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ABSTRACT

This study was conducted with the aim of analyzing the crystal structure, surface morphology
structure, and energy band gap values in zinc oxide (ZnO), tin(IV) oxide (Sn0O,), and titanium
dioxide (TiO,) thin films. This study uses an experimental research type that goes through two
stages of work, namely synthesis and characterization of thin films. The synthesis stage is through
the process of making sol-gel solutions, depositing solutions on substrate media, and heating thin
film samples. While the characterization stage is carried out through three testing processes using
X-ray diffraction (XRD), scanning electron microscopy (SEM), and UV-Vis spectrophotometry. The
research data obtained were analyzed descriptively and presented in the form of images, tables, and
graphs to see the quality and characteristics of the test samples. Based on the results of the analysis,
it is known that the crystal structure of the ZnO thin film is hexagonal while SnO: and TiO: are
tetragonal. The surface morphology of the SnO- and TiO, thin films is granular, while the ZnO thin
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INTRODUCTION

Researchers worldwide have paid considerable attention to the development of technology
in the field of materials. Various studies have been conducted with the aim of producing
materials that have good characteristics and are in accordance with human needs. One way
that can be done to produce materials that are in accordance with what is desired is by
using the material coating technique process (Butt, 2022). In today’s conditions, various
material coating sciences and technologies play a very important role in the electronics
industry. One of the main objectives of this development process is to be able to meet
the various needs for a circuit that is integrated and often used in the electronics industry
process (Mclvor & Humphreys, 2004). Research on material coatings that is often carried
out today is the process of forming thin layers.

A thin layer is a layer on a material that has a thickness ranging from nanometers (single
layer) to micrometers (Koziej et al., 2014). This thickness condition when compared to the
substrate used is included in the very thin category. Currently, thin films are of interest to
develop because they can impart new properties to materials. Thin films have characteristics
such as a uniform surface (coating the substrate evenly without defects), stable surface
temperature and high precision, strong intermolecular adhesion, and crystal structure
(Zhao et al., 2008). Thin layers can be developed by carrying out a deposition process of
a material which can be organic, non-organic, metal, or a mixture of the three materials on
a substrate in the form of a plate, thus producing a new property. The application of thin
layers for semiconductors is developed in the form of transparent conductive oxide (TCO),
sensors, capacitors, diodes, transistors, touch screens, solar cells, and various other forms
of technology that are useful for human life today (Imawanti et al., 2017; Paul David et
al., 2021).

However, in general, the materials that are often used by researchers in developing thin
layers are materials that are included in the metal oxide group. Some examples of these
metals include ZnO, SnO,, and TiO,. The selection of metal oxides as one of the good
materials in the development of thin films is because these materials have the characteristics
of high optical transparency at visible light waves and are transparent to light. Various
previous studies have proven that the above materials are good precursors in the process
of developing various thin layers that have characteristic values according to the needs of
various industries, especially those related to electronics. According to Nunes et al. (2002),
because of its optical and electrical qualities, high chemical and mechanical stability, and
natural availability, ZnO has become one of the most promising materials. ZnO is also
used as a base material for thin films because it is readily available, non-toxic, and efficient
to produce (Vyas, 2020). The physical properties of ZnO nanostructures: it is important
to note that the size of semiconductor materials is continuously decreasing towards the
nanometer scale or even smaller, and some of their physical properties undergo changes
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known as quantum size effects (Doyan & Humaini, 2017). Understanding the basic physical
properties is important for the design of functional devices (Xin et al., 2019).

The next material in the group of oxidation metals that is often used is SnO.. Of
the many constituent elements, titanium (Ti) and zinc (Zn) have the greatest abundance
compared to other elements. However, tin (Sn) is a good alternative as a base material
for thin layers because it has advantages over other metals, namely it is one of the good
electrical conductors with a low electrical resistivity of 4.60 pQ.cm, easy to form, resistant
to corrosion, lightweight, non-flammable, and durable (Doyan et al., 2017, 2021). One
of the nanoscale materials, which includes semiconductor materials, is SnO,. Tin (IV)
oxide finds extensive use in sensor gases, solar cells, TCO, and optoelectronic devices
(Muliyadi et al., 2019). Furthermore, tin (IV) oxide has a number of benefits, including
low resistivity, excellent transparency, good chemical stability, and a band gap width of
about 3.6 eV (Schell et al., 2017). Additionally, the tin (IV) oxide is highly sensitive to the
atmosphere surrounding it, which makes it useful as a sensor gas (Pandit & Ahmad, 2022).

The last material that is often used in the development of thin films is titanium dioxide.
Titanium dioxide, or chemically written as TiOs, is a semiconductor material with a band
gap of 3-4 eV, so it will only absorb light with wavelengths in the ultraviolet color region
and is transparent to visible light (Bedghiou et al., 2019; Rizaldi et al., 2022). In addition,
physically, titanium dioxide has a low density of 4.23 g/cc, a molecular weight of 79.886
g/mol, a high level of stability, corrosion resistance, a white crystal form, and is acidic, so
it does not dissolve in water (Khasanah et al., 2019; Prastiwi et al., 2017).

The three materials above certainly have characteristics that allow them to be used as
basic materials or precursors in developing thin films. However, of course, each of these
materials still has characteristics that cannot be used optimally in various industries. These
characteristics need to be modified in order to adjust the inherent characteristics of each
metal material so that it can be used in various technologies. One way that can be done
to change the characteristics of the material is by carrying out a doping process (Norris et
al., 2008). Some doping that has been used in this study to improve the capabilities of the
three precursors above are aluminum, fluorine, indium, and cobalt.

In this study, two methods of thin layer sample preparation processes were used, namely
the sol-gel spin coating and dip coating methods. The use of the sol-gel method is certainly
due to several advantages, including being able to produce products with low synthesis
temperatures, high purity and structural homogeneity, as well as producing electrochemical
properties in the form of good conductivity compared to other methods. According to Costa
et al. (2025), the sol-gel method allows the manufacture of SiO, glass at a relatively lower
temperature (~1,000 °C) without significant loss of phosphate because it is immobilized
in aluminum-phosphate units. This method allows the preparation of homogeneous
aluminophosphosilicate (APS) samples, which cannot be achieved using the melt-quenching
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method. Meanwhile, according to Zhang et al. (2025), compared to other methods, powders
prepared by the sol-gel method offer advantages such as fine particle size (Najafi, et al., 2022;
Sharifi et al., 2023) and easy stoichiometry control (Khalaj et al., 2023). In its implementation,
the sol-gel method can be combined with spin coating and dip coating techniques. Both
techniques are used by researchers because they have their respective advantages.

Spin coating is a popular and rapid method for coating thin films on substrates. The
main advantage of this method is the ease of producing a highly uniform coating. Centripetal
force and surface tension of the liquid work together to coat the substrate evenly when a
solution of a particular substance is spun at high speed. After excess solvent is removed,
spin coating produces a thin film with a thickness ranging from a few nanometers to a few
microns (Butt, 2022). The spin coating process is used to coat small materials with diameters
ranging from a few square millimeters to a meter or more. One of the main advantages
of the spin coating technique is the relative ease and simplicity of the process setup, as
well as the thinness and homogeneity (Atay, 2020). Meanwhile, dip coating technique is
often used for optical coatings, including wide-area antireflective coatings for sun visors
and vehicle rear view mirrors; it is a fast, easy, affordable, and high-quality method used
in industrial and laboratory applications (Butt, 2022; Jafri & Jaafar, 2024; Tang & Yan,
2017). During the dip coating process, the substrate is immersed in a solution containing
the coating components before the solution is dried (Y. Yang et al., 2018). This method
can be described as the deposition of an air-based liquid phase onto the substrate surface.

Research on the synthesis and characterization of thin films has always attracted the
attention of scientists because of its wide application in everyday life, both in the fields
of decoration, construction, and electronics. In the field of electronics, thin films are used
to make semiconductors (Rahmawati & Agustina, 2018). The three precursors used by
researchers are certainly expected to have semiconductor material characteristics that are
in accordance with several technologies that support human life, such as touch screens, gas
sensors, and, of course, solar cells. Solar cell technology is one of the main objectives of
thin film development carried out by researchers by applying various precursors and dopant
materials to find the best and most efficient characteristic values for the advancement of
material research in the future. Based on the problems above, the purpose of this study is
to determine and compare the energy band gap values of the precursor materials, namely
Zn0, Sn0O:, and TiO2, after being added by various dopants such as zinc, aluminum,
fluorine, indium, and cobalt.

METHODS AND MATERIALS

This research is experimental research. This research goes through two main stages, namely
the formation of thin layer samples and thin layer characterization tests. The synthesis
process itself goes through several stages, including:
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Preparation of research materials, including precursors consisting of zinc acetate
dihydrate (Zn (CHsCOO):H:0), tin (II) chloride dihydrate (SnClz-2H20), and
others, titanium dioxide (TiO2); solvents consisting of ethanol (C:HsOH),
hydrochloric acid (HCI), and aquades; while the dopant materials used include zinc
dichloride (ZnClz), aluminum chloride (AlCls), indium (IIT) chloride tetrahydrate
(InCls-4H20), ammonium fluoride (NH4F), and cobalt (II) chloride (CoCl2:6H-0).
The media used in the material coating process are glass and quartz substrates.
Making a sol-gel solution by mixing precursors, solvents, and doping materials
into the same container and then stirring using a magnetic stirrer for 30-60 min
until the mixture looks homogeneous.
(a) ZnO sol-gel solution
Zn(CH;CO0O0),2H,0 was dissolved into ethanol solution (C,H40), and mono
ethanolamine (MEA:C,H;NO) at room temperature with a molar ratio of MEA
and ZnAc of 1:1. Then the solution was stirred using a magnetic stirrer at a
temperature of +70°C for 30 min until a homogeneous solution was obtained.
(b) SnO, sol-gel solution
SnCl,.2H,0 as much as 0.902 g in powder form is dissolved in 40 ml of
ethanol. The process of dissolving SnCl,.2H,0 in ethanol using a hot plate
and stirring using a magnetic stirrer until it reaches a temperature of 80°C for
30 minutes or until the solution is homogeneous. Then dopant materials are
added according to the variables used, namely aluminum, indium, and fluorine,
and then stirred again until all mixtures look homogeneous.
(c) TiO, sol-gel solution
The preparation of TiO, sol-gel solution uses 20 ml of ethanol solvent with
a fixed concentration of 1 M. After the process of making the precursor
solution in the form of TiO,, then the addition of NH,F, Indium(III)Chloride
(InCl;), and cobalt(IT)chloride (CoCl,) doping is carried out according to
the mass calculation of each research material. Specifically for the use of
CoCl, doping, it is necessary to add hydrochloric acid (HCI) solution. This
needs to be done so that the CoCl, material can be mixed homogeneously
with the precursor used.
The process of depositing sol-gel solution on the substrate, where this stage is the
process of coating the substrate material using a previously prepared solution. The
deposition process uses aids in the form of a dip coater and a modified centrifuge
with the aim that the deposited solution can be evenly distributed over the substrate
used (glass or quartz).
The process of heating thin layer samples using an oven or furnace, which aims
to dry and remove other solutions that are still on the surface of the substrate.
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In this study, it has been developed into several types of research samples with different
treatments. To facilitate the analysis process, the researcher provides categorization or
codes (Table 1).

The second stage after the thin film synthesis process is carried out is to conduct a
thin film characterization test. In this study, three analysis test processes were carried
out, namely 1) using XRD to measure the crystal structure of thin film samples, 2) using
a scanning electron microscope (SEM) to determine the morphological structure of the
surface of the thin film sample, and 3) using a UV-Vis spectrophotometry tool to determine
the distribution of absorbance values of the thin film sample. The data from the UV-Vis
spectrophotometry test results were used by researchers to determine the energy band gap
value of each thin film sample.

The energy band gap value can be determined using the Tauc plot graphic method,
which describes the relationship between Av and (ahv)" (Efelina, 2017). The value of n =
Y4 for the direct energy gap and n = 2 for the indirect energy gap (Susilawati et al., 2009).
The Tauc determination of the energy band gap from the relationship graph between hv
and (ahv)" until it intersects the hv axis. The method process uses absorbance value data
that has been obtained and analyzed using Microsoft Excel 2010. Determination of the
energy band gap from the relationship graph between Av and (ahv)” until it intersects the
hv axis. To make it easier to understand the procedure in this study, it can be seen in the
following chart (Figure 1).

Table 1
Thin film research samples
No. Sample Method Substrate  Sample code

1 Zinc oxide Sol-gel dip-coating Glass  ZnO type A
2 Zinc oxide Sol-gel spin-coating Glass  ZnO type B
3 Tin(IV) oxide doping aluminum Sol-gel spin-coating Quartz ~ SnO,:Al type A
4 Tin(IV) oxide doping aluminum Sol-gel spin-coating Glass SnO,:Al type B
5 Tin(IV) oxide doping indium Sol-gel spin-coating Glass SnO,:In
6  Tin(IV) oxide doping fluorine Sol-gel spin-coating Glass SnO,:F
7  Tin(IV) oxide doping aluminum and fluorine  Sol-gel spin-coating Glass SnO,:(Al+F)
8  Tin(IV) oxide doping aluminum and indium  Sol-gel spin-coating Glass SnO,:(Al+In)
9 Tin(IV) oxide doping aluminum, fluorine, Sol-gel spin-coating Glass SnO,:(Al+F+In)

and indium

10  Titanium dioxide doping fluorine and indium  Sol-gel spin-coating Glass TiO,:(F+In)

11 Titanium dioxide doping cobalt Sol-gel spin-coating Glass TiO,:Co
Note. ZnO = Zinc oxide; SnO,:Al = Tin(IV) oxide doped with aluminum; SnO,:In = Tin(IV) oxide doped
with indium; SnO,:F = Tin(IV) oxide doped fluorine; SnO,:(Al+F) = Tin(IV) oxide is doped with a mixture
of aluminum and fluorine; SnO,:(Al+In) = Tin(IV) oxide is doped with a mixture of aluminum and indium;
SnO,:(Al+F+In) = Tin(IV) oxide is doped with a mixture of aluminum, fluorine, and indium; TiO,:(F+In) =
Titanium dioxide doped with mixture fluorine and indium; TiO,:Co = Titanium dioxide doped with cobalt
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Figure 1. Research stages of ZnO, SnO,, and TiO, thin films

Note. ZnO = Zinc oxide; SnO,:Al = Tin(IV) oxide doped with aluminum; SnO,:In = Tin(IV) oxide doped
with indium; SnO,:F = Tin(IV) oxide doped fluorine; SnO,:(Al+F) = Tin(IV) oxide is doped with a mixture
of aluminum and fluorine; SnO,:(Al+In) = Tin(IV) oxide is doped with a mixture of aluminum and indium;
SnO,:(Al+F+In) = Tin(IV) oxide is doped with a mixture of aluminum, fluorine, and indium; TiO,:(F+In) =
Titanium dioxide doped with mixture fluorine and indium; TiO,:Co = Titanium dioxide doped with cobalt
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RESULTS AND DISCUSSION
Thin Film Synthesis

This study was conducted with the aim of determining the surface morphology structure
and energy band gap value of thin films with ZnO, SnO,, and TiO, precursor materials.
The process of making thin layer samples begins with the process of determining the mass
of each material used in the study, such as precursors and dopants. This is very important
to ensure that the mass ratio between precursors and dopants is appropriate so that it can
produce a homogeneous solution when mixed. The equation that can be used to determine
the total mass of precursors and dopants in the study is as follows.

m, 1000
X~ [1]

M =

mT

After the total mass of the precursor and dopant materials is obtained, the precursor

mass calculation process is carried out according to the concentration used in the study by
referring to the following equation.

m, Prekursor X m+
(100 — n)% = r Prekursor 2]

1
m;Dopant X m

Where M = molarity; m, = Total mass of the sample; m,= Relative molecular mass; V =
Volume of solution; n = Concentration; and m,= Mass of materials used

After carrying out the material calculation process, the solution-making process is
carried out by mixing the precursor and dopant with the solvent used. This process aims
to ensure that all research materials used can be mixed evenly or homogeneously and
produce a sol-gel solution made from ZnO, SnO,, and TiO,. The sol-gel solution that has
been produced is then subjected to a deposition process using either the dip-coating or
spin-coating method on the substrate media. The results of this deposition process are then
heated using an oven, and several displays of thin layer samples with ZnO, SnO,, and TiO,
precursor materials are obtained as follows in Figure 2.

(@) (b)
Figure 2. Thin film samples: (a) Zinc oxide, (b) Tin(IV) oxide, and (c) Titanium dioxide
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Thin Film Characterization

Characterization is a test process to determine the extent of the character or nature of

the research sample that has been carried out. Characterization in this study measures
two properties of thin layer samples, namely the surface morphological structure and the

energy band gap value.

Thin Film Crystal Structure

The crystal structure of the thin film was
tested using XRD data with the aim of
determining the crystal orientation phase
and crystal size formed in the thin film
sample. The measurement uses an angle
range of 10° to 90° on the grounds that the
crystals will be detected at a diffraction
source wavelength of 1.5406 A from the
CuKa source (Ramesh et al., 2023; X. Yang
et al., 2022). The measurement produces
data in the form of a diffraction pattern of
the relationship between intensity (y-axis)
and scattering angle or 20 (x-axis). Based
on the test results, the diffraction pattern
of the thin layer sample can be seen in the
following Figure 3.

The differences in diffraction patterns
are found in thin film samples made from
Zn0, SnO-, and TiO: precursors. Of course,
each precursor has special characteristics
that describe the characteristics of the
compound. The diffraction pattern of ZnO
crystal planes is (101) and hexagonal ZnO
crystal. SnO: thin film samples generally
have three highest trend peaks, which
indicates that the crystal form is tetragonal.
This is supported by the results of research
conducted by Zaini et al. (2018), which
found that the lattice parameters of the
synthesized SnO- are almost the same as
SnO: no. COD 969007534 in the form of a

Pertanika J. Sci. & Technol. 33 (4): 2001 - 2025 (2025)
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tetragonal crystal structure with a space group. Meanwhile, in the TiO: sample, it can be
seen that the highest intensity is seen, especially in the (101) plane, with the maximum
intensity value produced for the highest peak in the TiO2 sample at the 20 value of 25°,
which is in accordance with the main peak typical of the TiO2 anatase phase (tetragonal)
(Khan et al., 2020; Preeti & Rohilla, 2020). The intensity value obtained from the XRD
measurement results illustrates the proportionality to the level of crystallinity of a material,
where the higher the intensity of the diffractogram peak, the more perfect the crystal shape
formed in the material (Khan et al., 2020; Tjahjanti, 2019).

In addition to determining the phase and form of the crystal structure, XRD test data
can be used to determine the crystal grain size of thin film samples. To determine the size
of the crystal particles that make up the thin film, it can be calculated by utilizing the XRD
test results using the Debye-Scherrer equation (Khan et al., 2020), namely:

k2
~ Bcosh

(3]

Where D = Crystal size; k = Material constant (usually 0.9); 8 = Diffraction angle;,
A= The wavelength of the X-ray source used; and f = Full width at half maximum
(FWHM) value

Based on the results of the crystal size calculations obtained in the ZnO, SnO., and
TiO: samples, they can be seen in Table 2.

Based on Table 2, it can be seen that the thin film sample with ZnO material has the
smallest crystal grain size compared to the other two precursors. The width of the XRD
spectrum, specifically the FWHM value, influences the value of the crystal grain size. If
the FWHM value is small, the crystal grain size is large, and vice versa. Data related to
crystal grain size can be used as an indicator to explain the catalytic ability of a thin film,
where the smaller the crystal grain size, the larger the particle surface area so that the
catalytic power will be better (Putra Parmita et al., 2023; Xian et al., 2019). According to
research conducted by Li et al. (2020), photocatalysts with nano sizes ranging from 1 to
100 nm will provide high catalytic activity.

Table 2
Comparison of crystal grain size of thin film samples

Sample Scatterl?(;gez;lgle (20) Miller index (hkl)  FWHM (deg) Crystalllnt:ng;lz)un size (D)
ZnO 44.48 101 0.2086 14.45
SnO, 26.60 110 0.0028 43.43
TiO, 27.44 101 0.1882 15.16

Note. ZnO = Zinc oxide; SnO, = Tin(IV) oxide; TiO, = Titanium dioxide; FWHM = Full width at half
maximum
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Thin Layer Surface Morphology Structure

The morphological structure of the layer can be seen using a SEM. The test method with
this tool uses a high-energy beam of electrons to scan the object to produce an image
and sample composition (Sahdiah & Kurniawan, 2023). The images produced by this
method have better resolution and image detail than an optical microscope because the
electron beam used as a source has a wavelength tens of thousands of times shorter than
the wavelength of light.

The three precursors used illustrate that the surface appearance of the TiO, thin film
has a more regular and symmetrical distribution when compared to other materials, as seen
in Figure 4. Each material has its own characteristics; this can be seen in that the ZnO
precursor has an appearance like a root distribution along the surface of the thin layer. This
is in line with the results of research conducted by Ridhuan et al. (2012), which showed
that the agglomeration process still occurs, causing the surface morphology of the particles
to be larger and in the form of nanorods. This is possible because the calcination process
is not yet perfect so that there is still a part of the extract that coats the particles. However,
if referring to its performance, the surface conditions of this ZnO have quite high potential
related to the energy band gap value. Due to lower grain boundaries, surface defects,
interference, and discontinuous interfaces, one-dimensional ZnO nanostructures, such as
nanorods, nanowires, and nanotubes, allow for more efficient carrier transport (Chowdhury
& Bhowmik, 2021; Dutta et al., 2023).

The morphology of the sample using SnO, looks almost even, but there are still many
cracks or boundaries along the surface of the thin layer. These cracks indicate that the
deposition process of the SnO, solution on the substrate media is still not evenly distributed
so that when the sample goes through the heating process, there is a part of the substrate
surface that is only coated by the solvent used. When the heating process is carried out, of
course the goal is to remove the solvent that is still present during the deposition process
so that there are parts of the thin layer surface that do not contain SnO,. To find out more
specifically the inner structure of the thin layer with ZnO, SnO,, and TiO, precursors, an

5000% magnification

5000% magnification

(b) ©

Figure 4. Morphological structure of surface part of thin film with precursors at 5,000 magnification : (a)
Zinc oxide, (b) Tin(IV) oxide, and (c) Titanium dioxide
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observation enlargement process is carried out so that researchers can watch in detail the
inside of the sample, as seen in Figure 5.

TiO, thin film sample has a denser structure compared to the ZnO and SnO, samples.
The size of the constituent particles also looks almost the same, namely in the form of round
particles that have denser cavities, indicating that the distribution of the sol-gel solution
is evenly distributed throughout the surface of the substrate used. There is agglomeration
between neighboring particles, so that the particle size increases again due to the merging
of neighboring particles. The shape of the TiO, sample particles tends to resemble balls,
where the particle size is large and agglomeration occurs in the sample (Listanti et al.,
2018). This condition allows the formation of denser crystal particles and increases the
ability of TiO, in the absorption process. This is what makes TiO, one of the precursors
that is often used in developing solar cell nanoparticle technology.

In the three results, it can be seen that SnO, and TiO, have almost the same crystal
structure. Both precursors have a round shape that forms the surface of the thin film. This
is supported by the results of research conducted by Firooz et al. (2009), where in their
research one of the forms of the structure of the thin layer made from SnO, is granules
apart from the flower and sheet forms. This is different from ZnO, which has a structure
resembling a tube or is often called nanorods. The nanostructures of ZnO are very diverse,
such as nanobelts, nanoplatelets, nanowires, and nanorods (Novitasari et al., 2022; Raub
et al., 2024).

15000 magnification| [ 15000 magnification 15000x'magnification

(@ (b) (©)

Figure 5. Morphological form of the inner structure of thin layers with precursors at 15,000x magnification:
(a) Zinc oxide, (b) Tin(IV) oxide, and (c) Titanium dioxide

Thin Film Energy Band Gap

The energy band gap is the most important part or one of the indicators that need to be
considered in the development process of various nanoparticle technologies. The energy
band gap value describes the ability of a material to conduct electricity (Bouzidi et al., 2024).
So that good materials in thin film technology must be able to enter the semiconductor
material category. Semiconductors are materials that have electrical conductivity between
conductors and insulators, or materials that have resistivity between conductors and
insulators, namely 102-10 Qm (Maslakah, 2015). In semiconductor materials, the valence
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band condition is almost full, and the conduction band is almost empty with a very small
forbidden band width (Eg) (x1 to 2 eV) (Tjahjanti, 2019; Woods-Robinson et al., 2020). It
is necessary to know the measurement of the energy band gap of a semiconductor material

because the nature of the energy band gap has implications for the differences in the nature

of the dependence of the absorbance coefficient on the photon frequency (Mikrajudin,

2010, as cited in Doyan & Humaini, 2017, p. 38). The process of calculating the energy

band gap using the absorption value data
of the thin layer sample analyzed using the
Tauc Plot approach to obtain a slope that
describes the relationship between (ahv)”
and photon energy (4v). The Tauc Plot graph
that represents the energy band gap value
of the thin layer sample can be seen in the
following image.

The energy band gap value in each thin
layer can be determined by extrapolating
from the relationship graph (4v) as the
abscissa and (ahv)" as the ordinate until it
intersects the energy axis (the resulting slope
graph) and the optical band gap value is
obtained. Of course, by using this approach,
we obtain energy band gap values that are
easier to represent, as seen in Figure 6. By
using the same approach and method, then
in this study, there are at least 11 research
samples derived from three precursor
materials, namely ZnO, SnO-, and TiO2, and
using 4 dopant materials, namely indium
(In), aluminum (Al), fluorine (F), and cobalt
(Co). To facilitate the discussion process,
all samples and the energy band gap value
for each thin film sample in this study have
been recorded (Table 3).

To analyse in depth the various factors
that affect the energy band gap value, the use
of the solution deposition method, the use of
substrates, and the influence of dopants can
be seen in the following description.
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Table 3
Thin film energy band gap
No. Sample Sample code Ene‘t‘fl); :?gg)gap
1 Zinc oxide ZnO type A 2.00-2.10
2 Zinc oxide ZnO type B 2.03-2.98
3 Tin(IV) oxide doping aluminum SnO,:Al type A 3.24-3.30
4 Tin(IV) oxide doping aluminum SnO,:Al type B 3.50-3.57
5 Tin(IV) oxide doping indium SnO,:In 3.55-3.62
6  Tin(IV) oxide doping fluorine SnO,:F 3.53-3.59
7  Tin(IV) oxide doping aluminum and fluorine SnO,:(Al+F) 3.47-3.56
8  Tin(IV) oxide doping aluminum and indium SnO,:(Al+In) 345-3.51
9  Tin(IV) oxide doping aluminum, fluorine, and indium  SnO,:(Al+F+In) 3.36-3.50
10 Titanium dioxide doping fluorine and indium TiO,:(F+In) 297-3.23
11 Titanium dioxide doping cobalt TiO,:Co 322-3.44

Note. ZnO = Zinc oxide; SnO,:Al = Tin(IV) oxide doped with aluminum; SnO,:In = Tin(IV) oxide doped
with indium; SnO,:F = Tin(IV) oxide doped fluorine; SnO,:(Al+F) = Tin(IV) oxide is doped with a mixture
of aluminum and fluorine; SnO,:(Al+In) = Tin(IV) oxide is doped with a mixture of aluminum and indium;
SnO,:(Al+F+In) = Tin(IV) oxide is doped with a mixture of aluminum, fluorine, and indium; TiO,:(F+In)
= Titanium dioxide doped with mixture fluorine and indium; TiO,:Co = Titanium dioxide doped with cobal

The Effect of Using Prekursor

Referring to the energy band gap value in Table 3, it can be seen that the ZnO thin film
has the smallest energy band gap value compared to other thin film samples using SnO,
and TiO, precursor materials. Both ZnO thin film samples using the dip-coating and spin-
coating methods have the lowest energy band gap, reaching a value of 2.00. This condition
certainly allows for easy electron transfer from the valence band to the conduction band.
If the width of the energy gap decreases, it allows more electrons to undergo electronic
transitions from the valence band to the conduction band so that the thin film becomes
more conductive (Klein et al., 2010).

In general conditions, ZnO already has an energy band gap value of 3.37 eV and a
binding energy of 60 MeV (Tarwal & Patil, 2011). ZnO and TiO, are two types of materials
that have good energy band gap values in the process of developing solar cell technology
when compared to SnO,. In optimizing the efficiency of perovskite solar cells, one of the
materials that plays an important role is the electron transport material (electron transport
material [ETM]) made of metal oxide semiconductors such as TiO, and ZnO (Yurestira
etal., 2021).

In addition to its energy band gap value, ZnO is considered a basic material for
the development of various nanoparticle technologies because this material can be
developed using various methods, not only focusing on dip-coating and spin-coating.
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ZnO nanomaterials can be synthesized using several methods, including vapor-liquid-
solid (VLS), aqueous chemical growth (ACG), chemical vapor deposition (CVD),
electrochemical deposition (ECD), physical vapor deposition (PVD), metal-organic
chemical vapor deposition (MOCVD), and chemical vapor transport and condensation
(CVTC) (Maddu et al., 2023; Santibenchakul et al., 2018; Silva et al., 2022; Veerabhadraiah
et al., 2022).

Referring to the size of the crystal structure of each precursor component as seen in
Table 2, the smaller the energy band gap value produced, the smaller the crystal grain size
value. ZnO with the smallest crystal size has an average energy band gap value lower than
the precursors SnO, and TiO,. Of the three precursors, it can be seen that ZnO and TiO, tend
to have the same energy band gap crystal grain size. This is because both materials have
almost the same physical and chemical properties as precursor materials in the development
of thin film research. In other studies, it was found that these two precursors can be used
as materials that are paired and formed into multi-layers (Bhatti et al., 2019; Boukerche
et al., 2019; Rad et al., 2023). According to Hakim and Haris (2016), small crystal sizes
can expand the catalyst surface so that the catalyst performance becomes more effective,
which indicates that the energy band gap value will also decrease, thus increasing the
catalyst performance in thin layers.

The Effect of Using the Solution Deposition Method

In this study, to see the extent to which the use of variations in solution deposition methods
differs, two methods most often used by researchers are used, namely, dip-coating and
spin-coating. The use of these two methods can be seen in thin layers of ZnO precursor
material with sample codes ZnO type A for
the sol-gel dip-coating method and ZnO

) : 5.00
type B for the sol-gel spin-coating method. S4s0 |  =ZnOtypeA mZnOtypeB
Based on the data in Table 3, it can be seen o, 00

s 4.

that the two ZnO samples have energy band
gap values that are not much different. The 200 | 2.98
ZnO sample with the dip coating method - I
has a lower energy band gap value with the 000 | 2.00 2.p3 210
smallest value at 2.00 eV and the highest 150 |
at 2.10 eV. A comparison of the lowest and 100
highest energy band gap values between the Smallest Highest
two samples can be seen in Figure 7. Condition comparison
The energy band gap value in the thin

.. . Figure 7. Comparison of energy band gap values
film sample has a significant difference at of zinc oxide (ZnO) thin films based on the layer
the highest value. Referring to the results  deposition method

Energy band gap val
N
(&)
o
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above, the ZnO type A thin film has a much better value because the range of its values
is in the range of 2.00 - 2.10 eV, while in the ZnO type B thin film sample, the range of
energy band gap values is 2.03 - 2.98 eV. In thin film development research, the slightest
difference in the energy band gap value greatly affects the performance of the device. The
use of the dip-coating method provides better energy band gap values compared to using
the spin-coating method.

The dip-coating method is a process where a substrate is dipped into a solution and then
lifted vertically at a constant speed (Tang & Yan, 2017). The precursor solution that sticks
to the substrate and forms a thin layer because the solvent will evaporate and some of the
solution will fall due to gravity (Brinker, 2013). The thickness of the solution can be adjusted
according to the speed of the substrate withdrawal. This method has been successfully used
to create a thin layer of ferroelectric and electronic semiconductor materials (Mukhsinin
et al., 2019). This method is widely in demand because the process is simple and does not
require expensive costs; besides, it does not damage the environment, and the equipment
used is not so complex (Djarwanti & Syahrono, 2014; Patil et al., 2023).

The Effect of Using Substrate Media

The substrate media used in this study consisted of two types, namely glass and quartz. Both
of these materials generally have almost the same characteristics because they are included
in TCO materials; only for quartz, it is composed of minerals formed from silicon and
oxygen chemical compounds with the chemical composition SiO, (Imawanti et al., 2017).
The selection of media use needs to be considered by researchers; the orientation of the
substrate material affects the characteristics
of nucleation and growth that dominate the
microstructural properties and physical
properties of thin films (Mousa et al., 2015).

To determine the effect of using substrate

mSnO, :Altype A mSnO,:Al type B
4.00

35 3.57
350 324 3.30
3.00 f
250 f
2.00 f
1.50 |
media can be seen in the following graph. 100

The SnO: type A thin film sample using Smallest Highest

media in this study, we refer to the sample
code SnO,: Al type A using quartz media and
the sample code SnO,:Al type B using glass
media as seen in Figure 8. The difference in
energy band gap values in the two types of

Energy band gap value (eV)

quartz as a substrate produces a smaller Condition comparison

energy band gap value compared to using

glass. This difference is seen both in the £igwes. Comparison of energy band gap values of
. . tin(IV) oxide (SnO:) thin films based on substrate
smallest and largest values. This certainly | ,4ia
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indicates that the use of media has an effect on the energy band gap value produced in
the thin film sample. An important difference between quartz glass and ordinary glass
is its good transmittance across the spectrum, especially in the ultraviolet and deep
ultraviolet spectra, which are not available in ordinary optical glass (Ehrt, 2018; Khashan
& Nassif, 2001).

Quartz is the most important polymorph of the silica group (SiO,) and one of the
purest minerals in the earth’s crust. The SiO, system is quite intricate. Despite having the
straightforward chemical formula SiO-, it has at least 15 known variations or polymorphs,
or mineral phases with distinct crystal shapes but the identical stoichiometric composition
(Gotze et al., 2021). As a major component of sedimentary, metamorphic, and magmatic
rocks, quartz is the most significant silica polymorph found in nature. Furthermore, one silica
raw material that is economically significant is quartz. Single crystals and polycrystalline
quartz are both utilized in industry, for instance, as silicon metal ore, refractory materials,
or high-purity quartz crystals or sands (Gotze et al., 2021).

The Effect of Using Dopan

Doping is a process that aims to change the characteristics of a material so that it can achieve
certain conditions and according to the needs required by researchers. The use of various
dopants is certainly one of the alternative variables that are often used by researchers to
determine the extent of the properties produced in thin layers. In this study, of course, the
main purpose of using dopant variations is to obtain thin layer samples with the smallest
energy band gap values. Research data related to the effect of dopant use can be observed
in samples with SnO, and TiO, precursor materials, where both precursors are treated with
cross-sections of various types of dopants such as aluminum, indium, fluorine, and cobalt.
Data related to the comparison of energy band gap values in thin layers made of SnO, and
TiO, (Figures 9 and 10).

The dopant incorporation process gives a better effect on the process of reducing the
energy band gap in both SnO, and TiO, precursors. This can be seen from the results of the
values of each sample, namely SnO,: (Al+ F+In) and TiO,: (F+In), which have the smallest
energy band gap values with values of 3.36 and 2.97 eV, respectively. If researchers look
at the overall results of the energy band gap values of thin film samples, it can be seen that
the use of various dopants gives varying results. This is certainly because the characteristics
of each element are different from one another.

Various studies have shown that the use of two or more dopants in one deposition
process has a better impact on changing the properties or characteristics of thin film samples.
Research conducted by Han et al. (2018) proved that tridoping has higher photocatalytic
activity compared to pure SnO,, Sn0,-Zn0O, or mono- or di-doped SnO,-ZnO thin
films. SnO,-ZnO tridoped B/Ag/F composite thin films have the highest photocatalytic
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u SnO2:(Al+F+In)
mSnO2:(Al+In)
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Dopant variations
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Figure 9. Comparison of Tin(IV) oxide (SnO,) energy band gap values based on dopant variables

Note. SnO,:(Al+F+In) = Tin(IV) oxide is doped with a mixture of aluminum, fluorine, and indium;
SnO,:(Al+In) = Tin(IV) oxide is doped with a mixture of aluminum and indium; SnO,:(Al+F) = Tin(IV)
oxide is doped with a mixture of aluminum and fluorine; SnO,:F = Tin(IV) oxide doped fluorine; SnO,:In
= Tin(IV) oxide doped with indium; SnO,:Al = Tin(IV) oxide doped with aluminum
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Figure 10. Comparison of Titanium dioxide (TiO2) energy band gap values based on dopant variables
Note. TiO,:(F+In) = Titanium dioxide doped with mixture fluorine and indium; TiO,:Co = Titanium dioxide
doped with cobalt

activity. The composition of SnO,-ZnO and tridoping B/Ag/F are very important for the
photocatalytic activity of thin films. The low electron-hole pair recombination rate and
strong light absorption appear to be correlated with the increased activity of SnO,-ZnO
tridoped B/Ag/F thin films.

The same condition also occurs in the thin layer of TiO, that the provision of double
doping is able to produce better characteristics compared to the use of single doping. This
is supported by research conducted by Ashkarran et al. (2014), which obtained the results
that after optimizing the dopant concentration, the research findings showed that TiO,
nanoparticles (NPs) with double doping had the highest photocatalytic and antibacterial
activities when compared to TiO, NPs with single doping. In contrast, TiO, NPs with silver
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and nitrogen doping expanded the light absorption spectrum towards the visible region and
significantly increased the photodegradation of model dyes and inactivation of bacteria
under visible light irradiation. When TiO, is exposed to visible light, two different electronic
states capture its inner electrons and narrow the band gap. This changes the optical response
from the ultraviolet region to the visible light region, which is responsible for the better
photocatalytic activity and antibacterial quality of TiO, NPs with double doping.

CONCLUSION

Based on the results of data analysis and discussion, it can be concluded that 1) the crystal
structure of ZnO thin films is hexagonal while SnO, and TiO, are tetragonal, 2) the surface
morphology of SnO, and TiO, thin films is granular, while ZnO thin films are nanorod, and
3) the smallest energy band gap value is found in ZnO thin films with a value of 2.00 eV.
There are four factors that affect the energy band gap value in thin films, namely precursor
materials, deposition methods, substrate media, and dopant materials. Each variable that
produces the smallest energy band gap value in this study is the ZnO precursor, dip-coating
method, quartz substrate media, and the use of double or triple dopants in one deposition
treatment.
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