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ABSTRACT: Chemical bath deposition (CBD) was utilised to synthesise zinc oxide (ZnO)
nanorods (NRs)/glass substrate arrays. On these ZnO NRs, layers of cadmium sulphide (CdS)
nanoparticles (NPs) were produced using the CBD technique. The NRs in the samples grow
with a highly directed (002) c-axis orientation, giving them a hexagonal tip form. CdS NPs
enhance the ZnO NRs’ optical absorption. According to the results, we found that the grain size
decreased from 86.69 nm for ZnO to 56.62 nm after adding a layer of CdS, which may be due
to the effect of the small nano-size of the CdS NPs. FE-scanning electron microscopy (SEM)
examinations show that ZnO has a NR shape with an average diameter of 129 nm and a smooth
surface, whereas CdS NPs/ZnO NRs have a spherical shape with an average diameter of 61 nm.
The results show that the CBD method-fabricated ZnO NRs/CdS NPs provide a simple

approach to nanoscale optoelectronic devices.
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1. INTRODUCTION

The design of rational and synthesis of semiconducting nanorods (NRs) compositions
and building blocks with well-defined shapes are key to making nanoelectronics and
optoelectronic devices with unique features.! Due to their higher surface area and
light absorption, branching heterostructures are promising nanodevice building
blocks.>? The smaller nanowire branches compared to nanowire backbones
can also improve carrier separation and collecting efficiency. Zinc oxide (ZnO)
nanowires on silicon (Si) substrate heterostructures have recently demonstrated
high efficiency in photocathodic hydrogen production and solar water splitting.*
As photoelectrochemical UV photodetectors, epitaxial titanium dioxide/tin dioxide
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(TiO,/Sn0O,) branching heterostructures work well. As UV photodetectors, epitaxial
TiO,/SnO, branching heterostructures have shown promising performance.! ZnO
and cadmium sulphide (CdS) have been anticipated to be useful functional parts in
photodetectors due to their good optoelectronic capabilities and direct band gaps of
3.3 and 2.4 eV, respectively. However, previous studies on CdS one-dimensional (1D)
nanostructures have suffered from inadequate quantum efficiency and slow response
time.> Natural imperfections, like zinc interstitials and oxygen vacancies, make
UV photodetectors based on ZnO nanostructures have poor and delayed response
stability of photocurrent. The photocurrent in a ZnO phase, on the other hand, is
typically relatively high.® CdS/ZnO heterostructures have been examined to improve
the photosensing efficacy of ZnO NRs. Photoelectrochemical or photocatalytic
activities and solar cell applications have been reported for CdS/ZnO structures and
nanocrystal-attached structures.” The produced branches on the backbones give light
absorption of a higher specific surface area compared to the CdS nanoparticles (NPs),
as well as photogenerated electron transport of efficient channels.” Consequently,
it was interesting to investigate whether the photosensing capabilities of branching

CdS/ZnO heterostructures differ from those of pure CdS backbones.®

This research, along with many others, explains why ZnO detectors are so useful and
how they might be improved upon. The objective of the present work is to investigate
the impact of adding a thin layer of CdS NPs on the physical characteristics of ZnO
NRs and develop a simple and cost-effective method for preparing this material, which
may later be used in the production of optical and gas detectors, as well as solar cells.

2. METHODOLOGY

2.1 Growth of ZnO NRs Array

ZnO NRs array thin film in this work was grown utilising the CBD process according
to our prior study.” To prepare for the deposition of the ZnO (seed layer), a 0.13 M
solution was created by dissolving (Zn[CH3CO,],, 99% purity) in 45 mL of ethanol.
The spin coating technique was employed to apply the seed solution to a glass substrate
(3x3 cm?) at a speed of 3,000 rpm for 32 s, with the procedure being reproduced
five times. The produced seed layer of ZnO was annealed at 250°C for 0.5 h. The
samples were suspended perpendicularly inside an 85°C preheated solution consisting
of 0.1 M for (Zn[NO;]H,O, 98% purity) and (C¢H,N4, 99% purity) for 2.5 h in

deionised water.

Once the samples had cooled to room temperature naturally, they were washed
multiple times with acetone and water to remove any remaining organic residue.

Annealing the produced ZnO NRs film at 300°C for 1.5 h was necessary.
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2.2 Growth of CdS NPs on ZnO NRs Array

The CdS NPs layer was synthesised on the surface of ZnO NRs using the CBD
method.
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Figure 1: Diagram illustrating the process of preparing the samples.

The aqueous solution of 90 mL containing 0.05 M for bath (Cd[CH;COOQ],.3H,0,
99% purity) and (CS[NH,],, 99% purity) and 0.5 M (COO;CH,NH 98%
purity) was prepared as the deposition solution. Second, the ZnO NRs array
film was immersed in the deposition solution for 0.5 hours at 80°C. Finally, the
samples were rinsed with ethanol multiple times before being oven dried. In this
study, an X-ray diffraction (XRD) measurement was taken using an SIEMENS
D500, and images of field emission scanning electron microscope (FE-SEM)
were taken using an energy-dispersive X-ray spectroscopy (EDX)-equipped ZEISS
SUPER 55VP. A Shimadzu-1650 UV-VIS spectrometer was used to study the

optical characteristics.

3. RESULTS AND DISCUSSION

3.1 Crystal Structure Properties

The produced samples were analysed utilising XRD to identify their crystalline
structure and phase. Figure 2 presents the XRD analysis of ZnO NRs film and CdS
NPs/ZnO NRs heterostructures. All of the various peaks (100), (002), (101), (102),
(110), (103) and (004) for the sample synthesised in the initial stage of our work,
which are represented via the pure ZnO as the (wurtzite) hexagonal phase (00-036-
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1451 JCPDS). In addition to similar peaks, the CdS/ZnO film exhibits four new
minor peaks that are indexed to the hexagonal planes of CdS NPs *(100), *(002),
*(101) and *(110) (JCPDS 01-077-2306), demonstrating the successful creation of the
CdS/ZnO heterostructure. The (002) direction is the favoured orientation for samples
due to its minimal surface-free energy, which promotes nucleation. Comparable
results have been documented in the literature.” The Debye-Scherrer formula was
used to determine the grain size:'"!?

0.9 A

" B Cos 0 )

The symbol A represents the wavelength, whereas the symbol 0 represents the Bragg
diffraction angle and B is constant. The strain (), is directly proportional to the lattice
constant (¢), and its value is considered to depart from the standard value specified
in the ASTM card (international standard for XRD data). This deviation may be
estimated by making use of the relation that can be found in:’

€= e-al x 100 (2)

o
Where, () is the lattice constant from the XRD patterns. The value of the strain for
ZnO NRs on the glass substrate was 1.351. When compared to pristine ZnO, the
(002) peaks in CdS/ZnO are slightly shifted. The ZnO and CdS lattice mismatch
may be to blame for this, as it causes a rise in the strain of 0.135% to 0.206% after

the addition CdS layer to the ZnO film.

9000 735770 - 5 G
ZnO e
8,000
4 &\ ‘56000
7,000 8 =
] S 3 4000
c
—~ 6,000+ £
S ] = 2000
& 5,000
2 :
- 336 339 342 345 348 351 354
2 4,000 | " 2 Theta (degree)
£ so00] =851
s SS9~ Sl +
= { 8ec28le . _ =
i ha %)
2,000 © o =] 5
T T ~ o
=
1,000 " " \
. B Sy

20 2I5 3IO 3I5 4I0 4I5 5IO 5I5 GIO 6I5 7I0 7I5 80
2 Theta (degree)
Figure 2: XRD patterns of the ZnO NRs and CdS NPs/ZnO NRs samples.
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It was observed that the grain size of 86.69 nm for ZnO NR, and after adding a layer
of CdS NPs, was 56.62 nm. The growth of CdS NPs on the surfaces of ZnO NRs led
to the development of grainy and rough structures in the samples, in contrast to the
ZnO NRs alone. This indicates that NPs were generated from the fast interactions
between sulfide (§*°) anions and cadmium (Cd*) ions during the second preparation
phase.” This consequently led to the adhesion on the ZnO NR surfaces.
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Figure 3: (a, b) FE-SEM images and histogram diameter distribution for ZnO NRs,
(c, d) FE-SEM images and histogram diameter distribution for CdS NPs/
ZnO NRs and (e) cross-section CdS NPs/ZnO NRs.



Enhancement of Optical Properties in ZnO NR 20

3.2 Surface Morphology

Figures 3(a—e) illustrate the FE-SEM image’s top view and histogram distribution and
thickness of diameters of ZnO NRs and CdS NPs/ZnO NRs films. The NR diameter
of the samples was calculated using the (Image J) programme. The formed ZnO NR
arrays had an average diameter of 129 nm and a smooth surface, hexagonal shape with
good alignment perpendicular to the entire substrate surface.

The ZnO NRs’ vertical alignment is advantageous for improving the charge transfer
process in photodetector and solar cell applications. After covering with CdS NPs,
spherical particles covering the entire surface of the NRs with an average diameter
of 61 nm were observed in Figures 3(c—d). From the image of the cross-section in
Figure 3(e), the thickness of the sample was found to be 921 nm.

Relatively recently, it has been demonstrated that defects like interphase borders and
grain boundaries and doping atoms in the amorphous surficial, as well as interfacial
and intergranular layers, have a significant impact on the physical characteristics
of pure and doped nanostructured ZnO." The distance between NRs affects light
trapping, scattering and absorption.”” Through the cross-section image, we notice
that CdS covers the entire NRs, and spacing between the NRs decreases. However,
for CdS/ZnO film, the length as well as the spacing between ZNRs is adequate and
beneficial for photodetector performance.

The EDX spectra of ZnO NRs and CdS NPs/ZnO NRs are displayed in Figures 4
(a,b). Only carbon (C), Zn and O were discovered in the ZnO sample, accounting
for 8.96%, 47.92% and 43.11% of the total weight percentages, respectively. The
presence of the C element is due to the adhesive that fixes the film substrate during the
EDX test. Cd, Zn, S and O components were present in the CdS/ZnO film in weight
percentages of 17.83%, 53.34%, 6.67% and 23.16%, respectively. This demonstrates
that a heterostructure between CdS and a ZnO nanorod was effectively produced.
When comparing the two samples, the CdS/ZnO sample shows a rise and reduction
in the atomic percentages of both O and Zn indicating that it would an excellent and
efficient photodetector.
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Figure 4: EDX spectrum of the samples; (a) ZnO NRs and (b) CdS Nps/ZnO NRs.

3.3 Optical Study

Consistent with earlier investigations, UV-Vis spectroscopy was recorded from the
300 nm to 800 nm range for both ZnO NRs and CdS NPs/ZnO NRs heterostructures
(see Figure 5).'”' Figure 4(a) shows the wavelength-dependent change in optical
absorbance for ZnO thin films before and after CdS NPs were deposited. ZnO NRs
have an optical absorption edge of 381.5 nm. The optical absorption edge is shifted
to a longer wavelength of about 407 nm (i.e., red shift) after CdS NPs have been
synthesised on the surface ZnO NRs, providing further evidence of the uniformity of
the fabrication NPs on the ZnO NRs’ outer surface.
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Figure 5: (a) The absorbance spectrum, and (b) plot of (ahv)* vs. hv of the ZnO NRs and
CdS NPs/ZnO NRs sample.
The following equation was utilised to calculate the energy of the optical band gap:'®"”
ahv = A, (hv - Eg)” (3)

Each transition is characterised by a unique feature denoted by the symbol (4,), which
remains unaltered by the energy of the photon. The energy of the incident photon is
represented via the symbol 4v. For example, (@) represents the absorption coefficient,
while (Eg) represents the energy bandgap.

The Eg of ZnO NRs was measured to be 3.22 eV (Figure 5b), which is in agreement
with the value that is published in the literature.”’" The Eg of CdS NPs/ZnO
NRs film is shifted to 3.04 eV, as displayed in Figure 5b. The bandgap energy of
CdS/ZnO film is suitable for activation via visible light. Therefore, the shift of the
bandgap energy into the visible region can be attributed to the confinement effects
of quantum on the semiconductor (CdS/ZnO). This finding agrees with prior

research.'>!”

3.4 Urbach Energy

The alteration in the energy gap of bi-layer thin films can be attributed to enhanced
morphology or diminished flaws. To emphasise the impact of imperfections on these
films, a calculation of Urbach energy has been conducted."” The phenomenon of the
absorption tail is referred to as an Urbach tail, which is directly linked to the Urbach
energy. The Urbach energy is linked to localised states of amorphous structure in

amorphous materials. The equation employed to compute Urbach energy is:'*"

E-E,
Ey

a = exp

4)
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Where, £y, is the Urbach energy which quantifies the width of the band tail. £, and
a, are the coordinates at which the Urbach bundle converges. Figure 6 (a and b)
demonstrates a decrease in Urbach energy from 7.63 eV to 1.54 ¢V when a CdS
film layer is added. This decrease reflects a reduction in the structural disorder of
atoms and defects. This observation is consistent with earlier studies.'”** The decrease
in Urbach energy can be attributed to enhancements in crystallisation and a minor
decrease in the energy gap.
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Figure 6: Urbach energy of (a) the ZnO NPs and (b) CdS NPy/ZnO samples.

4. CONCLUSIONS

To summarise, heterostructures of CdS (NPs) and ZnO (NRs) were successfully
synthesised using the CBD method. The XRD data validate the presence of a crystalline
bi-layer consisting of a wurtzite structure of ZnO NRs and a hexagonal structure of
CdS NPs with a grain size from 86.69 nm to 56.62 nm. The SEM analysis reveals
the presence of a smooth coating with an average grain size of around 61 nm for the
CdS/ZnO material. The optical bandgap of all the films was determined to be
consistent with the values reported in the literature. The bandgap in the CdS/ZnO
film exhibits a small reduction (3.04 ¢V) as compared to ZnO (3.22 V). The Urbach
energy values were computed for all of the samples, revealing that the presence of
multilayer thin films can prevent disorders and charge traps. The findings indicate
that the CdS/ZnO thin films exhibit superior crystallinity and shape in comparison
to ZnO, with minimal alteration in the optical characteristics. The results indicate
that the purpose-built (CdS NPs/ZnO NRs) heterostructures, synthesised using the
CBD method, have great potential as electrode materials for optoelectronic devices.
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