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In the classical spark system, the fact that the distance between the electrodes is controlled separately
with two separate micrometers can prevent the nanoparticles from properly coating the substrate sur-
face. Therefore, in the present work, the classical system has been modified to eliminate this drawback.
No study has been found in the literature with the simultaneous control of the distance between the
electrodes. A microcontroller and electromechanical system were used in this modified spark discharge
system. A shaft that has right and left teeth on it is driven by a microcontroller and moved by a stepper
motor, providing simultaneous and equal control of the distance between the electrodes. In addition,
with a second stepper motor, the circular movement of the substrate allowed the nanoparticles to ac-
cumulate around a center. The modified spark discharge system tested for undoped ZnO and Al-doped
ZnO nanoparticles was synthesized with the Zn and Al metal electrode pairs such as Zn–Zn, Zn–Al, and
Al–Al. The properties of thin films composed of nanoparticles were further studied by scanning electron
microscopy, X-ray diffraction, and optical transmittance measurement. Based on the scanning electron
microscopy analysis, it was observed that nanoparticles with smaller radii were obtained in a circular
area in the center of the substrate, and these nanoparticles covered the substrate surface more smoothly
and homogeneously. The average nanoparticle diameters for Zn–Zn electrodes were calculated as 94 nm
and 42 nm for the classical spark discharge system and the modified spark discharge system, respec-
tively. When Al–Zn electrodes were used, it was observed that the average size of the nanoparticles was
57 nm and that they were distributed very smoothly and homogeneously on the substrate surface. In
addition, a decrease in optical transmittance values was observed due to decreasing mean radius values
and uniformly dispersed nanoparticles.

topics: Al:ZnO nanoparticles, metal oxide nanoparticles, spark discharge method, optical transmittance
of oxides

1. Introduction

Nanotechnology is extensively employed in var-
ious application areas, including the semiconduc-
tors industry and medicine. Transition metal oxides
have acquired much attention owing to their wide
potential technological applications [1–3]. Consider-
ing these different usage areas, nanoparticles (NPs)
are produced with different production techniques.
Several synthesis techniques are available for the
production of NPs, such as sol–gel, precipitation,
thermal oxidation, microwave-assisted solvothermal
method [4–6], direct current (DC) magnetron sput-
tering [7], radio frequency (rf) magnetron sputter-
ing [8], pulsed laser deposition (PLD) [9], vacuum
arc plasma evaporation (VAPE) [10], and spark dis-
charge technique [11, 12]. The spark discharge tech-
nique, which was first used by Schwyn in 1988 [11],
is one of the simple, compact, and versatile methods

to produce NPs from different types of materi-
als. In addition, the synthesis can be performed
at atmospheric pressure or in a dielectric liquid
medium [13, 14], which is quite economical in com-
parison to vacuum methods and has the potential
of being scaled up. This method was used for de-
positing ZnO NPs [12], Co-doped ZnO NPs, and
Cu-doped ZnO NPs using high-purity Zn, Co, and
Cu metals [15, 16]. In the classical spark discharge
(CSD) technique, which is one of the plasma-based
material preparation techniques, first, a high volt-
age difference is applied between two metal elec-
trodes with sufficient distance between them. As
the spark formed in this way evaporates the elec-
trode tips, the metal particles released combine with
the oxygen in the atmosphere and are deposited
on the substrate surface as metal oxide nanopar-
ticles. In the CSD system, micrometers are used to
control the distance between two metal electrodes
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positioned horizontally or vertically. To keep the
distance between two electrodes constant during
nanoparticle deposition, it is necessary to move
the two-micrometer arms separately in a controlled
manner. In this system, if the movement cannot be
achieved on the same axis and at equal intervals,
NPs cannot be properly concentrically placed in the
target area on the substrate surface. NPs cannot
be deposited on the surface uniformly, and the de-
sired efficiency cannot be obtained from the struc-
tural, optical, and electrical properties of the film
formed. For example, an NPs-coated surface is ob-
tained that does not transmit enough light or has
a very high resistivity other than the intended use
of the produced material. Whereas, while one of the
electrodes is fixed in the experiments carried out in
the dielectric liquid, the motion control of the other
electrode can be provided with the help of a servo
motor. For such systems, the motion control of the
two electrodes may not be important because the
nanoparticles formed by spark discharge are sus-
pended in the dielectric liquid [13, 14].

In this study, a microcontroller and stepper mo-
tors were used, instead of micrometers, to control
the distance between the electrodes by modifying
the CSD system. Hence, metal electrodes can be
controlled using a microcontroller, they are brought
close to each other on the co-axis and at an equal
distance by employing a stepper motor, and circu-
lar movement of the substrate can be achieved with
the secondary stepper motor. Thin films consisting
of NPs produced using this new modified spark dis-
charge (MSD) system were examined structurally
and optically, and the results were compared with
the results of the films produced with the current
CSD, which was referenced.

2. Materials and methods

The system used to obtain nanoparticles by CSD
system (see [15, 16] for details) consists of a reg-
ulated DC high voltage source, a capacitor used
to store electrostatic energy, and high-purity metal
electrodes (Fig. 1). In the classical method, the dis-
tance between the electrodes is controlled manually
with the help of two micrometers, trying to keep it
constant during the deposition of the nanoparticles.
For the CSD system, the microscope glass used as
a substrate is kept constant during the nanoparti-
cle deposition process. However, the substrate can
be moved circularly during the deposition to ensure
homogeneous distribution of nanoparticles in the
MSD system. Here, the rotation speed of the sub-
strate is controlled by a microcontroller (Arduino
Uno) and a stepper motor driver unit. To precisely
control the distance between the metal electrodes,
an electro–mechanical unit was designed. For the
mechanical part, half of one shaft is threaded right,
and the other half is left threaded with metric 8
(M8X1.25). For the electronic part, this unit is com-

Fig. 1. Illustration of MSD system (a) and a pho-
tograph of the spark discharge moment (b).

TABLE I

Sample parameters for 4.3 kV spark-discharge volt-
age; D is the crystallite size obtained from (1).

Electrode
pairs

Thickness
[nm]

D

[nm]

NP’s
size
[nm]

Atomic
Percentage [%]
Zn Al O

Zn–Zn 145 70 42 21 – 59

Al–Zn 468 65 57 48 0.52 61

Al–Al 138 60 ∗160, ∗∗183 – 0.87 56
∗Average edge lengths of cubic nanoparticles
∗∗Average spherical nanoparticles diameter

bined with a second stepper motor driver unit with
a microcontroller. The second stepper motor com-
pletes one revolution with different steps (up to 2,
4, 8, 16, 32,. . . 25600 steps) optionally as multiples
of 2. The mechanical system carrying the metal elec-
trodes is supported by 2 ball bearings and chrome
shafts. Thus, the distance between the electrodes
during spark discharge can be controlled in the or-
der of approximately 0.05 µm. With this system,
the electrostatic energy (1.85 J), stored in the ca-
pacitor (0.2 µF/5 kV) under a voltage difference of
4.3 kV, was discharged (Fig. 1b) between the high-
purity Al and Zn (>99.95%) electrodes by precisely
controlling the metal electrodes.

The microscope glasses (10 × 10 × 1 mm3) were
used as the substrate, which was sonically cleaned
in distilled water, ethanol, and acetone, and then
dried. Zn, Al, and Zn–Al mixture nanoparticles were
obtained by spark discharge (200 times with a speed
of about 3 s/spark). Parameters of the samples are
given in Table I.
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Fig. 2. Photographs of metal electrodes (Al–Al,
Zn–Zn, and Al–Zn) before and after spark discharge
for the MSD system.

Fig. 3. Photographs of thin film samples formed
from nanoparticles obtained by using Al–Zn (no. 1),
Zn–Zn (no. 2), and Al–Al (no. 3) electrode pairs
with the MSD system.

Experimental optical transmittance spectra of
nanoparticles were obtained at room temperature
using a spectrophotometer (Seeman 3000) with
a CCD (Charge Coupled Device) detector in the
wavelength range of 300–1100 nm. The phase anal-
ysis has been carried out using an X-ray diffrac-
tion (XRD) meter (Bruker AXS D8 Advance Model,
Cu Kα1 (λ = 1.5405 Å)). A scanning electron mi-
croscope (SEM, FEI Quanta FEG 250) was used
to examine the surface properties, and energy dis-
persive spectroscopy (EDS) analyses were used to
determine atomic concentrations.

3. Results and discussion

Photographs of Al and Zn metal electrode before
and after spark discharge are shown in Fig. 2. In
addition, photographs of thin film samples formed
from nanoparticles obtained by using Al–Zn (no. 1),
Zn–Zn (no. 2), and Al–Al (no. 3) electrode pairs are
depicted in Fig. 3.

3.1. Structural properties

XRD patterns of Al-based oxide (Al2O3) ob-
tained by using Al–Al electrode pairs are shown in
Fig. 4, of undoped ZnO obtained by using Zn–Zn
electrode pairs — in Fig. 5, and of Al-doped ZnO

Fig. 4. XRD patterns of Al-based oxide (θ-Al2O3)
obtained by using Al–Al (black line) electrode pairs
with MSD system. The reference diffraction peaks
obtained from PDF 00-002-1422 are indicated by
blue color ticks (|).

Fig. 5. XRD patterns of undoped ZnO obtained
by using Zn–Zn (black line) electrode pairs with
MSD system. The reference diffraction peaks
(JCPDS 36-1451) are indicated by red color
ticks (|).

obtained by using Zn–Al electrode pairs — in Fig. 6.
Reference databases, such as PDF 00-002-1422 with
JCPDS 35-0121 for Al-related phases and JCPDS
36-1451 for ZnO-related phases, were used for de-
tailed analysis of XRD patterns. The results indi-
cate that the (100) peak of the hexagonal wurtzite
structure of ZnO is observed for Zn–Zn electrodes.
In addition, the diffraction peak at around 32.103◦

associated with (200) for Al–Al electrodes indicates
Al2O3 is in monoclinic structure and θ-phase. This
phase is consistent with the value found in the lit-
erature [17]. When XRD databases were examined,
a dominant (relatively intense) reflection peak was
found with angular positions of 32.173◦ for ZnO
and 32.054◦ for Al2O3. Considering the informa-
tion for Al- and Zn-related phases in the database,
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Fig. 6. XRD patterns of Al-doped ZnO obtained
by using Zn–Al electrode pairs with MSD system.
Detailed peak analysis is depicted in the inset in
the figure. Nested diffraction peaks are indicated
by blue and green lines.

the difference between these intense peaks is 0.119◦.
This value was used as a reference for comparison
with the results of the experiments in this study. It
was observed that the XRD pattern of the Al:ZnO
film obtained by using Al–Zn electrodes had nested
peaks in the 32◦ centered region. This can be ex-
plained by the fact that the atomic radius of Al3+
(0.53 pm) is smaller than the atomic radius of Zn2+
(74 pm). Therefore, to analyze these peaks, a Gaus-
sian function with two peaks was fitted to the ex-
perimental XRD pattern. The reflection peak of the
ZnO phase was found at 32.204◦, and the reflection
peak of Al2O3 phase was found at 32.114◦ (inset
in Fig. 6). The difference between the examined re-
flection peaks was calculated as 0.110◦. This differ-
ence is very close to the reference value. As a re-
sult, it was determined that the thin film samples
formed by ZnO, Al2O3, and Al:ZnO NPs were ob-
tained for Zn–Zn, Al–Al, and Zn–Al electrodes, re-
spectively. The crystallite size (D) was calculated
from the Debye–Scherrer equation [18] given by

D =
K λ

β cos(θ)
, (1)

where β is the intensity at FWHM, θ is the diffrac-
tion angle, andK and X-ray wavelength λ constants
are 0.9 and 0.15406 nm, respectively. Using the full
width at half maximum (FWHM) of the maximum
peaks provided from the XRD patterns, the crys-
tallite sizes of the nanoparticles obtained using the
Zn–Zn, Zn–Al, and Al–Al electrodes were calcu-
lated to be, respectively, 70 nm, 65 nm, and 60 nm
(Table I).

The SEM analysis was carried out at the center
of the spark-affected area with high magnification.
Figure 7 shows the SEM images of ZnO NPs de-
posited using Zn–Zn electrodes for CSD and MCD
systems.

Fig. 7. SEM images for the samples obtained with
Zn–Zn electrodes for CSD system [15] (a) and MSD
system (b).

When examining the particles, it was found that
the axial movement control of electrodes affects
the shape of the nanoparticles as well as the NP’s
size distribution. The size distributions of nanopar-
ticles obtained by using Zn–Zn electrodes in the
CSD system are shown in Fig. 8a and b. The
average nanoparticle diameters were calculated as
42 nm and 94 nm for the MSD system and the
CSD system, respectively. When Al–Zn electrodes
were used, it was observed that the average size of
the nanoparticles was 57 nm, and they were dis-
tributed very smoothly and homogeneously on the
substrate surface (Fig. 9a). This uniform distribu-
tion can be explained by the presence of Al atoms
located between the Zn atoms. However, it was ob-
served that the nanoparticles did not properly cover
the substrate surface when Al–Al electrodes were
used. Spherical nanoparticles and cubic nanoparti-
cles were observed. The average size of the spheri-
cal nanoparticles was calculated as 183 nm, and the
edge length of the cubic nanoparticles was calcu-
lated as 160 nm. The distance between these parti-
cles is also quite large (Fig. 9b).

The chemical composition of the nanodots was
measured using EDX. It was found that oxygen was
dominant compared to Zn and Al ions. The atomic
percentage of Zn and oxygen were observed as 21%
and 59% for the pair of Zn–Zn electrodes, respec-
tively. However, the atomic percentage of Al and
oxygen were observed as 0.87% and 56% for the pair
of Al–Al electrodes. The atomic percentage of Zn,
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Fig. 8. Size distribution of nanoparticles for CSD
system (a) and MSD system (b) using Zn–Zn elec-
trode pairs.

Al, and oxygen were found as about 48%, 0.52%,
and 61% for pairs of Zn–Al electrodes. It has been
observed that when aluminum is desired to be de-
posited on the substrate together with zinc, zinc
covers the surface more predominantly. This situa-
tion is in harmony with the dominance of the ZnO
phase in the XRD spectrum.

3.2. Optical properties

Considering that the substrate surface coated
with metal nanoparticles can be accepted in the
form of thin film, the wavelength-dependent relative
optical transmittance of thin films at room temper-
ature was measured (Fig. 10). The thickness of the
thin films was determined by one of the iterative
methods based on the pointwise unconstrained min-
imization algorithm (PUMA) [19]. This algorithm
generates a theoretical optical transmittance spec-
trum that matches the experimental optical trans-
mittance spectrum by scanning user-specified solu-
tion spaces for film thickness and optical constants.
In this way, it gives the film thickness information.
Thicknesses of thin films coated with Al–Al, Zn–Zn,
and Al–Zn electrodes were determined as 138 nm,
145 nm, and 468 nm, respectively. There is excel-
lent agreement between the experimental spectra
and theoretical spectra (Fig. 10).

Fig. 9. SEM images for the samples obtained with
MSD system Zn–Al electrodes (a) and Al–Al elec-
trodes (b).

Fig. 10. Experimental and theoretical optical
transmission spectra are shown by symbols (�,
©, 4) and black lines, respectively. The optical
transmittance spectrum of microscope glass used as
a substrate is shown by symbol (+).

When the microscope glass used as the substrate
is taken as a reference, it was observed that the op-
tical transmittance of the thin film sample formed
by Al2O3 NPs using Al–Al electrodes decreased.
This decrease was also observed in thin film sam-
ples formed by ZnO NPs and Al2O3 and ZnO NPs,
respectively (Fig. 10). According to the results of
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SEM analysis, when Al–Al electrodes are used, al-
though the average particle size in the sample film
is 160 nm, the distance between nanoparticles is ap-
proximately in the range of 1–2 µm. However, op-
tical transmittance measurements are in the wave-
length range of 0.3–1 µm. Accordingly, since the
wavelength of the light used for optical transmit-
tance measurements is smaller than the distance be-
tween nanoparticles, the incident light reached the
detector in the spectrophotometer without scatter-
ing. Therefore, this sample was observed as hav-
ing high optical transmittance. However, for both
Zn–Zn electrodes and Al–Al electrodes used, the av-
erage size of NPs formed is in the order of 50 nm.
The decrease in NP diameter causes scattering of
the light passing through the uniformly distributed
nanoparticles deposited region, which leads to a de-
crease in the optical transmittance.

4. Conclusions

In this study, an electro–mechanical unit that
provides a uniform coating of nanoparticles on the
substrate surface with the innovations made to the
CSD system has been designed and tested. As the
first modification, instead of two separate microme-
ter arms, a specially designed shaft was used to con-
trol the distance between the electrodes. This shaft
can complete one full revolution in 25600 steps with
the help of a microcontroller and step motor. Thus,
the distance between the electrodes during spark
discharge can be controlled in the order of approx-
imately 0.05 µm. The second modification is the
circular movement of the substrate using a second
stepper motor. It has been observed that nanoparti-
cles cover the substrate surface more smoothly and
in smaller sizes in a circular region. With the help
of this circular motion, aggregation of nanoparticles
that appeared in successive sparks was also pre-
vented. ZnO nanoparticles obtained with Zn elec-
trodes were used to compare the nanoparticle size
distributions obtained in the CSD and MSD sys-
tems. It was observed that the modified system was
more effective and successful. It has been noticed
that the size distribution of nanoparticles affects op-
tical transmittance. As a result, uniform thin films
coated with nanoparticles with smaller diameters
can be obtained by using similar or different elec-
trode pairs with the modified spark discharge sys-
tem. Larger areas can be covered with nanopar-
ticles using a stepper-motor-controlled mechanical
unit added to the system that provides axial or pla-
nar motion. In addition, ion seeding can be done on
thin films prepared previously with the same system
or with different deposition systems. In this way, it
can be used in various technological applications,
considering changes in the physical and structural
properties of the materials prepared with the MSD
system.
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