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ABSTRACT

The paper presents the investigation of the method of seeding process for the growth of zinc
oxide (Zn0) nanorods (NRs) on the glass substrate as an electron transport layer (ETL) for
solar cells. The ZnO NRs were grown by using the hydrothermal method. The seeding process
was done via average deposition of zinc crystallite on the glass surface, and the process was
compared between with and without spin coating technique. The effect of spin coating
parameters during seeding phase on the growth of ZnO nanorods was also investigated in
this study. It was found that the sample prepared using the unfiltered solution without spin
coating in the seeding phase exhibited the densest ZnO NRs layer with the highest absorption
coefficient and high crystallinity.

Keywords: Zinc oxide, nanorods, nanostructure, spin coating, hydrothermal, electron
transport layer

1. INTRODUCTION

Solar power is one of the renewable resources that are widely used in the world. There has been
a renewed interest in the harvesting of solar radiation using photovoltaics. For example, dye-
sensitized solar cell (DSSC) comprises a dye-sensitized photoanode and an electrolyte separated
counter electrode in the third generation of solar cells (CE). Photons intercepted by the dye-
monolayer produce excitons that are instantly dispersed into the conduction band of the ETL at
the nanoparticle surface. A promising strategy to improve the electron transport layer (ETL) in
solar cells is to replace the photoelectrode of nanoparticles with single-crystalline nanoparticles.
It provides a large internal surface area. Nanorods (NRs) are nanomaterial classes with unique
optical, magnetic, electrical, and mechanical properties, which is an appealing choice for multiple
applications [1]. NRs also provides a unique opportunity to explore the remarkable physical
properties of all nanostructures [2]. Nanostructured zinc oxide (ZnO) can be fabricated using
various thin film techniques such as spray pyrolysis [3], sputtering [4], metal-organic chemical
vapor deposition [5] and hydrothermal process [6]. The hydrothermal method is widely adopted
for the fabrication of transparent and conducting oxide as the simplicity, reliability without
involving an expensive vacuum system and indeed a cheap way for large area coating. Other
benefits are provided by the hydrothermal method, such as better control over the morphology
and the size of the synthesized materials [7], ease of management and low-cost thin-film
fabrication of chemical components elucidate the structure and optical properties of ZnO NRs [8].
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Among the possible methods to acquire the ZnO NRs, the hydrothermal growth process is lean to
low-cost and ideal for large-scale development [9]. For the large-scale development of ZnO NRs,
the hydrothermal method is the most comfortable and economical [10].

The structure of ZnO is hexagonal wurtzite (lattice constant a = 0.3249 nm, c = 0.5206 nm) [11],
a versatile substance with wide-ranging applications [12]. It can be considered as a
multifunctional material because of its unique physical and chemical properties. ZnO is a
semiconductor of the n-type II-VI compound [13] with a broad bandgap of 3.37 eV. Although DSSC
based on ZnO generally produces lower conversion efficiency than TiO2 in DSSC, it remains a
possible alternative [14] due to high charge carrier (electron) mobility, transparent to visible
light advantageous in morphology. It has attracted intensive research effort because of its unique
properties and versatile applications.

Moreover, ZnO is interesting to be developed due to its high position of the conduction band,
which allows the possibility to generate higher photovoltage. There are many other factors for
the incredible popularity of ZnO, such as having enormous exciton binding energy (~60 meV)
leads to excitons that exist at room temperature [15], excellent thermal stability [16], high
mechanical and high chemical intensity. The thin film can be synthesized and developed by
different techniques [17]. Several studies have shown that ZnO NRs are regulated by several
important parameters such as aqueous solution acidity (pH), precursor concentration, growth
time, growth temperature, type of seed layer and seed layer thickness [18]. Much attention has
been drawn to the nanostructured ZnO materials due to their specific properties [19]. Previous
studies have shown that ZnO discovers large application areas such as planar nano due to its
greater surface area, which ZnO favors catalytic properties [20]. Thus, ZnO thin films may play a
significant role in developing advanced materials [21].

In this work, ZnO NRs were fabricated onto the glass surface via the hydrothermal method, and
their morphology and optical properties were studied in terms of the number of spin-coating
cycles (number of repetitions for spin coating and heat treatment) and rotational speed of the
spin coater affecting the roughness and thickness of the seed layer. The molar ratio of the starting
solution, formation duration, formation temperature, refreshing solution, seed layer thickness,
and annealing temperature are other considerations that could affect the diameter and length of
the NRs.

2. EXPERIMENTAL WORK
2.1 Sample Cleaning Process

The research work includes the glass cleaning process, the synthesis of ZnO NRs, and
optoelectronic characterizations of ZnO NRs. The synthesis of ZnO nanostructures such as
nanowires, nanocycles, nanobelts, and nanocombs has been achieved successfully over the past
ten years [22]. In this work, hydrothermal process is utilized to synthesize ZnO nanostructures.
The hydrothermal synthesis method involves one of the various techniques to crystallize
substances [23]. The process desires the temperature differential between the opposite ends of
the crystallizing compartment to be continuously preserved. Two phases were involved in this
fabrication process, which are the seeding phase and growth phase.

Initially, the glasses were cleaned using a standard process before the seeding phase. The glass
dimension is 76.2 mm (L) by 25.4 mm (W) with 1.2 mm glass thickness. Before the synthesis of
ZnO NRs began, the glass cleaning process took place. At first, the glasses were cut using a
diamond cutter into the size of 20 mm by 15 mm according to the measurement of the spin coater
for the glass. Next, all the glasses were washed with liquid detergent and then transferred in the
ethanol and sonicated to eliminate organic impurities for 15 minutes in isopropyl alcohol (IPA)
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while still wet. The glasses were rinsed and treated for 15 minutes with deionized (DI) water in
the ultrasonic bath. The cleaned glasses were then eventually dried at 90 ° C in an oven to run dry
without any water marks. Figure 1 summarized the flowchart of the ZnO NRs synthesis process
onto the surface of the glass, including the seeding phase and the growth phase.

Glass cleaning process

Y

Zinc acetate dihydrate
Zn{CH;C00);H;0 + Ethanol
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Spin coating
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Annealing 250°C for 5 hours.
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Zinc nitrate dihydrate Zn{N0);.6H,0 +
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]' Growth Phase
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Zn0 nanorods

Figure 1. The flowchart of the ZnO NRs synthesis process onto the surface of the glass, including the
seeding phase and the growth phase.
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2.2 Seeding Process

The seed layer is an essential factor in growing vertically aligned ZnO NRs as the thickness of the
seed layer affects the resulting alignment and morphology of ZnO NRs. The seed layer plays a
significant role in the growth of high-quality NRs as the prominent role to the high surface area
of the glass substrate. The preparation of a high-quality seed layer is an essential step toward
developing the performance of nanostructures [24]. Figure 2 shows the crucial steps in the
seeding process.

Zinc acetate + ethanol

ZnO seed layer

" Furnace
Hotplae
3000 rpm, 20 seconds Thermal treatment on hotplate Annealing at
70°C, 5 minutes 250°C for 5 hours

Figure 2. The seeding phase for the growth of NRs using spin coating technique followed by thermal and
annealing treatment.

The seeding phase took place after the glass cleaning process, where the mixture of zinc acetate
dihydrate (Zn(CH3C00)2-2H20, Sigma Aldrich) and ethanol dissolved completely with constant
stirring on the hot plate at 60-65°C. During the seeding process, an amount of seeding solution
was dropped on the glass surface and spin-coated at a spinning speed of v = 3000 rpm for 20
seconds. The samples were spin-coated according to the rotational speed (v) and the number of
spin cycles (n) that has been set in the spin coating parameter, as shown in Table 1. The drying
process on a hotplate followed the process maintained at 70° C for 5 minutes. The procedure was
repeated according to the parameter that has been set to obtain the thickness of the ZnO thin
films. Finally, the ZnO seed layer was annealed for 5 hours at 250°C. In this experimental work,
five samples of ZnO NRs with different numbers of cycles and spin coating, as shown in Table 1
were used. Based on the spin coating parameter in Table 1, the spin coating varies in type of
solutions and methods. Unfiltered solution (sample a,b,c and e) did not undergo the filtration
process, while filtered solution (sample d) underwent the filtration process by using filter paper
to observe the difference between these two solutions. Meanwhile, samples d and e were
prepared by drop-casting the solution onto the glass surface without using a spin coater.

Table 1 The spin coating parameter of ZnO NRs on the seeding process according to the number of
cycles and spin coating process

Spin Coating Parameter
Sample
No of Cycle (n) Spin Coating
a 10 Yes(unfiltered solution)
b 20 Yes(unfiltered solution)
c 30 Yes(unfiltered solution)
d 10 No (filtered solution)
e 10 No (unfiltered solution)
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2.3 Growth Process

The growth process is a process to grow NRs from the seeding phase to form the crystalline shape
and length of NRs. In the stage of NRs growth, the growth solution of ZnO NRs was prepared by
using the mixture of 10 mM of zinc nitrate hexahydrate (Zn(NO3)6H20, QReC) and
hexamethylenetetramine (HMTA) (C6H12N4, Sigma Aldrich) in 400 ml of deionized (DI) water.
The seeded glasses were placed facing down with a 2Zmm thickness of holder (glass substrate) to
ensure enough gap between the bottom surface of a beaker and the glass, as shown in Figure 3.

Top view Front view

l:]""[:]

2 mm thickness holder
Figure 3. Top view and front view of the position of the samples in the growth process

The seeded glasses were then immersed entirely in the growth solution and kept in an Ecocell
oven at 90°C for 15 hours, as shown in Figure 4. During the growth process, a new precursor
solution was regularly replaced with 100 ml of growth solution every 5 hours to maintain a
constant growth rate of ZnO NRs to prevent chemical degradation during the growth process.
Upon completion, the samples were retracted from the growth solution and thoroughly rinsed
with DI water several times.

o=~

Oven

—_> 90°C, 15 hours

e —————

Growth solution

10 mM ZnN + HTMA + DI water

Figure 4. The process of the growth phase in the growth solution for 15 hours at 90°C in the oven.

The substrate was dried at room temperature after the NRs were grown. The scanning electron
microscope (SEM) images were taken to analyze the ZnO NRs. X-ray Diffraction (XRD) profiles
were carried out to study the crystallinity of the seed layers and NRs, followed by UV-Vis
spectroscopy (UV-Vis). Figure 5 showed one of the final samples of ZnO NRs has a white coating
on the glass after all the experimental work has been done.
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Figure 5. The final sample of the growth of ZnO NRs after undergoing the seeding phase and growth
phase.

3. RESULTS AND DISCUSSION
3.1 Scanning Electron Microscope (SEM)

The surface morphologies of ZnO NRs were analyzed using SEM micrographs (20 kx) of the ZnO
NRs for all samples, as shown in Figure 6. A clear formation of NRs structures was observed for
all samples except for sample d, as shown in Figure 6(d), in which the solution was filtered before
the seeding process. It is believed that the concentration of zinc acetate was reduced after was
filtered and thus resulted in poor quality of the seed layer. The samples with a different number
of cycles for the spin coating as in Figure 6(a), 6(b), and 6(c) did not show a significant difference
in NRs density. On the other hand, the sample in Figure 6(e) (unfiltered solution without spin
coating) exhibited the densest of ZnO NRs compared to the different samples. The crystallinity of
the NRs in the vertical direction provides the boost for the length of the NRs.

The SEM images of ZnO NRs grown on the different number of cycles for the spin coating resulted
in the average length of ZnO NRs at different seed layer thicknesses. The increase in seed layer
thickness seems to have only slightly affected the average length of ZnO NRs, (Figure 6(a)-(e))
with and without spin coating technique. This is due to the ZnO NRs growth on all ZnO seed layer
thicknesses has a small difference in lengths. However, the alignment for ZnO NRS with spin
coating and without resulted not well aligned but high in size and low diameter NRs. The spin
coating method affects the spreading of the seed layer on the glass substrate, but it is possible to
adjust the size of ZnO NRs when the immersion time is varied at a fixed concentration. Alterations
can regulate the size of the ZnO NRs in the immersion time at a given concentration.
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Figure 6. The SEM images of ZnO NRs for v = 3000 RPM at n values of: (a) 10 cycles, (b) 20 cycles, and (c)
30 cycles and no spin coating at n values of: (d) 10 cycle with filtered solution, (e) 10 cycles unfiltered
solution.
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3.2 X-Ray Diffraction (XRD)
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Figure 7. X-ray diffraction pattern of the ZnO NRs for samples a,b,c,d, and e, respectively.

Figure 7 shows the graph of ZnO NRs XRD patterns obtained from the XRD analysis, where several
peaks have been observed. The XRD patterns of the ZnO NRs show that three major peaks at 260 =
34.56°, 20 = 36.37° and 26 = 63.19° correspond to the diffraction from the <110>, <212>, and
<211> planes, respectively. Sample e resulted in the highest peak intensity and electron density
among the samples. The average crystal (diameter) of nanoparticles evaluated by the Scherrer
equation [25]:

kA
b= Bsin@ (1)

where Kk is a structural constant, A is the X-Ray wavelength (1.54060 A), d is the nanoparticle
diameter, and f is full width at half maximum (FWHM), @ is the angle of Bragg. Consequently, the
XRD characterization result makes it possible to conclude that the ZnO nanoparticles have an
average diameter of around 11 nm. As shown in Table 2, FWHM comparisons indicate that the
FWHM (° 2Th.) decreased as the thickness of the ZnO seed layer increased. However, sample e
shows that the crystallinity without the spin coating of the ZnO seed layer at ten cycles number
thickness (unfiltered solution) is the maximum of these sample sets.

Table 2 The features of ZnO NRs by estimated XRD patterns

No of Cycle (n) FWHM (°2Th.) d-spacing [A]
a=10 0.2598 1.91204
b =20 0.1948 2.60435
c=30 0.1624 2.59475
d=10 0.0900 1.81527
e=10 0.7793 2.80887
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3.3 UV-Vis Spectroscopy
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Figure 8. Respectively demonstrates the absorption spectra for samples a,b,c,d, and e at 400 - 700 nm
wavelength.

This study aims to study the optical properties of the photovoltaic cells, especially the absorbance
properties. Normally this study is performed from 200nm up to 100 nm wavelength. However,
due to the noise at the ultraviolet range (200 to 300 nm), the graph illustrates visible wavelengths
from 400-700 nm. The relationship in graph Figure 8 is between absorption and wavelength.
Every sample has a different absorption peak of Apeak. Hence, the dominant wavelength of light
is absorbed. There were three primary absorption peaks for the visible wavelengths ranging from
400-700 nm for samples b, ¢, and d. Meanwhile, the UV-vis absorption for sample e exhibited the
highest magnitude in the range 500-600 nm.

4. CONCLUSION

We have successfully demonstrated the growth of ZnO NRs onto the surface of the glass substrate
by using the hydrothermal method. The effect of the seeding method on the structural properties
was also investigated. The XRD analysis concluded that sample e has the highest peak intensity
and crystallinity, with an average diameter of approximately 2 nm. These results are correlated
with SEM and UV visible analysis where sample e exhibited the densest ZnO NRs layer and highest
in the UV-vis absorption. To develop NRs, the smoothness and the seed density of the seed layer
are very significant. The rotation speed (v) and the number of spin cycles (n) can regulate the
smoothness and seed density of the seed layer. Therefore, to obtain a higher density of ZnO NRs,
it is suggested to reduce the speed of spin coater and increase the number of the cycle (solution
drop) during the seeding phase.
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