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SUMMARY

The successive Ionic Layer Adsorption and Reaction (SILAR) process was used to form Zinc Oxide
(ZnO) thin films on glass substrates, and deposition cycles of 5, 15, 20, and 25 were used to investigate
the effect of the number of cycles on the structural and optical characteristics of the film. The X-ray
diffraction (XRD) was determined to be a polycrystalline structure of ZnO, having the hexagonal wurtzite
structure with a preferential orientation of the (100) plane. The size of the grain and crystallinity increased
with the number of deposition cycles, and the density of dislocations reduced, which implies better quality
of the film. The UV- Vis spectroscopy was used to determine the optical properties of the material, such
as the optical band gap and absorbance. The findings indicated that the optical band gap was different in
the range of 3.67 eV to 3.81 eV, with the largest band gap found in the 20-cycle sample. The absorbance
reduced with an increase in the cycle number, indicating improved scattering and grain boundary effects
with increasing number of cycles. The movies proved to be more transparent as the cycles were increased,
and thus can be applied in the field of optoelectronics, where solar cells and light-emitting devices can be
used. SILAR has emerged as an economical approach to prepare ZnO thin films and has provided an easy
and effective methodology to regulate the film thickness and quality. The research also gives important
information on the depositional cycle as it affects the characteristics of ZnO films, which is important in
the optimization of ZnO thin films for different technological uses. Further research to improve the
performance of the film, such as the refinement of the deposition parameters and the possibility of
incorporating the films into the real world, such as solar cells, sensors, and transparent conductive layers,
will be undertaken in the future.

Key words: ZnO thin films, silar method, optical properties, grain size, optical band gap,
deposition cycles, structural characterization.

INTRODUCTION

Zinc oxide (ZnO) composites in the nanoscale range reflect remarkable properties that vary as the
preparation conditions change, so they are considered as potential candidates in the nanotechnology
industry. The most important aspect of nanostructure represents a considerable surface-to-volume ratio;
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this characteristic gives the preference of nanostructure materials over bulk counterparts. Therefore,
preferred electrical and optical properties are achieved with nanomaterials for physical and chemical
applications such as light sensors, light-emitting diodes, solar cells, etc. [1]. These materials exhibit
n-type semiconductor behavior with a direct band gap energy of 3.370 eV [2]. ZnO nanostructure as a
thin film was prepared using the successive ionic layer adsorption and reaction (SILAR) method, which
is regarded as a straightforward method since it involves minimal expenses and low-cost reagents
compared with the other methods that involve complicated instruments such as applying high pressure
and temperature arrangements. The SILAR method was first reported to prepare thin films of ZnO, and
the results were later confirmed using a specialized technique referred to as an automated
electro-pneumatic deposition setup [3][4].

The SILAR technique is based on putting two solutions, one anionic and one cationic, in two separate
containers, which are considered a bath. A substrate of glass is repetitively (periodically) immersed in
both cationic and anionic solutions, which leads to facilitating a heterogeneous reaction followed by film
formation by agglomeration on the substrate surface, without any precipitation happening in the solution
bath [5]. The deposition rate and thickness for the formed thin film were controlled by varying the
deposition cycle time.

Zinc oxide was fabricated in the form of a thin film by utilising the thermal evaporation method, and it
was found that transmittance values were observed in the NIR region, and the gap (3.4 eV). While XRD
consequences indicated that the formed films were crystalline with a hexagonal wurtzite structure [6].
Moreover, fabrication of ZnO thin film via SILAR method is achieved for 15 dip cycles, then annealed
at 450 °C for one hour, and they obtained optical band gap with (3.750) eV [7]. The prepared ZnO thin
film on the substrate of glass and the Si (100) substrate via the RF sputtering technique exhibited a
preferred orientation along the c-axis (002) with a phase of wurtzite structure associated with tensile
strain [19]. They study optical transmittance values of 70-88% within the visible range for all the formed
films [9][20].

This study investigates the effect of varying the number of cycles on the formed ZnO thin films that
were deposited onto a glass substrate, which was submerged in solution to analyze and investigate the
structural and optical properties.

Zinc Oxide (ZnO) thin films are a type of film that has exceptional optical and electrical characteristics,
which have been utilized in the development of techniques like solar cells, light-emitting diodes, and
sensor instruments. Of importance in this study is the low-cost Successive lonic Layer Adsorption and
Reaction (SILAR) approach through which the highly economical and efficient manner of creating ZnO
thin films with control of their thickness and improved properties is achieved. This is especially
significant when nanotechnology is considered, where nanoscale materials have a better surface-to
-volume ratio, thus resulting in a higher physical and chemical property compared to bulk materials. The
use of ZnO thin films in the area of optoelectronics, such as solar energy collection and transparent
conductive layers in devices, renders the goal to maximize the structural and optical properties of films.
This study would serve as an essential background on how to enhance the design and manufacture of
high-performance ZnO thin films by exploring the impact of different deposition cycles to meet the
future innovation of cost-effective and sustainable technology solutions.

1. The given study offers thorough research of the impact of the deposition cycles on the structural
and optical characteristics of the ZnO thin films, providing considerable information concerning
the impact of changes in the cycles on the grain size, crystallinity, and optical band gap.

2. The study indicates the efficiency of the SILAR approach in the creation of high-grade ZnO thin
films at minimal expenditure, which has the opportunity to generate ZnO films on a large scale in
optoelectronic applications, including solar cells and light-emitting devices.

3. This is significant in that through the correlation of the deposition cycles and optical characteristics
of the films, i.e., transmittance and absorption, the study will provide valuable data in optimizing
the work of ZnO thin films in practical devices, providing a way to enable better energy efficiency
and functionality of future technological uses.
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The outline of the paper is as follows: Section 1 contains the background and importance of ZnO thin
films and the SILAR process of their deposition. Section 2 presents a literature review that is detailed
and covers the recent developments in the deposition methods of ZnO thin film and their use. In section
3, materials and methods have been outlined, including how it was prepared and the way it was
characterized in the study. Section 4 shows the results, which are the structural and optical properties of
the ZnO films under different deposition cycles, followed by a discussion of these results. Lastly, Section
5 provides the conclusion of the paper where the main findings have been summarized, and suggestions
have been presented on how to improve the performance of ZnO thin films in practical uses.

LITERATURE SURVEY

Within the last few years, a considerable amount of attention has been paid to ZnO thin films due to the
implementation of multiple application functions and the variety of technological applications. Many
studies have been done to investigate different methods of deposition, including chemical bath
deposition, sputtering, spray pyrolysis, and, most specifically, Successive lonic Layer Adsorption and
Reaction (SILAR), to enhance the quality of films without causing a significant rise in expenses. It has
been demonstrated that ZnO thin films have high electron mobility, transparency in the visible region,
as well as great photoluminescence and good applications in the field of optoelectronics, ultraviolet
photodetectors, and transparent conductive oxides [8]. The low temperature of processing and simplicity
of procedure of the SILAR method have made it a favorite option in the creation of ZnO films on flexible
and temperature-sensitive substrates.

Recent studies have aimed at optimizing the structural and optical characteristics of ZnO thin films using
different parameters of precursor concentration, deposition cycles, pH, and annealing conditions [10].
These parameters have been proven to play a major role in crystal orientation, grain size, uniformity of
film, and defect density. As an example, the deposition time or the number of cycles has been observed
to enhance the desired crystallinity and selective growth of specific crystal planes, which, in turn,
influences the optical absorption edge and the values of the band gap. Comparisons of ZnO films drawn
by various techniques all indicate that controlled deposition results in better film uniformity and
optoelectronic qualities that can be used in photovoltaic and sensing devices.

Research has also explored the relationship that exists between morphological characteristics and
functional performance. Better surface morphology with low roughness is linked to better charge
transportation and less scattering loss, which is essential for device efficiency. It is reported that an
optimum deposition utilizing cycle can lead to films with fewer voids, enhanced interconnections of the
grains, and the reduction of surface defects. These enhancements can usually be converted into an
increased optical transmittance, reduced resistivity, and increased defect-related emission, allowing
improved operation in other applications like dye-sensitized solar cells, gas sensors, and light-emitting
diodes.

Based on the literature reviewed, it is evident that the synthetic parameters, especially the deposition
cycle count, are critical in dictating the structural, optical, and electronic characteristics of ZnO thin
films. Nonetheless, as numerous works describe the overall tendencies, there is still a necessity to
conduct systematic research according to which the impact of certain changes in the number of cycles
on the main features of the film is measured. This gap supports the rationale of the current work, which
seeks to offer an in-depth discussion of the impact of different deposition cycles on the nature of ZnO
thin films produced using the SILAR technique regarding their structural and optical characteristics.

MATERIALS AND METHODS

The methodology describes the procedure of deposition of ZnO thin films by the Successive lonic Layer
Adsorption and Reaction (SILAR) process. This is done by taking substrates and putting them in a
cationic and anionic precursor solution and rinsing with deionized water to encourage film formation.
The procedure is continued through numerous cycles to obtain the required film aspect and
characteristics.

Technical Institute Bijeljina, Archives for Technical Sciences. Year XVIII — N ” 35 266



Anwar Qasim Ahmed, et al: Synthesis and ...... Archives for Technical Sciences 2026, 35(1), 264-274

-—P 2. Cationic Precursor Immersion (Zn")

3. Rinsing (Deionized Water) ,

pm———— e = ——— - N

4 — — 1

| 3. Rinsing (Deionized Water) I

I ‘ I Repeat N Cycles for
P y

I 4. Anionic Precursor Immersion (OH") | Desired Thickness

1

I ¥ :

\

6. ZnO Thin Film Formation

Figure 1. SILAR process for ZnO thin film deposition

In figure 1 describes the process of depositing the ZnO thin films in the form of a flowchart, which
includes the Successive lonic Layer Adsorption and Reaction (SILAR) process. It involves five major
steps 1) Start, 2) Cationic Precursor Immersion (Zn 2+), 3 Rinsing with Deionized Water, 4) Anionic
Precursor Immersion (OH -), 5 ZnO Thin Film Formation. The repetition of the process is done to a
certain number of cycles in order to attain the required film thickness. This technique allows the
deposition of ZnO thin films on substrates in a way that allows a controlled deposition and possesses
better structural and optical characteristics.

Technique Used for the Formation of Thin Films

In this study, a ZnSOa4 solution of 0.2 M was mixed with an aqueous solution of ammonia (30% NH4OH)
until the pH reached approximately 12. This mixture served as the cationic source, while H-O- of 2%
concentration worked as the anionic source, with the reaction implemented at room temperature (300
K). Each glass substrate was washed with distilled water and then desiccated by passing hot air over its
surface. Afterward, the glass substrate was vertically immersed in a solution of alkaline zinc sulfate to
promote the adsorption of the zinc complex onto its surface. An adsorption reaction of the zinc complex
and H:O: occurred after the substrate was immersed in H.OH, leading to the formation of ZnO thin
films. The adsorption and reaction times were set to 20 and 30 seconds, respectively. Four deposition
cycles were implemented, each repeated 5, 15, 20, and 25 times to increase the thicknesses of ZnO thin
films. After completing the cycles, the substrates are removed from the solution and subsequently rinsed
with a stream of dry air.

Chemical Nucleation

To investigate the deposited ZnO thin films formed by the SILAR method on a substrate of glass. Two
containers were prepared: the first one contained a ZnSOs solution with the tetra ammonium zinc (II)
complex [Zn(NH3)4]?*, which was prepared by adding an excess of ammonia as stated by the reaction
that is shown in equations (1) and (2). The second one was filled with (H20-) solution that dissolved in
water, as described by the reaction that is shown in equation (3) [9]:

ZnSO, + NH,OH - Zn(0H), | +(NH,),S0, (D
Zn(OH), + 3NH,OH - [Zn(NH)3)4])** + 2H,0 + OH™ 2
2H,0, - 2H,0 + 021 3

Upon immersion of the substrate in the first container, the adsorption process immediately begins on its
surface [9]. As the H20: solution is considered an oxidizing agent, the zinc that is precipitated as a
coating on the glass’s surface is oxidized immediately after immersing the coated substrates in the H2O:
solution. The reaction is represented by the following equation (4):
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[Zn(NH3)4)*" + HO, ——> ZnO + NH,OH (4)
Examination Method

The samples were subjected to X-ray analysis (1.54A%) to identify the structural properties, such as
lattice parameters, grain size, dislocation densities, and average crystallite size of ZnO thin films.
Additionally, spectrophotometer of UV—VIS-NIR used to inspect the optical properties. It used a
wavelength range (200-900nm) due to the limitations of lattice dimensions.

RESULT AND DISCUSSION
Structural Properties

In figure 2 shows the pattern of X-ray diffraction used to determine the structural properties of thin films
of ZnO and identify the forming phases. The results confirmed that the prepared thin films demonstrated
a polycrystalline microstructure with a hexagonal wurtzite structure. X-ray line profile revealed that the
preferred orientation of crystals is along the (100) plane, as is evident in a diffraction peak at 20 = 31.67°.
Additionally, the crystallites have predominantly oriented along the c-axis, which is orthogonal to the
surface of the substrate that contains the deposited ZnO. Phase identification and comparison between
experimental findings and standard interplanar spacings (d-values) were performed with the aid of the
JCPDS database (card no. 36—1451); the results are summarized in table 1.
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Figure 2. XRD line profile for the ZnO thin films

Experimental data showed that the lattice parameters of the crystal (a and c¢) are altered. Also, the
d-value, which represents the inter-planar space for Miller indices h, k, and 1, began with a relatively
small value (2.8190 A°) and continued to increase to reach 2.824560 A° in the case of the 15-cycle
sample. Then, this behavior was changed by dropping the value to 2.82012 A° as the number of cycles
was increased to 25, as evaluated via the equation (5) [11].

1 _4(hz+k2+lz_|_l2 c
d?., 2a? c? ®)

Furthermore, the value of (a) shows an increase in its values as the number of cycles increases from 5
cycles to 20 cycles, then it drops for the sample of 25 cycles. However, this behavior differs slightly for
the c-value, as its value increases with the cycle number, as shown in table 1.
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Table 1. Stated the determined parameter values for the crystal lattice and the size of grains

dA dA Miller Indices Average Grain
No. of Cycle Mea(su)red Stalfdz)lrd (hkl) a(d) | ed) Sizeg (nm)
5 cycles 2.8191 100 3.2552 | 5.05310 50.728
15 cycles 2.820681 28142 100 3.2563 | 5.18620 55.95
20 cycles 2.824561 ) 100 3.2616 | 5.2012 39.78
25 cycles 2.820121 100 3.2565 | 5.2648 63.52

The average grain size of the ZnO thin film was calculated using Scherrer's formula, which exhibits an
inverse relation between the grain size and the full width at half maximum (FWHM), as stated in
equation (6) [12].

_ 091
" Bcos @

(6)

A represents the wavelength of the x-ray that was used, B is the full width at half maximum and 6
represents the angle of Bragg.

A prominent diffraction peak at 260 = 31.67° indicates that highly crystalline structures are formed in the
samples under investigation. This diffraction peak corresponds to a larger grain size (63.51 nm) that
formed in the sample after 25 cycles, compared with the rest of the samples. Additionally, dislocation
density (8), which represents the amount of defects within the formed structure of the thin films, drops
as the grain size increases, as stated in able 2. Specifically, the value of dislocation density in the case
of the 5-cycle sample was 3.88591 x 10 lines/cm?, while this value decreased to around 2.479 x 10
lines/cm? in the case of the sample of 25 cycles. This suggests crystallinity and film quality improved in
the latter case of the thin film. Moreover, the density of crystallites per unit surface area (N) was
calculated using equation (7) as follows [13][14]:

N=—3 (7

The symbol t denotes the thickness of the formed thin film, which was determined using a gravimetric
method and found to be approximately 4 nm. In table 2 states the structural characteristics of the samples,
including dislocation density and strain.

Table 2. Presents the structural properties, including the dislocation value and Strain related to the formed thin film

No. of Cycle Dlsl((;ic;let;:::l X)alue Density of Clzls"t%:ll(llzt;s(l;:ej)Unlt Surface Strain S%
5 cycles 38.86%10"13 51.077E+17 2.9481
15 cycles 31.94*%10"M3 37.880E+17 0.3922
20 cycles 63.177*10"13 10.765E+18 0.1023
25 cycles 24.790*10713 26.105E+17 1.1192

Cxrp consistently measures strain (S) and identifies the deviation from the ASTM standard value; this
parameter is calculated by the following equation (8).

_ |Castm—-Cxrol

S «100% (8)

CAS ™

Cast™ refers to c-lattice constant, which agrees with the values of Asrm card, while Cxrp represents the
c-lattice constant that is determined using the XRD technique. The conditions of the deposition process
used in this work have a significant influence on the strain value, whether the formed strain is positive
(tensile) or negative (compressive), by varying the lattice constant value from its value compared with
the CASTM standard. However, the experimental results exhibited that the behaviour of the formed
strain is inversely proportional to the increasing number of cycles, as the strain decreased from 2.948 to
1.119 when the cycles changed from 5 to 25. This relation between strain and cycle number is associated
with the increasing grain size; this result is consistent with and supported by the studies demonstrated
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in [7][8]. In other words, the strain value directly proportional to the variance of Cxrp as stated in the
Astwm standard.

Optical Properties

The investigation of optical properties is achieved by using UV light of wavelengths extended over 250
to 1050 nm, as shown in figure 3. First, the transmittance values for the thin films that are formed by
four different cycles are measured; their value rapidly increased when the applied wavelength reached
around 325 nm, as shown in figure 3a. The figure also shows that the sample with fewer cycles (5 cycles)
exhibits a lower transmittance value compared to the other samples (15, 20, and 25 cycles). This
behavior is attributed to the increased grain boundary density due to smaller grain size; hence, the
scattering of light within the thin film becomes more pronounced in the case of the 5-cycle sample,
leading to reduced transmittance [11][13][20].

1.2
5
=
—_—
g cycle
= 15 cycle
s 5 cycle
=
a)
0.2
290 390 490 590 690 790
Wavelength (nm)
0.4
—25 cycle
0.3 —20 cycle
15 cycle
;:3 —5 cycle
=
S 0.2 -
2
=
-
0.1 - b)
0 : : : — —
290 310 330 350 370 390
Wavelength (nm)

Figure 3. (a) Shows the transmittance, and (b) shows the absorption for the produced thin films by conducting them
into UV-visible spectroscopy

In figure 3b shows the relationship of absorption of each sample with wavelength applied by the UV
equipment; this profile shows that the first sample (5 cycles) is characterized by a higher absorbance
compared with the rest of the samples. It has a peak value at (0.39) near the applied UV wavelength
light, and that is preferred for solar cell applications. As the number of cycles increases from five to 25
cycles, the results demonstrate a reduction in the absorbance value as it drops from 0.39 to 0.27 at the
same wavelength (300nm). Nevertheless, all samples exhibited a rapid drop in the absorbance value with
increasing wavelength at 310 nm, whereas the sample of 5 cycles consistently showed the highest
absorbance compared with the other samples. When the energy of the conducted UV light on the thin
film of the sample corresponds to the energy of the band gap of the crystal that formed the thin film, a
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significant absorption occurs, as illustrated in the line profile at wavelengths lower than 310 nm shown
in figure 3b. In contrast, when the wave's energy of the incident UV light on the sample does not
correspond to the band gap of the crystal that formed the thin film, this wave will not be absorbed by the
crystals of the thin film, thus resulting in low absorption as shown on the line profile at wavelengths
higher than 310 nm that are shown in figure 3b.
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Figure 4 (a). Shows the relation of the reflection index with the wavelength, while figure 4(b) depicts the change in
refractive index as a function of the energy gap

In figure 4 shows the reflection and refractive index values over a wide range of applied wavelength that
changes from the UV to the IR region. Figure 4a shows that the reflection values drop rapidly as the
wavelength changes in the UV region (at 354 nm). Figure 4a shows that the reflection values dropped
rapidly over the changing wavelength in the UV region, while the line profile of samples 15 and 20
cycles showed they retained their higher values compared to samples 5 and 25 cycles along all
wavelengths used in this investigation.

In figure 4b. shows the refractive index values, which revealed that the value for the two samples of 5
and 25 cycles is higher compared with the two other groups of samples (15 and 20 cycles), it was 1.33
and 1.2 at the energy gap of 2 eV, respectively. As well as the refractive index (n) increased rapidly from
1.56 and 1.43 to reach around 2.6 as the band gap energy increases from 3.62 eV to around 4.2 eV for
the (5 and 25 cycles) and (15 and 20 cycles) groups, respectively.

In figure 5 demonstrates the type of band gap value for all the samples under consideration; this type
can be calculated by Tauce formula [14, 15].

ahv = C(hv — Eg)™ 9
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In equation (9), where E; represents the energy gap between the lowermost of the conduction band and
the topmost of the valence band, and hv is the energy of the incident photon.

The calculations show the value of band gap energy for the (5-cycle) sample is (3.67 eV), and this value
increased as the number of cycles increased to 15 and 20 cycles to become (3.69 eV and 3.81 eV),
respectively. However, its value reduced for the last sample (25 cycles) to become (3.8 eV). As a result,
it can be seen clearly in the graph of ((ahv) #2) versus band gap energy that the band gap for this structure
is of a direct type.

80 -

Eg 25= 3.8 eV =25 cycle
70 1 Eg 20= 3.81 eV :%g gﬁz
60 - Eg 15=3.69 eV

Eg 5=3.67 eV

(=]

(a h v)? (eV/cm)?
N W B (9]
o (e

—
(=R )

=)

3 3.2 34 py(ev) 36 3.8 4

Figure 5. Shows the type of band gap energy with its values

The absorption coefficient (o) was evaluated from the absorbance spectra utilizing formula (10) [15].

23034
a=— (10)

In equation (10), where A and t are the absorbance and thickness of the films, respectively.

The experimental results of figure 4 showed that the energy gap coincides with the results of figure 6. It
has been proven that these films have respectable absorption characteristics in the UV spectra. This
demonstrated that the films of ZnO can be applied to the solar cell as transparent windows.

k=2 11

In equation (11), where (K) represents the extinction coefficient factor that shows the fraction of light,
which is lost due to the absorption and scattering of incident light per unit distance of the medium
[16][17][18].

100 - -
5 cycles
80 - 15 cycles ]
20 cycles
25 cycles
60 - -
(=]
40 — a)
20 -
o T
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Figure 6. (a) Shows the absorption coefficient with energy gap, (b) the extinction coefficient factor versus
wavelength

The figure 6a. shows an increment in extinction coefficient values gradually and shifts toward higher
energies as cycles increase, while the absorption coefficient shifted to a lower energy gap as shown in
figure 6b. The results show that two samples of 5 and 25 cycles absorb light more efficiently, so they
appear opaque and shiny compared with the two samples (15 and 20 cycles, respectively) at the
wavelength higher than 375 nm, while all samples have similar absorption at wavelengths lower than
375 nm. This illustrates how the reflectivity of samples of 5 and 25 cycles also increases while their
transmittance is lower compared to samples (15 and 20 cycles, respectively).

CONCLUSION

ZnO thin films were also obtained through the SILAR technique in this paper, with deposition cycles of
5, 15, 20, and 25 cycles, to evaluate the structural and optical characteristics of ZnO films. The analysis
using X-ray diffraction (XRD) showed that the material was polycrystalline and hexagonal in nature
with preferential orientation on the (100) plane. The size of the grain was proportional to the deposition
cycles, and the density of dislocations was reduced, which means the quality of the film and crystallinity
were improved. The optical band gap was between 3.67 ¢V and 3.81 eV, with the largest being recorded
in the case of the 20-cycle sample, which shows the impact of deposition cycles on the optical properties
of the film. The absorbance was low at a high cycle number, which was associated with increased
scattering and a greater level of control over the grain boundaries. These results imply that the SILAR
technique is a low-cost technology to produce ZnO thin films with customized properties to be used in
different optoelectronics. Future studies can be done on how to tailor the other parameters of deposition
which include the precursor concentration and the annealing temperature in order to further improve the
characteristics of ZnO thin films. Also, the prospect of the incorporation of these movies into practical
products, including solar cells, sensors, transparent conductive surfaces, etc., may shed more light into
the real-world applications of these movies. More research might also be done to determine the stability
and performance of the ZnO films on a long-term basis in the real-life scenarios in order to guarantee
their functionality in the business world.
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