated
clusters composed of irregularly shaped particles in the
range of 60-90 nm, with a notable pore. Decreasing the
oxygen content (55:45) leads to smaller, nearly
spherical particles (35-55 nm) with more uniform
arrangement and smoother surface. This can be
explained by surplus of oxygen can act as scattering
centers restricting lateral mobility and favor formation
of smaller grains. In contrast, in Ar-rich environment
(mixing ratio of 80:20), the higher number of sputtered
Zn atoms reaches the substrate leads to higher surface
roughness with particles size approaches 40-60 nm
because the heavier Ar" ions deliver stronger
momentum to the film. The transfer of this momentum
increases adatom mobility across the substrate allowing
atoms to migrate, combine, and form larger grains
through coalescence. As a result, the higher oxygen
conditions favor finer and more homogeneous
nanostructures while argon rich conditions adopt
particles growth and surface roughness.
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Fig. (4) FE-SEM micrographs of the zinc oxide nanostructures
synthesized via DC magnetron plasma sputtering at different gas
mixing ratios (a) (50:50) (b) (55:45), (¢) (80:20)

EDS spectra showed in Fig. (5) confirmed that all
ZnO samples are mainly composed of Zn and O without
a noticed impurity, verifying a successful pure zinc
oxide nanostructures formation. In addition, EDS
supports that all deposited films contain the expected
Zn and O elements in near stoichiometric composition
consisted with targeted ZnO phase.
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Table (2) EDS derived elemental composition of ZnO
nanostructures deposited at different gas mixing ratios

Element[Atomic %] Atomic % Error|Weight % |Weight % Error

(50:50)
0 34.7 0.5 8.5 0.2
Zn 59.2 0.3 82.7 0.5
[ 6.1 0.2 8.8 0.7
(55:45)
0 449 1.2 134 0.5
Zn 451 0.7 84.2 1.1
C 10.0 0.5 124 0.8
(80:20)
0 35.6 1.3 139 05
Zn 56.2 0.9 86.1 1.3
C 8.2 0.6 10.0 0.9
in
8
in
113
4k
2k [+]
In
0 In-esc :
0eV SkeV 10 keV
(@
% 2
] Z_n
|3
Q
] In
Oev Shke¥ 10keV
(b)
1k o
In
500
o
1y ‘ In
DeV SkeV 10keV
©

Fig. (5) EDS spectra of the zinc oxide thin films prepared via DC
magnetron plasma sputtering at Ar:O, mixing ratios (a) (50:50),
(b) (55:45), (c) (80:20)

Atomic force microscopy (AFM) was adapted to
examine the morphology of the surface and grain size
distribution of ZnO nanostructures deposited at the
three optimum gas mixing ratios (50:50, 55:45, and
80:20) via reactive magnetron plasma sputtering. The
2D topographic image in Fig. (6a) revealed a moderate
smooth surface with mostly grains below 100 nm and
limited aggregation with an arithmetic mean height
(Sa) of 2.398 nm, while the ratio of 55:45 in Fig. (6b)
undergo an increase in the number and size of grains
with rougher texture with Sa value of 2.53 nm. On the
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other hand, the gas ratio of 80:20 in Fig. (6¢) reveals a
notably change in morphology with shifting toward
medium and large grains under Ar-rich environment
that having Sa value of 13.9 nm.
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Fig. (6) Topography images of ZnO thin films prepared via DC
magnetron sputtering using (a) (50:50), (b) (55:45), and (c)
(80:20) gas mixing ratios

So as a comparative analysis the balance gas ratio
showed the ZnO films tend to form smoother surface
with smaller grains. A slight increase in the Ar content
produces denser structures. The rich Ar environment
(80:20) promote the roughness resulting in larger grains
and higher surface area, this can be attributed to
increasing the energy transfer to Zn atoms from Ar ions
leading them to highly diffuse through the film. This
tunability highlights the important role of gas mixing
ratio in customizing ZnO nanostructures for specific
applications.

The wavelength dependence of optical absorbance
and reflectance spectra of the deposited ZnO films by
reactive magnetron plasma sputtering are shown in Fig.
(7a). The first observation of UV-Visible spectra
indicates all samples exhibit strong absorption in the
UV region, and minimum of over 96% in the visible
range, this could be assigned to wide band gap in
addition to smoother surface morphology of the
prepared films. The strong absorption band activated in
the UV region are concentrated around 350 to 360 nm,
after that a sharp fall in absorbance after the UV region
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(beyond 400 nm) reporting a transparent material to
visible and near IR light. The reflectance spectra show
contrary trends, with low reflectance in the UV region
and gradual stabilization towards longer wavelengths.
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Fig. (7) Optical properties of the sputtered zinc oxide films
prepared using (50:50), (55:45), (60:40), (65:35), (75:25), and
(80:20) Ar:0O; mixing ratio: (a) Absorption spectra, (b) Reflection
spectra, and (c) Variation of refractive index with wavelength

The refractive index (n) of the ZnO nanostructures
is illustrated in Fig. (7b). For all samples n decreases
rapidly in the ultraviolet (UV) range and then stabilize
in the visible spectrum. The refractive index range
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between 1.2 and 2.0, emphases the nanophotonic
relevance of deposited ZnO films spurting their
applicability in optical coating and waveguide layers.
The optical homogeneity of the synthesized ZnO film
is clear by noticing the dispersion curve in Fig. (7b)
where nearly invariant behavior of the refractive index
in the visible spectral region (400-700 nm) with values
confined between 1.11 and 1.56.
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Fig. (8) Determination of optical band gap of the sputtered zinc
oxide thin films prepared using (50:50), (55:45), and (80:20)
Ar:0; mixing ratios
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The energy of the optical band gap (Eg) of the
deposited ZnO films has been calculated via the Tauc
expression [25]. It is found to be in the UV range and
has a values of (3.56-3.78) eV, as shown in Figure 8. It
was noted that band gap decreases with decreasing
oxygen content. This behavior can be ascribed to the
presence of vacancies of oxygen resulting in Ar rich
environment that enhance Zn sputtering and limit
oxygen availability for reaction. They behave as
electron traps and introduce localized states within the
band gap. These vacancies-induced states enable the
valence and conduction bands electronic transitions,
thereby narrowing the effective band gap.

Conclusion

ZnO nanostructures were produced via reactive
magnetron plasma sputtering with structural, optical,
and morphological characteristics strongly influenced
by Ar:0; gas ratio. XRD results revealed that the ratio
(80:20) % produced smallest crystallite size and highest
microstrain due to oxygen vacancies induced lattice
distortion. AFM showed a marked increase in
roughness from 2.398 nm (50:50) % to 13.91 nm
(80:20) % accompanied by a shift toward larger grains
under Ar rich conditions whereas oxygen rich
nanostructures favor finer and smoother surface
morphologies. High transparency in addition to wide
band gap range from (3.56-3.78 eV) decreasing with
reduced oxygen content. These findings highlight the
importance of utilization of reactive magnetron
sputtering in synthesis high quality and purity ZnO
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materials that are potential for many important
applications.
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