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ABSTRACT

The effect of zinc oxide (ZnO) multilayer thin film thicknesses, deposited via the sol-gel spin
coating technique, on the morphology, structural and optical properties of ZnO nanorods
(ZNR) grown on the ZnO thin films were explored in this investigation. The ZNR was
grown using the chemical bath deposition method on the ZnO thin film seed layer (SL).
We found that ZnO thin film SL morphology changes according to the number of layers
based on the results. Eventually, these changes also influence the structures of ZNR. ZNR
structures improved when the thickness of the seed layer increased. Besides the surface
roughness, better crystalline quality films were obtained when more layers were deposited.
This crystalline quality then influenced the optical characteristics of both ZnO and ZNR
thin films. The optical properties from UV-Vis showed transmittance in the visible region,
showing that the ZnO films produced were suitable to be applied to solar cells. ZNR-based
solar cells have become one of the promising materials to be studied further due to the
environment-friendly, low-cost, and well-abundant material for solar cell applications.
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among researchers because it owns a wide band gap (3.2-3.4 e¢V) and is also low-cost and
non-toxic. These characteristics have left it within the detectable region that possesses high
optical transmission, sufficient for the basic range sun detection (Rwenyagila et al., 2014).
Therefore, it has wide applications in optoelectronic devices due to its electrical, structural,
and optical properties (Khan et al., 2021; Sharma et al., 2014; Djurisic et al., 2010). Besides,
ZnO also possesses numerous families of nanostructures. Numerous studies show that ZnO
could be synthesized to produce nanoring, nanobelts, nanowires, and nanorods (Alenezi
etal., 2018; Chen et al., 2021; Mohammadzadeh et al., 2020).

Nanorods are one of the ZnO nanostructures that have been greatly explored by many
researchers (Huey et al., 2021; Kannan et al., 2020; Zhou et al., 2019). ZnO nanorods (ZNR)
are 1-dimensional (1D) nanostructures with fascinating physical properties. Moreover, 1D
structures like ZNR are believed to have more surface-to-volume ratio than 2-dimensional
(2D) structures; thus, this type of nanostructures offers an enhancement to increase the
sensitivity in many applications (Zhang et al., 2012). Various methods could be utilized
to grow ZNR, such as vapor-liquid-solid (VLS), physical vapor deposition (PVD), pulse
laser deposition (PLD), chemical vapor deposition (CVD), and the most favorable approach
among researchers is chemical bath deposition (CBD) (Kumar et al., 2018; Jimenez-
Cadena et al., 2010; Hajezi et al., 2008; Rodriguez-Martinez et al., 2020; Mosalagae et
al., 2020). CBD is a favorable method to synthesize ZNR owing to the ability to produce
good crystallinity quality films, aside from the low cost and low-temperature process. Many
researchers are actively studied in controlling the morphology and structures of ZNR using
this CBD method (Roy et al., 2013; Khranovskyv et al., 2012; Abdulrahman et al., 2020).
Many reported studies to show that vital parameters could control the growth of ZNR,
such as growth temperature and duration, type of SL, precursor concentration, pH of the
aqueous solution, and thickness of SL (Abdulrahman et al., 2020).

Considering all these essential considerations, the SL becomes an important element
in controlling the growth of ZNR. Hence, the SL’s thickness is influential in producing
a well-aligned ZNR. A few approaches controlled this thickness. One of the approaches
considered is depositing a multilayer of SL during the deposition process.

Multilayer or layer by layer ZnO can be produced or deposited by many methods. The
method of deposition includes RF magnetron sputtering, pulse laser deposition (PLD), spray
pyrolysis, dip-coating, and sol-gel spin coating techniques (Hasabeldaim et al., 2020; Al
Farsietal., 2021; Regmi & Velumani, 2021; Abdel-Galil et al., 2021; Lokesh et al., 2020).
Advantages such as simple, practical in terms of cost, and large area deposition technique
make sol-gel spin coating favorable among researchers. According to the previous research
and findings, it is important to determine a suitable thickness for the SL since it can be an
essential factor in producing well-aligned ZNR (Banari et al., 2021). Well-aligned ZNR
offers more effective performance in many applications. For example, Gunes et al. (2007)
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stated that aligned ZnO nanorods are employed in solar cell applications to raise the
persistence of the cell. In addition, the movement of the charge carrier was also regulated
by the tidy rods that were constructed by well-aligned nanorods. Based on this, the suitable
thickness of the ZnO SL needs to be controlled to produce a well-aligned ZNR. In this
investigation, multilayer ZnO thin films were deposited layer by layer via the sol-gel spin
coating technique to obtain a suitable thickness for ZnO thin film that functions as the SL
for ZNR. One to five layers of ZnO were deposited, and these prepared ZnO thin films
were applied as the SL to grow ZNR by the CBD method. All ZnO and ZNR films were
characterized morphologically, structurally, and optically to study the impact of the SL
thickness on the ZNR properties.

METHODOLOGY

This study can be separated into two different parts. The first part is the deposition of ZnO
thin films with different layers, followed by the growth of ZNR on five different numbers
SL. Then, after the fabrication process of ZnO and ZNR thin films was performed, the
characterization process for physical, structural, and optical properties was carried out. All
these processes are explained in the next subsections. Finally, the summary of the overall
methodology is illustrated in Figure 1.

[ Deposition Process ] [ Characterization Process ]

Morphology (FESEM)

= Thickness (SP)

Synthesis of zinc oxide nanorods

Figure 1. Summary of deposition and characterization process
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Deposition of ZnO Thin Films by Sol-Gel Spin Coating Technique

0.4M ZnO solution was produced via the sol-gel method by mixing the following
chemicals: zinc acetate anhydrate, monoethanolamine (MEA), and 2-methoxyethanol. For
the precursor, zinc acetate anhydrate was used, while MEA acted as the stabilizer, and for
the solvent, 2-methoxyethanol was employed. At first, zinc acetate was weighed and put
in a Schott bottle. 2.4 mL of MEA was poured into the bottle before 2-methoxyethanol
was added until the total solution was 100 mL. This mixture was stirred on a hot plate at
300 rpm with 80 °C heat. The heat was switched off after 3 hours, and the stirring process
continued as the aging process for 24 hours to produce a homogenous and transparent
(clear) 0.4M ZnO solution.

The deposition process was performed via the spin-coating technique when the aging
process was completed. ZnO thin film had been deposited with different numbers of SL. This
investigation employed indium tin oxide (ITO) as a substrate. Beforehand, ITO substrates
were cleaned using a standard cleaning process, using ethanol and deionized water (DI).
The spin-coating process started by placing the ITO substrate on the stage of the spin-
coater (center), then ZnO solution (10 drops) was dropped onto the spinning substrate. This
spinning process was set up at 3000 rpm for 60 seconds. After that, the deposited sample
was let dry in a furnace at 150°C for ten minutes. These processes were repeated to obtain
ZnO thin films with 1, 2, 3, 4, and 5 layers. Each layer was dried after being deposited
with ZnO solution. Finally, the annealing process was carried out for one hour, at 500°C,
after the last layer was deposited to complete the deposition process. Figure 2 shows the
experimental diagram for ZnO thin film deposition process, while Table 1 describes the
classification of the samples produced in this investigation.
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Figure 2. Sol-gel spin coating process for ZnO thin films samples with different number of layers
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Table 1

Classification for ZnO samples produced
Number of deposition layer 1 2 3 4 5
Classification 1-SL 2-SL 3-SL 4-SL 5-SL

Growth of Zinc Oxide Nanorods via Chemical Bath Deposition Method

A 0.1M ZnO solution was first prepared by dissolving zinc nitrate hexahydrate
(Zn(NOs),"6H,0, 99%) and hexamethylenetetramine ((CH,)6N,, 99.5%) in deionized water
(DI) to grow ZNR. Then, the molar ratio of Zn(NO;),"6H,0 and (CH,)6N, was fixed to 1:1,
and DI water was poured into the used beaker to get 500 mL of ZnO solution. The sonication
process was the next step using an ultrasonic bath (Hwasin Technology PowerSonic 405, 40
kHz). ZnO solution was sonicated at 50 °C for 30 minutes. After that, the solution was kept
stirred on a hot plate at 300 rpm for 1 hour at room temperature. When the aging process
was completed, the prepared ZnO solution was divided into five different Schott bottles,
with 100 mL volume each. ZnO thin films with the different number of layers deposited
earlier were immersed upside down in each Schott bottle.

Then, all these bottles were put into a hot bath (Memmert) that contained preheated
DI water. The hot bath temperature was set to 95 °C, and this growth process was fixed
to one hour. After one hour, all the samples were taken out of the hot bath. These samples
were first rinsed with DI water to eliminate the precipitate powder before drying at 150
°C for 10 minutes. Finally, the annealing process was performed for one hour at 500 °C to
complete the growing process of ZNR. In summary, these processes are illustrated in Figure
3. The chemical in Equations 1 to 5 described the growth mechanism of ZnO nanorods.

ZnO solution was kept stirred
at 300 rpm and aged for 1 hour

0.1M ZnO solution was
sonicated in ultrasound for 30
minutes at 50 °C

Solution was divided into

5 different bottles. ZNR on
different number of layer
seed layers were grown for
1 hour at 95 °C

ZNR was successfully Grown ZNR were dried for 10

grown on different lloe u minutes at 150 °C, and the process
number of seed layer was completed with annealing
process at 500 °C for 1 hour

Figure 3. The growing process of ZNR by chemical bath deposition
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Zn(NO,), + CH,N, o [Zn(CeH N, + 2NO* [1]
CHN, + 4H,0 « CH,N* + 40H [2]
[Zn(CH N, + 40H < Zn(OH)> + C¢HN, [3]
Zn(OH).> ~ Zn(OH),+ 20H- [4]
ZnO(OH), « ZnO + H,0 [5]

Characterization of ZnO and ZNR Thin Film

All the deposited ZnO and ZNR thin films were characterized to examine their physical,
optical, and structural properties. Morphological of ZnO and ZNR were explored by field
emission scanning electron microscope (FESEM, Hitachi SU-030), while the optical
properties were explored with an ultraviolet-visible spectrometer (UV-Vis, Jasco/V-670
EX). A surface profilometer (SP, KLA-Tencor P-6 Stylus Profiler) was chosen to measure
the thickness of all samples in this study. An atomic force microscope (AFM, Park
Systems XE-100) characterized the surface topology and the roughness of thin films. The
characterization was performed using X-ray diffraction (XRD, PANalytical X’Pert PRO)
to determine all samples’ crystallinity quality (structural properties). The results obtained
from these characterizations are present and discussed in the next section.

RESULTS AND DISCUSSION

Morphology of ZnO thin films deposited with the different number of layers was observed
using FESEM. Figure 4 presents the images obtained for ZnO thin film deposited with 1
and 5 layers. A contrast change could be identified in Figures 4(a) and (b), in which the
structures of ZnO thin films become denser and uniform when further layers are deposited.
Even though 1-layer ZnO thin film shows a uniform structure, small cracks could be
observed. These cracks improved the increased number of deposition layers. Crack-free
and clear agglomeration structure was shown in Figure 4(b), proving that several layers
produce a better structure of ZnO thin films. The difference between these structures might
be from the spin-coating process. The uniformity of a thin film could be affected by the
spin-coating process.

In contrast, in a 1-layer ZnO thin film, the distribution of ZnO nanoparticles was not
evenly spread, thus producing less uniform ZnO structures. Increasing the deposition layer
could overcome this issue. The non-uniform ZnO nanoparticles were then covered by the
subsequent layers of ZnO nanoparticles, which resulted in a more uniform structure of
ZnO thin film. the uncovered area was covered by the next layer of ZnO deposition during
the first layer, resulting in better and uniform structures. This statement was supported
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Figure 4. Comparison of ZnO thin films deposited with (a) 1-layer and (b) 5-layers

by the FESEM images in Figure 4(b), in which an improvement of ZnO nanostructures
was achieved when the number of layers was increased. This finding indicates that good
quality ZnO thin films (dense and crack-free) could be produced with the increment of
deposition layers.

In a study reported by Kumar et al. (2013), the same parameter was varied. However,
the thickness for each layer was constantly deposited, which is ~19 nm. According to their
findings, the morphology and structure of their ZnO thin films were improved as the number
of depositions was increased (Kumar et al., 2013). It is due to the thickness increment of
the thin films when further layers are deposited. Based on their study, Kumar et al. (2013)
also stated that thicker film produces better morphology of ZnO thin films. Similar to this
study, particles in the 5-layer ZnO thin film show a higher thickness, correlated with the
increase in the number of layers, compared with the 1-layer ZnO thin film. This statement
is proven by the surface profilometer (SP) measurement. The thickness of the samples
significantly changes with the number of layers. Table 2 describes the thickness value for
all samples deposited with different layers.

Table 2

The value of thickness ZnO thin films deposited with variation layers
Sample 1-SL 2-SL 3-SL 4-SL 5-SL
Film thickness (nm) 58.52 123.23 195.03 236.85 284.20

Table 2 shows the thickness values for each ZnO thin film deposited with a different
number of layers. Based on the results, the thickness of the samples shows a proportional
relationship with the number of deposition layers. Significant changes could be seen in
each sample. As shown in Table 2, an almost constant value was found when each layer
was deposited on the existing ZnO layer. An average value of ~56 nm was determined
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based on the measured data. This finding proved that the addition of each layer contributes
to the increasing thickness trend of ZnO thin films with a different number of layers. This
occurrence might come from the amount of ZnO nanoparticles that rise accordingly with
the deposition layer. A higher number of layers provide many ZnO nanoparticles settling on
the substrate or existing layer of ZnO (Khan et al., 2017). Hence, a higher value of thickness
is produced. This attained result can be related to the finding reported by Shariffudin et
al. (2012) in which ZnO thin films in their study had higher thickness when several layers
were added. They varied the number of layers during the spin-coating process, the thickness
of the films changed, and the grain size for ZnO nanoparticles (Shariffudin et al., 2012).

Other than that, since the total thickness of ZnO thin film deposited with 5-layers is
almost five times that of a 1-layer sample, we attribute this linear increment of the thickness
to the drying process that we conducted at the end of each layer during the deposition
process. The drying process improved and allowed the particles in one layer to be stable and
dense before the subsequent layer was deposited. Regarding this drying process, Addamo
etal. (2008) stated that when each layer was dried, the layer would grow over irregular and
preformed the crystalline surface or structure, resulting in higher thickness for the films.
It was based on their finding that they acquired thicker films when every layer was dried
before the next layer was deposited. Besides, the increment of the thin film’s thickness
had influenced the surface topology and roughness of the ZnO thin films. It was proven
by the results obtained from AFM measurement, as shown in Figure 5.

Figures 5(a) to 5(e) presented the 3-dimensional (3-D) images of ZnO thin films
deposited for this study. The images indicate that the addition of the layer on top of the
previous layer had affected the topology of the sample and the surface roughness. It could be
observed that the roughness of the ZnO thin films increased with the addition of the number
of layers, as the last sample with the highest thickness possesses the roughest surface.
According to the AFM analysis, the surface roughness for all samples was recorded in the
range of 4.77~9.20 nm, respectively. The rising surface roughness might be attributed to
the formation of the grains that becomes larger significantly with the changes in thickness
(Kumar et al., 2013). Besides, the correlation between the thickness of thin films and the
film’s roughness was also investigated by Kaiyong et al. (2005) and Daniel et al. (2014).
Their studies concluded that roughness varies with thickness, where when thin films
become thick, the film roughness increases. It corresponds with the findings in this study.
This finding could be related to the agglomeration of the samples, which influenced the
surface roughness of the thin films. Since the number of layers was increased, the total
amount of available ZnO particles also increased. The ZnO particles then agglomerate,
making the surface rougher.

The crystalline quality of the samples was influenced by the difference in the thickness
value in this study. Figure 6 revealed the XRD spectra for all samples with different numbers
of the deposition layer.

2620 Pertanika J. Sci. & Technol. 30 (4): 2613 - 2638 (2022)



ZnO Multilayer Thin Films as the Seed Layer for ZnO Nanorod

Figure 5. Surface topology of ZnO thin films with different number of deposition layers
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Figure 6. XRD analysis for all thin films deposited with different number of layers

The XRD patterns for all ZnO deposited with different layers are shown in Figure
6. Referring to the XRD pattern obtained, it is clearly shown that all deposited films are
in good concurrence with the standard ZnO diffraction pattern of JCPDS no 36-1451.
Referring to the XRD spectra, the diffraction peaks 26 of ~37-38°, ~44.69°, and 65.11°,
which correspond to (101), (102), and (103) crystalline peaks of ZnO, were observed. It
could be seen that (101) peaks appear in all samples (1-5 layers). However, the intensity
increment can be detected when further layers are deposited. The intensity increased in

Pertanika J. Sci. & Technol. 30 (4): 2613 - 2638 (2022)




Rohanieza Abdul Rahman, Muhammad AlHadi Zulkefle, Sukreen Hana Herman and Rosalena Irma Alip

the 3-SL sample and became higher at 4 and 5-SL. This (101) also shifted to the right due
to improved crystalline quality. Meanwhile, (102) and (103) peaks are only present in 3,
4, and 5-SL ZnO thin films. Both peaks could not be observed in 1 and 2-SL samples but
started to appear when ZnO thin film was deposited with three layers.

Among all peaks, (102) becomes dominant, and the highest intensity can be seen in
5-SL ZnO thin films. This result might be attributed to the thickness of the thin films that
increase proportionally with the number of layers. The thicker film has more atomic layer
to diffract X-rays (Goncalves et al., 2017). For the changes in the crystal orientation, we
assume that as the layer increases, more atoms somehow tend to align in the (102) direction
and pass the crystallographic information to the subsequent layers. The drying process
conducted at each layer also might influence the crystalline quality of ZnO thin films.
During the first layer deposition, the ZnO thin films were randomly oriented (Shariffudin
etal., 2012). After the layer was dried, the stabilizer and solution vaporized. Then, after the
deposition of the second layer, the first layer becomes a shape or template for the next layer,
thus supporting the orientation and enhancing the crystalline properties of the deposited
samples. With sufficient thickness and the number of layers, the peak and orientation
become dominant compared to other peaks. On the other hand, the annealing process at
the end of the deposition process also plays a crucial part in enhancing the crystallinity
quality of the ZnO thin films.

Details of crystal properties for each of the peaks appearing in all samples are
summarized in Table 3. The full width at half maximum (FWHM), crystallite size, d,
dislocation line density, 6 and interplanar spacing, d, values are tubulated based on the
peaks obtained. Crystallite sizes were calculated using Scherer’s formula, according to
Equation 6.

_ 0941 6
~ Bcosh [6]

d is the crystallite size for the samples, obtained according to the crystallographic peaks
in XRD spectra, A is the X-ray wavelength (1.542 A), B is the diffraction line broadening/
expanding at half of the maximum intensity (FWHM) of the peak, and 0 is the Bragg’s
angle of diffraction in radian (obtained from 20). From the determination of d, dislocation
line density could be calculated using Equation 7, and interplanar spacing, d, for all peaks
was determined using Equation 8

6= [7]
_ ni 8]
" 2sin6
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According to Equation 7, dislocation line density was obtained by dividing 1 with
the value of crystallite size, calculated using Equation 6. d in Equation 7 referring to the
value of calculated crystallize size. For interplanar spacing, d, n=1 is the order value of
diffraction, while A is the same value used in Equation 6, which is the X-ray wavelength
(1.542 A), and 0 is the Bragg’s angle of diffraction, which is the same value used for d
calculation. An inversely proportional relationship between FWHM for all existence peaks
with several layers could be observed in Table 3. Unlike FWHM, as described in Table 3,
the crystallite size for ZnO thin films directly correlates with the number of layers. The
value of crystallite size increase with the increment of the number of deposition layer.
These findings are similar to the studies reported by Khan et al. (2017) and Kamalianfar et
al. (2013). Both researchers also obtained the same finding, which the crystallite size for
their ZnO thin films increased when they increased the number of layers throughout the
deposition of the thin films. According to this, it is proven that the thickness had influenced
the deposited samples’ crystalline quality.

Table 3
Detail crystal properties for ZnO thin films deposited with 1, 2, 3, 4 and 5-layers

Orientation, o Crystallite  Dislocation line density, Interplanar
Sample hkl 200) FWHM ¢ D m) 5 x 10-3 line/nm2)  spacing, d (Am)
1-SL 101 37.96  0.5284 27.96 1.279 2.3705
2-SL 101 37.96 0.4874 30.32 1.088 2.3705
101 38.47 0.3654 40.44 0.612 2.3403
3-SL 102 44.68 03113 47.47 0.438 2.0284
103 65.11  0.3504 42.17 0.562 1.4329
101 38.48  0.3638 40.62 0.606 2.3397
4-SL 102 44.68 0.3087 47.86 0.437 2.0284
103 65.11  0.3449 42.84 0.545 1.4328
101 38.48  0.3552 41.60 0.578 2.3397
5-SL 102 44.68  0.3066 48.19 0.431 2.0284
103 6523  0.3059 48.31 0.428 1.4303

Kamalianfar et al. (2013) also stated that the thickness or thicker film would give
better crystallinity quality because thicker film tends to have a smaller value of dislocation
line density, . The results obtained in this study agree with this statement, where the
dislocation line density and 6 value decline with the increment of the crystallize size and
number of layers. Decreasing the value of 6 means that the film has less dislocation of
atom arrangement, thus improving the crystalline properties of the samples produced. As
for the interplanar spacing, d, the value decreases as the peak appears at a higher degree
(20). It is due to the increase of Ak/, which is (101), (102), and (103). The increase of the
hkl value produced a smaller value of interplanar spacing for each peak present (Bindu et
al., 2014). Other than that, it could be observed that the interplanar spacing decrease with
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Figure 7. Optical properties (transmittance and absorbance) for 1-SL, 2-SL, 3-SL, 4-SL, and 5-SL ZnO
thin films obtained from UV-Vis

the increment of deposition layers. This difference in d values suggests a different value
of lattice parameters and atomic radii.

As the deposition layers or number of layers of ZnO thin films was increased, the
thickness of the thin films was also increased, as stated earlier. Besides crystallinity, this
thickness also affects the optical properties of the deposited ZnO thin films. As shown
in Figure 7, the transmittance and absorbance for all samples were measured in the
wavelength range between 350-800 nm. Generally, ZnO absorbs in the UV region of the
electromagnetic spectrum (Shalu et al., 2020). Based on the transmittance spectra obtained,
the transmittance values obtained decrease with the deposition layer of ZnO thin films.
It could be related to the thickness of the thin films, which has a linear relationship with
the number of layers of ZnO thin films. ZnO thin film with 1-Layer transmits the highest
value of transmittance due to the film thickness, which has the lowest value, that allowed
the incident light to penetrate easily. Due to this, the transparency of ZnO 1-SL gave the
highest value as compared to the other samples. In contrast, ZnO thin film with five layers
of deposition gave the lowest transmittance value, caused by the thicker film when further
layers were deposited. This thicker layer prevents the incident light penetration for the
film with higher thickness. By referring to the thickness value obtained from the surface
profilometer, 5-Layer samples have the highest value, which means that there was more
interference for incident light to penetrate; thus, the least incident light was transmitted
and caused the reduction in transmittance value. This transmittance reduction has satisfied
the Beer-Lambert law, given by Equation 9.

T = exp(~* 9]

2624 Pertanika J. Sci. & Technol. 30 (4): 2613 - 2638 (2022)



ZnO Multilayer Thin Films as the Seed Layer for ZnO Nanorod

Where the intensity of transmitted light, 7, decreases exponentially with the thickness of
the sample, d, and absorption coefficient, a. As the incident light penetrates and shines
through the sample, the total of the incident light reduces due to scattering from the films
(Taha et al., 2015). This light scattering might cause the surface roughness and grain size
of the films that could be increased from the thickness increment (Teh et al., 2017). The
absorbance analysis exposed the light absorption behavior ranging between 350 and 800
nm. Figure 7(b) presents the absorption behavior of all ZnO thin films deposited with 1,
2,3, 4, and 5 layers. Based on the absorption spectra, the absorbance of all ZnO thin films
was proportionally increased with the film thickness. This behavior might be due to the
enhancement of the crystallinity quality of the films, which was proved by the XRD analysis
obtained. From the UV-Vis measurement, the optical energy band gap for deposited films
was estimated and determined using the Tauc relation, given Equation 10.

(ahv) = B(hv — E,)" [10]

Where o is the absorption coefficient, /v is the photon energy, E, is the optical bandgap,
and B is an energy-independent constant (1 X 10°to 1 X 10° cm™ eV""), which is dependent
on the electron-hole mobility, and n= % is used for directly allowed transitions. The
calculated optical bandgap for all deposited samples was summarized in Table 4, and the
extrapolating graphs are presented in Figures 8(a) to 8(e). The optical energy bandgap is
deduced from the intercept of the x-axis at zero y-axes from the plot of a/v against hv
through extrapolation of the linear part of the plot. By referring to the calculation results,
the increment of optical energy bandgap value for ZnO thin films with a different number
of layers could be observed. A slight increment of optical energy band gap was found for
each layer that increased. This increasing trend can be related to the crystallinity quality
of the thin films. The energy bandgap reduces with the quantum size effect, whereby the
bigger the crystal size, the smaller the energy bandgap would obtain (Suzuki et al., 2005).
This statement is supported by the crystal size calculated based on XRD spectra, in which
the size decreased when a further layer was added. Thus, smaller crystallite size produced
a higher value of E,. Saravanan et al. (2015) also obtained the same trend of optical energy

bandgap in their study. In their study, ZnO
Table 4

had been deposited at 20, 50, and 150 nm. The value of optical band gap for all ZnO thin films
They discovered that the optical energy

bandgap for their ZnO films increased as the

Number of layers ~ Optical band gap value (eV)
1 3.15

2 3.19

in this study. 3 321

Next is the investigation of the effect of 4 3.24

the ZnO SL thickness on the ZNR growing 5 3.25

thickness increased, similar to the finding
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Figure 8. The TAUC plot for estimation of the optical energy band gap, E, value for all samples (a) 1-SL,
(b) 2-SL, (¢) 3-SL, (d) 4-SL, and (e) 5-SL

process. As described in the methodology section, the growing process and conditions
were constant for all samples. Figures 9(a) to 9(c) shows the morphology for ZNR grown
on 1, 3, and 5-layers ZnO thin films observed with FESEM. From the FESEM images, the
structures of ZNR improved as the number of layers increased. For 1-Layer SL, irregular
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Figure 9. ZNR structures improved with the increasing number of layers, (a) 1-Layer ZnO SL, (b) 3-Layers
SL, and (c) 5-Layers ZnO SL

nanorods were grown on the SL, as shown in Figure 9(a). Even though very sharp hexagonal
nanorod structures were observed, the growth of the nanostructures was not uniform, and
a large diameter could also observe. This uneven growth might be due to the particles of
the ZnO, which were not evenly spread during the deposition process for the 1-Layer ZnO
thin film. As explained earlier, the ZnO particles’ distribution was improved when a further
layer was deposited. The uniformity of the SL is important to produce aligned and dense
ZNR because this SL will become the nuclei site for the ZNR to grow.

Significant changes in structures presented in Figures 9(b) and 9(c), 3, and 5 layers of
ZnO SL were used to grow ZNR. Uniform and dense ZNR nanostructures grown on both
3 and 5-Layers SL. The enhancement of the growth of ZNR was attributed to the uniform
ZnO SL produced when a further layer was added. For example, there might be an uneven
distribution of ZnO particles during the first layer. Then another layer was added, and that
area was covered; thus, the uniform surface of the nuclei site was produced. A uniform
nuclei site would assist the growth of ZNR since the nanorods will grow based on the
nuclei site. As a result, uniform and dense ZNR was produced. Similar phenomena were
reported by Ikizler et al. (2014). They claimed that the surface seed of the parental seeds
could serve as nuclei for the further growth of nanorods.

The surface topology and roughness of the ZNR samples were observed and compared.
From the observation, the surface roughness for all samples has a proportional relationship
with the thickness value, similar condition with the seed layer. Compared with the seed
layer samples, ZNR exhibits a significant increment. The value of the surface roughness
ranges from 6.53~70.82 nm. ZNR grown on 5-layers of seed layers gave the roughest
surface, which is 70.82 nm. The gradually increasing trend of ZNR surface roughness might
be due to the growing process has undergone several processes: nucleation, crystal, and
grain growth. Since the ZNR was grown on the seed layer, the last sample (5-SL) produced
the roughest surface due to the agglomeration, as shown from FESEM images. From this
finding, the 5-SL sample could be a potential candidate for solar cell application due to the
highest surface roughness among all prepared samples. The light-trapping process would
be more effective on the rougher surface due to the different directions from the surface.
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Figure 10. AFM images of the ZNR thin film with (a) 1-layer, (b) 2-layers, (c) 3-layers, (d) 4-layers, and
(e) 5-layers seed layer

Scattered light beams will fall on the interfaces non-perpendicularly, which results in higher
angular-dependent reflectance at the interfaces compared than in the case of the normal
incidence (Lubomir et al., 2014).

The existences of the ZNR crystal structure grown on different numbers of SL were
analyzed using XRD measurement, as shown in Figure 10. The variations of crystalline
structure for all samples were evident in the XRD patterns, and three major diffraction
peaks can be seen. These three diffraction peaks were identified as (100), (002), and (101),
which indicates the good crystalline quality of ZNR films prepared. These corresponding
peaks are commonly reported peaks for ZnO nanorods structures. Among these three
peaks, the (002) peak represents the structural properties of ZnO in the c-direction, the
nanorods’ growth direction due to the plane’s minimum energy. Therefore, the presence
of the (002) peak in all samples indicates that the growth direction of ZNR is in perfect
alignment (Hock et al., 2016).

It is also can be seen that the intensity of the (100), (002), and (101) plane increase
as the thickness of the SL increase. The increasing intensity might be due to the SL’s
thickness, which affects crystalline quality. On the other hand, it could be related to the
SL’s thickness, which increases proportionally with the number of layers and improves
the crystalline quality of ZnO SL. Due to this, the crystallinity of ZNR was also improved
and led to higher peak intensity. Pokai et al. (2016) stated that the cumulative energy on
the ZnO surface would increase when the ZnO SL is increased, thus will resulting in high
crystallinity of ZnO SL. This finding also can be supported by the morphology obtained
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Figure 11. XRD patterns of ZNR grow on different numbers of SL (1, 2, 3, 4, and 5-layers)

by FESEM images. The distribution and growth of ZnO nanorods enhanced with the
increase of SL number.

However, the increasing trend of peak intensity started to decrease when 4 and 5
layers were deposited for the SL. It means that ZNR grows at 3-Layers and has the highest
intensity for (100), (002), and (101) planes. Notable decrement changes can be seen when
the fourth layer was deposited and continue to decrease when the fifth layer was added. The
occurrence may cause by the misalignment of the ZnO nanorods during the growth process.
It could be explained by the seed/rod number ratio in forming a single rod. As correlated
with the morphology of ZNR, misalignment could happen when there are multiple nanorods
growing on a single seed. This growth process may lead to the misalignment of a rod, thus
affecting the crystallinity of ZnO nanorods. This finding is supported by the study by Ikizler
etal. (2014), which also obtained the same finding when the thickness of the SL increases.

From the XRD spectra, full width at half maximum (FWHM)), the crystallite size (D),
dislocation density (), and interplanar spacing (d) were calculated for (100), (002), and
(101) planes, while lattice constant (Cgy,) and (a,o) were calculated by referring to (002)
and (100) planes, respectively. Strain, ¢,,, and stress, ¢ were also calculated and tabulated
in Table 5. D, 3, and d were calculated using Equations 6, 7, and 8, as explained earlier for
ZnO thin film (seed layer). FWHM, D, 6, and d values for ZNR films decreased as layers
increased. However, these values started to rise again for the 4 and 5-Layers samples.
The differences in crystallite size may cause the broadening of XRD peaks (Madhavi et
al., 2019). It could be proved from the XRD spectra in Figure 11 5-Layers sample has
a broader peak compared with the 3 and 4-Layers samples. Other than that, there are
reported studies that state that the variation in crystallite is due to the aggregation and
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recrystallization during the crystal growth process, including heat structure (McGinty et
al., 2020; Padmanabhan et al., 2020).
While for the lattice constant a and ¢, the values were obtained by Equations 11 and 12.

A

©= Fsing L
A

€= sin 0 [12]

Here, A is the constant value of wavelength for the X-ray radiation source (0.154 A),
and 0 is the value obtained from 20 in the spectra. In this study, both a and ¢ values for all
ZNR films are 2.918~3.202 for @ and 5.112~5.127 for ¢, which approaches the theoretical
value of a (3.249) and ¢ (5.204). These values also prove that the ZNR films produced
in this study have a hexagonal wurtzite structure. As for the strain, €,,, and stress, o, the
values were calculated based on Equations 13 and 14.

g, = Lim=bulk » 100% [13]
Chulk

o = 2CE; — C33(Ciy + Ci3) .
2C;5 2z

[14]

For Equation 13, Cy,, signifies the lattice parameter of the ZnO nanorod films, and C,
is the unstrained lattice parameter for bulk ZnO (5.2066 A). According to the Equation
14 which used to calculate the stress, C;;is the elastic stiffness constant of bulk ZnO
(C,,=208.8 GPa, C,=119.7 GPa, C;5=104.2 GPa, and C;;=213.8 GPa) and ¢,, is the lattice
strain obtained from Equation 13. The difference in film thickness had affected the crystal
growth, including the formation of strain and stress in the lattice (Chason et al., 2018). The
positive and negative strain values represent the tensile strain when the film is stretched
and the compressive strain when compressed (Chason et al., 2018). In short, the positive
value could be classified as a tensile strain; in contrast, it is considered a compressive
strain. While for stress, if the value obtained is positive, it is considered tensile stress,
and the negative value indicates the compressive stress [49—50]. Therefore, based on the
calculation, the strain values for ZNR films in this study were obtained in a negative value,
which is compressive strain. This phenomenon could be related to the film’s crystallite
size, decreasing as the thickness increases. Rezaie et al. (2018) reported that the increase in
film thickness might be promoted by decreasing crystallite size because bigger crystallite
size may induce lower-strained films. Moreover, the reduction of crystallite size and film
strain enhancement was supported by the decreased d and cg;,, values obtained. In contrast
with stress, the values were positive, representing the tensile stress.
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The difference in strain and stress of ZNR films might be attributed to deficiencies in
the crystal’s lattice, such as stacking faults, grain boundaries, and dislocation density (Irvine
et al., 2013). Usually, the grain boundary formation is believed to develop the strain and
stress of the films. The interactions between the grains would lead to the tensile stress,
while adding an adatom into the grain boundaries causes compressive stress (Yang et al.,
2019). Meanwhile, the growth rate and atom surface mobility could be related to their
strain and stress magnitudes (Magnfalt et al., 2015). Stresses might occur in the grown
film that used the aqueous solution approach during the fabrication process, resulting in
a lattice strain. Compressive tensile may occur during the growth process; thus, the strain
and stress are determined by the growth parameters.

Table 5
20, FWHM, crystallite size, dislocation density, interplanar spacing, lattice constant, strain and stress of ZNR
grow on different number of SL

E -« ) —_~ = - —_ =
s $_2¢% 582 i € &
= £ & Z 2E E=£ 53 - =
= = = = = = = e 9 = - a o W S
g = o = =< = &E iV S = -
< = N < A Q ;= = o= @«
2 o) = 2, S g9 =S g 3

= B L 2o - S = g = =
o) @) aT - & o S ) =
100 3235 04497 32.86 0.926 2.7677

1-SL 002 3497 03695 40.00 0.625 2.5668 3.190 5.127 -1.5307 3.56

101 36.83 04675 31.61 1.000 2.4404

100 3235 04042 3235  0.748 2.7674
2-SL 002 3497 03413 3497 0.534 2.5665 2918 5.126 -1.5480 3.60
101 36.74 03348 36.74  0.513 2.4468

100 3224 0.3001 3225 0414 2.7764
3-SL 002 3497 0.1544 3497  0.109 2.5665 3202 5.127 -1.5480 3.60
101 36.74 0.3087 36.74  0.436 2.4468

100 3236 0.3295 4483  0.498 2.7670

4-SL 002 35.06 0.3062 4826  0.429 2.5594 3191 5112 -1.8131 4.22
101 36.75 03499 4222  0.561 2.4467
100 3235 03745 3943 0.643 2.7674

5-SL 002 35.06 0.4019 36.77  0.740 2.5594  3.193 5112 -1.8150 4.22
101 36.83  0.4406 33.53  0.889 2.4403

The variations in the crystalline quality and lattice properties of the ZNR films may
contribute to the variation and changes in the optical properties of fabricated ZNR samples.
Fig. 12 (a) and (b) represent all samples’ transmittance and absorbance analyses, ranging
between 350-800 nm, respectively. The transmittance of the ZnO nanorods grown shows
a high percentage of transparency, in the range of 30~95% in the visible range. The
range of the transparency value for ZNR films is slightly lower than for ZnO thin films.
Fabricated films become thicker when ZNR is grown on the ZnO thin film, resulting in a
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lower transparency value of ZNR films. As described in Figure 12(a), the transmittance of
ZNR films shows a decrement trend with the increment of several layers due to the higher
absorption capacity of thicker films. The least transparency value in the thicker film might
be reasoning to the thick layer, which prevents the incident light from penetrating through
the layer. Other than that, the percentage of transmittance would reduce in the UV region
due to the onset of excitonic absorption (Ikizler & Peker, 2014).

120 25
100 H 20
—1-SL
80+ ——28L
159 ——3-SL
——4-sL
Sl ——5-SL

Transmittace (%)

Absorbance (Arb. unit)

—1-SL 05
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Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 12. (a) Transmittance and (b) Absorbance spectra for ZNR films grown on different numbers of SL

As for the optical absorbance, the absorption properties of the ZNR films with different
numbers of SL increase proportionally to the SL numbers in the UV region (below 400
nm) and lower in the visible region (400-800 nm). The result shows that ZnO nanorods
grown on 5-Layers of SL show maximum UV absorbance value. This finding corresponds
to the optical energy bandgap, calculated referring to eq. (10). The E, values for all ZNR
samples are presented in Table 6. The E, values for all samples were estimated from the
intercept of the x-axis, and the plot for all samples is shown in Figure 13. From Tauc’s plot,
the E, of ZNR films has a directly proportional relationship with the number of layers of
SL. This increment occurs due to the film’s thickness that increases when the SL number
increases. Therefore, the increasing number Table 6
of layers would produce a thicker film, which Optical energy bandgap for ZnO nanorods sample
influences the transmittance, absorbance, grown on a various number of SL

and optical energy band gap.

Sample Optical band gap value (eV)
The increase in grain size and strain 1-SL 323
might cause the increment in band gap value 2-SL 3.27
(Ikizler & Peker, 2014). In addition, this 3-SL 3.28
grain size will increase if the thickness or 4-SL 3.29
5-SL 3.67

chemical composition increases. These two
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factors will directly change the material (thin film) band gap (El Zawawi et al., 2017).
Therefore, even though the same material was used, the optical energy band gap would
change significantly with thickness and chemical composition changes. Other than that,
crystallinity, temperature, particle size, and a few other factors will also affect the value
of the energy band gap of thin film (Mahato et al., 2017).
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Figure 13. Estimation of E, for ZNR grown on (a) 1-SL, (b) 2-SL, (c) 3-SL, (d) 4-SL, and (e) 5-SL of a

seed layer
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CONCLUSION

In conclusion, multilayer ZnO thin film and well-aligned ZNR films were successfully
synthesized using the sol-gel spin coating technique and chemical bath deposition methods.
From the results obtained, it was found that the thickness of the films could influence the
characteristics and properties of the fabricated ZnO films. Increasing the thickness of ZnO
thin film that functions as the SL for ZNR growth influenced the structure and orientation
of ZNR. For consideration of morphology ZNR, the images obtained revealed that 5-layers
Zn0O SL produced well-aligned and dense-packed ZNR. It was evident that the crystalline
quality and optical properties of ZnO and ZNR films were also improved by the increment
of the thickness of the SL. XRD analysis shows that all ZNR samples exhibit (100), (002),
and (101) peaks, which prove that the films have good crystalline quality. Also, AFM
analysis revealed that higher thickness of the seed layer produced rougher surface ZNR,
which is one of the characteristics of the good potential for a solar cell.
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