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Abstract: The spin-coating method has been employed for nanostructured crystalline zinc oxide
(ZnO) thin film preparation on FTO glass substrates. Cadmium sulfide (CdS) layers were then
deposited on the surface via the chemical bath deposition method. To investigate the effect of
the formation of the CdS layer on ZnO/FTO, the deposition of these layers was performed at
three different temperatures (40, 60, and 80 °C). The synthesized CdS/ZnO composite was found to
have homogenously distributed crystalline grains of both ZnO and CdS. The uniform distribution
of the grains and the equal molar ratio of the two components resulted in excellent optical and
photocatalytic performance. Analysis of CdS/ZnO thin films was performed using XRD analysis,
UV-vis spectroscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and linear
sweep voltammetry. The best optical, morphological, and electrical properties and the highest
photocurrent value of the CdS/ZnO thin films were obtained when the CdS layers were formed at
60 °C. X-ray diffraction characterization revealed that CdS/ZnO thin films crystallized into hexagonal
wurtzite ZnO and cubic CdS. The crystallite size of ZnO and CdS/ZnO was ~38 nm and ~19 nm,
respectively. The band gap calculated for CdS/ZnO, formed at different temperatures, varies from
2.05t02.15eV.

Keywords: cadmium sulfide; FTO; zinc oxide nanoparticles; surface modification; semiconductors

1. Introduction

While developing new material processing techniques, the most common problem
that can occur is the use of materials that do not have desirable properties. These problems
are often avoided through altering the surface of the material by adding new functional
materials. After such operations are performed, the materials can be applied to a wider
range of various fields. Although this branch of science is not new, different experimental
methods are emerging today, making it possible to achieve ever higher surface electrical
conductivity [1,2].

Fluorine-doped tin oxide (FTO) is a transparent oxide that has conductive properties.
The band gap values of these substrates range from 3.2 eV to 4.6 eV [3]. Polycrystalline tin
oxide operates by absorbing oxygen and trapping electrons on its surface while creating
a barrier around this coating. However, when there is a lack of oxygen on the surface,
this coating can act as an n-type semiconductor. This phenomenon is explained by the
decrease in the ionization level that occurs on the surface. Other factors that determine
the conductivity of FTO are impurities and the relative amount of fluorine and tin (F/Sn)
on the surface of the substrate [4]. Fluorine-doped tin oxide is used in the production of
transparent semiconductors (e.g., ZnO, SnO,, CdS, and CdO). This process improves the
optical and electrical properties of the surface [5].

Nanoparticle chemistry is a new branch of science that has emerged in the past 30 years.
The concepts used to describe nanoparticles in different fields of science and research often
differ, but are generally described as particles that are not larger than 1 to 100 nm in size

Coatings 2023, 13, 1197. https:/ /doi.org/10.3390/ coatings13071197

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13071197
https://doi.org/10.3390/coatings13071197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0000-9009-0721
https://orcid.org/0000-0002-8666-112X
https://doi.org/10.3390/coatings13071197
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13071197?type=check_update&version=1

Coatings 2023, 13, 1197

2 of 14

and whose physical properties would change if the material were composed of larger
particles [6]. Zinc oxide nanoparticles have a high exciton binding energy of 60 meV at
standard ambient temperature [7,8] and are characterised by high photosensitivity and
stability [9]. Because of this, zinc oxide exhibits optical properties that are widely studied
for its application in semiconductor photocatalysts [10,11], producing devices that use
photons [12]. It is important to note that due to their high surface-to-volume ratio, ZnO
nanoparticles increase the number of photogenerated charge carriers [13]. Due to this
property, they are often used for various surface coatings [14]. ZnO is an n-type broad
direct band gap of ~3.3 eV semiconductor, which means that it can only be activated by
UV light, and it is disadvantageous regarding radiation absorption in the visible light
region of the solar spectrum [15-17]. To enhance the photocatalytic efficiency of ZnO
under visible light, it could be essentially combined with visible light sensitizers. It is
known that combined nanocrystals or heterostructures exhibit a collective and enhanced
property that is distinct from that of any component in them. The heterostructures of
different semiconductors can improve the photocatalytic efficiency by mutual transfer
of photogenerated charge carriers. In comparison to ZnO, cadmium sulfide possesses a
suitable energy band alignment that encourages electron-hole dissociation at the interface
and increases the lifetime of the photoexcited charges, thus enhancing the photocatalytic
efficiency. Additionally, CdS is photocatalytically active in the visible spectrum due to its
narrow band gap (2.4 eV) [18]; Consequently, it has the potential to significantly expand
the absorption range of ZnO-CdS heterostructures [19]. The lattice structure of CdS is
similar to that of ZnO, so CdS resembles the most suitable visible light sensitizer for ZnO to
create a close interaction between the two semiconductors. CdS is a material that exhibits
semiconductor properties and is classified as an n-type semiconductor. The excellent
thermal and chemical stability makes CdS one of the most important electronic materials in
photodetectors and sensors. This material has various electrical properties that depend on
the size and temperature of CdS particles [19]. CdS and its thin films are being researched
and used in solar cells because of their optoelectronic properties. The efficiency of these
solar cells is controlled by thickness variations [20]. The electron transfer process in which
photogenerated electrons can flow from CdS to ZnO is promoted by the energy band
structure of the materials [21], therefore, achieving a good physical separation of the charge
carriers upon their generation.

Combining ZnO and CdS to form the heterostructure should improve their physical
and chemical properties. The interface of CdS and ZnO should form a type-II band
alignment (Figure 1), which would benefit the electrons transferred from CdS to ZnO, and
the holes would be transferred from ZnO to CdS.
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Figure 1. Band diagram of the ZnO-CdS interface.

Due to the different directions of electron and hole transfer, electron-hole recombina-
tion is less likely to occur [22].
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In this work, we have introduced a synthesized CdS/ZnO heterostructure on the FTO
surface. The ZnO layer was deposited on the FTO substrates via the spin-coating method.
The CdS layers were deposited on the ZnO layer using the chemical bath deposition
method. These methods are controllable, tunable, simple, and effective. XRD analysis,
UV-vis spectrophotometry, scanning electron microscopy, and energy-dispersive X-ray
spectroscopy were employed to characterize the features. Finally, we investigated the
photocatalytic properties of the samples under ultraviolet and visible light using linear
sweep voltammetry.

2. Materials and Methods
2.1. Materials

The bilayer film of the CdS/ZnO structure was deposited on fluorine-doped tin oxide
(FTO, TEC 10, Ossila, Sheffield, UK, 3.2 mm thick, 12 (3/sq,) glass substrates. Commercial
zinc oxide nanoparticles (ZnO NP, <100 nm particle size, Sigma-Aldrich, Hamburg, Ger-
many) were used for thin film deposition. The experiments were conducted with freshly
prepared solutions without deaeration during the process.

Acetone (CH3COCHj3, 99.5%), alcohol (CH3CH,;OH, 95%), and all other chemicals
used for deposition were purchased from Sigma-Aldrich and were of analytical grade, used
without further purification.

2.2. Formation of CdS/ZnO Thin Film

First, the FTO substrates were ultrasonically and sequentially cleaned with nitric acid,
acetone, distilled water, and ethanol for 10 min. The FTO substrate was dried in air and
then transferred to an oven for 2 h at 100 °C.

To produce the ZnO layer on the FTO substrate, the spin-coating method was used. The
suspension of zinc oxide nanoparticles was achieved by ultrasonically dispersing the ZnO
nanoparticles in ethanol (0.2 g (ZnO)/10 mL (C;HsOH). The mixture was stirred for 30 min
at room temperature to produce a homogeneous suspension. Then, at room temperature,
the FTO substrate was spin-coated with the nanoparticle suspension at 3000 rpm for 30 s.
The samples were prepared with ten cycles of ZnO nanoparticle deposition. For each cycle,
the samples were placed in the oven for 5 min at a temperature of 400 °C to dry before
depositing any other layers (Figure 2).

Deposition of ZnO
nanoparticles on
FTO glass substrate

FTO =
“’ ZnOIFTO
Annealing 400°C y 4
5 min
— —_— " ——
Spin coater
I_ Repeat up ¢_|
Zio to 10 layers
nanoparticles
» CdS/ZnO/FTO Repeat upto 5 ‘
¢ — - layers ‘
4 —_— = -
2= | —
—— Annealing 200°C [ A
CdCi /\
[bed ] R 10 min (NHZ):ES /
<3 e———
NHC
NHyH,0 /

CBD at 40°C - 80°C
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Characterization

Figure 2. Steps of preparation of CdS/ZnO thin films on FTO.
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The cadmium sulfide (CdS) layer on ZnO/FTO was grown using the chemical bath
deposition technique, as shown in Figure 2. 0.002 M cadmium chloride (CdCl,-2H,0) was
complexed with solutions of 0.4 M ammonium chloride (NH4Cl) and 0.02 M ammonia
(NH3-H,0), and then mixed with 0.05 M thiourea (CS(NH3),) as a sulfur source to form a
precursor solution for the CdS deposition. The reactions that occur during the formation of
the CdS layer are shown below:

CdcCl, + 4NH3-H20 — [Cd(NH3)4CIZ +4H,0,

[Cd(NH3)4C12 + CS(NH2)2 +2HO™— CdS + CH,N, + 4NHj; + 2H,0.

To investigate the effect of CdS layer formation in different temperature solutions on
various properties of CdS/ZnO thin films, solutions at various temperatures were used
to form the CdS layer. The ZnO/FTO substrates were immersed in the precursor solution
and kept at three different temperatures: 40 °C, 60 °C and 80 °C for 30 min. This process
was repeated up to five times (cycles) for the same sample to achieve a higher thickness of
the CdS thin film. The prepared samples were washed several times with distilled water,
followed by drying at 200 °C for 10 min. The substrates were found to be covered with
yellow deposits.

2.3. Characterization of Copper Selenide Films

The crystal phase of the CdS/ZnO samples was examined using an X-ray diffractome-
ter (D8 Advance diffractometer, Bruker AXS, Karlsruhe, Germany). The obtained peaks
were identified according to those available in the PDF-2 database. The experimental data
values of the zinc oxide and cadmium sulfide lattice spacing d were achieved from the
Bragg relation [23] by attributing the 6 value of the peak data of the XRD pattern:

nA = 2dsinf (1)

where n (an integer) is the order of diffraction, A is the wavelength of the incident X-rays, d
is the interplanar spacing of the crystal, and 0 is the peak position.

The average grain size (D) was calculated based on the full width at the half maximum
intensity (FWHM) of the main reflections by applying the Debye Scherrer’s formula [24,25]:

~09A
~ Bcosb

()

where D is the crystallite size, A is the X-ray wavelength used, f is the angular line width
at half-maximum intensity in radians, and 0 is Bragg’s angle.

To perform scanning electron microscopy/energy-dispersive X-ray spectroscopy
(SEM/EDX) measurements, a Hitachi S-3400N microscope (Hitachi Ltd., Mito Works,
Hitachinaka City, Ibaraki Prefecture, Japan) equipped with the Bruker Quad 5040 EDS
system was used.

Atomic force microscopy (AFM) imaging was performed using a NanoWizard
3 NanoScience microscope (JPK Instruments AG, Berlin, Germany).

The optical properties of the CdS/ZnO samples were measured at room temperature
using the UV-vis spectrometer SPECTRONIC® GENESYS8 (Perkin Elmer, Waltham, Mas-
sachusetts, USA) in the range from 200 to 800 nm. The Tauc plot was used to determine the
optical band gap from diffuse absorbance measurements [26,27]:

Ahv =A (hv — Eg)" ®)

where « is the absorption coefficient; hv—photon energy; E;—energy band gap; A—a
constant; n—a constant for a given transition (n = 2 for direct transition). The optical band
gap can be estimated from the extrapolation of the linear portion of the (achv)? plots versus
hvto « =0.

Linear sweep voltammetry (LSV) for active surface measurements was performed
with BioLogic SP-150 (BioLogic Science Instruments, Seyssinet-Pariset, France) potentiostat—
galvanostat. EC-Lab® V10.39 software was used for the collection and treatment of exper-
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imental data. A standard three-electrode cell (volume 100 mL) was used with platinum
wire as the counter electrode, Ag,AgCl | KCl(sat) as the reference electrode, and CdS/ZnO
formed on FTO as the working electrode. As the supporting electrolyte, a 0.1 M sodium
thiosulfate solution (pH 6.3) was used. During LSV measurements, the potential was swept
from —0.4 to +1.0 V in the frequency range of 5 kHz to 50 Hz with a sinus amplitude of
10 mV.

3. Results and Discussion
3.1. Structural Studies

The crystal structures of the CdS/ZnO thin films were determined by the X-ray
diffraction pattern. The temperature effect of the solutions used to form the CdS layer on
the crystal structure of the CdS/ZnO thin films was investigated. It was observed that
the use of different temperature solutions to form CdS resulted in diffractograms with no
significant differences in the position of the peaks, their intensities, and full width at half
maximum values.

Three sets of diffraction peaks in Figure 3 for the thin film of CdS/ZnO on FTO (the
layer of CdS was formed at a temperature of 60 °C) can be attributed to tetragonal rutile
SnO,, hexagonal wurtzite ZnO, and cubic CdS, respectively, suggesting its components
of ZnO and CdS. The FTO diffraction peaks are located at the 26 values of 26.78°, 33.96°,
37.98°, 51.75°, 61.99°, and 65.82 (Figure 3a), which correspond to the crystal faces (110),
(101), (200), (211), (310) and (301) of tetragonal cassiterite SnOy, respectively. The diffraction
peaks confirm the standard card (JCPDS No. 71-0652) and there are no other diffraction
peaks except polycrystalline SnO;.

= i CdS/ZnO/FTO
= (€) ) ;
-
o
s | |
%, | 5 § ll ZnO/FTO
- I T g ‘
g (A - g ) & s
e |® o 1. \\ ] g | E .
T Nisive ) o Z \ j € A\ = \ S
e =) Wam e J;DEWM*WMMW "W‘-w"wr Nt Nt
~ 8 _ g R FTO
(@) : . s 8
T g — ! ' ; : Iv
20 30 40 >0 °0 0

Figure 3.

20 (Degree)

X-ray diffraction patterns of (a) bare FTO, (b) ZnO/FTO, and (c) CdS/ZnO/FTO.



Coatings 2023, 13, 1197

6 of 14

Figure 3b shows the XRD patterns of polycrystalline ZnO formation with characteristic
diffraction peaks of hexagonal wurtzite (JCPDS No. 36-1451). Characteristic diffraction
peaks of ZnO were observed: 20 = 31.94°, 34.61°, 36.42°, 47.94°, 57.05°, 63.29°, and 68.37°.
The sharpening of these peaks is well defined and narrow; this shows that an asymmetry
was formed in the crystalline shapes. This observation is consistent with those of the
literature [28-30].

The diffractogram of the XRD pattern of the prepared layer of CdS/ZnO (Figure 3c)
shows three new broad peaks at values of 260 = 26.56°, 44.26°, and 54.89° scattered from the
planes (111), (220), and (311), respectively, indicating that this composite sample contained
ZnO and CdS. These indexed facets agree with the standard JCPDS reference (No.75-
0581) [28,29,31,32]. No impurity peak was detected in the XRD patterns, demonstrating
the formation of a pure CdS/ZnO thin film. It should be noted that the diffraction peaks
observed in the ZnO/FTO structure are sharper, while the diffraction peaks of CdS/ZnO
are broader and weaker, which implies the highly crystalline character of ZnO and the
small particle size of CdS. The crystal grain size was quantitatively calculated using the
Scherrer equation according to the broadening of the diffraction peak in the XRD curves:
the grain size of ZnO was ~38 nm, and CdS/ZnO was ~19 nm.

The intensity of ZnO peaks also decreases with the formation of the CdS/ZnO struc-
ture. As a result of the significant overlap of the background and peaks, the crystallite size
was not calculated. The results of the XRD analysis were compared with the JCPDS data
and are given in Table 1.

Table 1. XRD data of CdS/ZnO and comparison with JCPDS data of observed d values with standard
d values.

Peaks Analysis Results JCPDS Data
Assf)ned ¢ ¢ Miller Crystalline
Materials 20 d A d A Indexes PDF No. Phase
(hkl)
26.78 3.33 3.35 (110)
33.96 2.64 2.64 (101) Cassiterite
FTO 37.98 2.37 2.37 (200) 71-0652 SnO
51.75 1.77 1.76 11) - .
61.99 1.50 1.49 (310) &
65.82 1.42 1.42 (301)
31.94 2.80 2.81 (100)
34.61 2.59 2.60 (002)
36.42 2.46 2.48 (101) Wurtzite
ZnO 47.94 1.89 191 (102) 36-1451 ZnO
57.05 1.61 1.62 (110) hexagonal
63.29 1.47 1.47 (112)
68.37 1.37 1.38 (201)
26.56 3.35 3.37 (111)
Cds 44.26 2.04 2.02 (220) 75-0581 CdS cubic
54.893 1.67 1.68 (311)

3.2. Elemental Analysis

To confirm the formation of the CdS layer in the CdS/ZnO thin films, EDX spec-
troscopy was performed on all samples. The temperature of the solutions used for the
formation of the CdS layer was found to have influenced the elemental composition of the
thin films of CdS/ZnO (Table 2).

The largest increase in the amount of cadmium can be seen in samples with CdS layers
formed at a temperature of 60 °C. The greatest increase in the amount of sulfur can be seen
in samples that have CdS layers formed at a temperature of 80 °C. The molar ratio of Cd/S
was close to the stoichiometric ratio of CdS (1:1), which confirmed the formation of CdS.
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With increasing the temperature of deposition of the CdS layer from 60 °C to 80 °C, the
value of the molar ratio increases significantly.

Table 2. Dependence of the amount of elements on different temperatures during the formation of
the CdS layer.

CdS Layer Forming Amount of Elements Wy, % Molar Ratio of Cd/S
Temperature cd S
40 °C 48.13 16.72 1.22
60 °C 51.06 17.83 1.22
80 °C 30.30 17.79 2.06

3.3. Morphological Analysis

The morphology of the ZnO layer on FTO and thin films of the CdS/ZnO on FTO was
evaluated by SEM and AFM. SEM images of bare FTO and ZnO/FTO are shown in Figure 4.

The ZnO layer uniformly covers the FTO substrate, and the surface remains smooth and
free of cracks.

(@) (b)
Figure 4. SEM images of (a) bare FTO and (b) ZnO/FTO.
The AFM measurements confirmed the findings discussed above. The 2D and 3D
images of 10 um x 10 pm areas of FTO and ZnO/FTO are presented in Figure 5.
To further analyze the surface of the sample, its roughness measurements were taken

as well. The results obtained were further investigated by quantifying the parameters of
the sample surface. These parameters can be seen in Table 3.

Table 3. Morphology parameters of CdS/ZnO on FTO surface.

Smooth Part of Sample
Parameters
A, nm qu nm Rskl nm
Cleaned FTO glass substrate 12.6 15.9 143.3
ZnO/FTO 11.5 14.5 124.5
40 °C 118.9 150.2 1158.0
CdS/ZnO/FTO 60 °C 84.55 107.7 882.2

80 °C 104.1 135.8 1250.0
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69.7 nm

0 nm

Figure 5. AFM images of (a) bare FTO and (b) ZnO/FTO.

The values of the root mean square (RMS) roughness Rq, the average roughness A, and

RMS peak to valley roughness Rsk decrease when the ZnO nanoparticle layer is deposited
on FTO glass, indicating that the ZnO structure becomes smoother (Table 3).

The SEM images show the crystalline structure of CdS/ZnO thin films obtained by
using different CdS layer formation conditions, using different chemical bath temperatures
(Figure 6).

WO= 90mm Mag= 1500KX

EHT = 2000kV

(b)

(c)
Figure 6. SEM images of thin films of CdS/ZnO formed at different temperatures: (a) 40 °C; (b) 60 °C;
(c) 80 °C.
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An increase in the temperature of CdS deposition was found to form a denser layer
of CdS/ZnO, composed of tightly packed grains that form agglomerates with diameters
ranging from 200 nm (80 °C) to 1 um (40 °C).

During the formation of CdS/ZnO layers, it was found that the films prepared at a
temperature of 60 °C (Figure 6b) are quite dense, have good crystallinity, and are more
compact than the CdS/ZnO films prepared at a temperature of 40 °C. (Figure 6a). It can be
seen that a crystalline structure prevails at a temperature of 40 °C, which acquires a dense
dendritic structure when the temperature is raised to 80 °C (Figure 6¢c). The height and
surface morphology of the CdS/ZnO thin film formed on the surface of the FTO depend
on the deposition temperature: at different deposition temperatures, the microstructures of
the thin films differ. The surface images obtained show a rough film surface with particles
gathered in agglomerates. A more compact and denser surface, with greater uniformity
and homogeneity than the other surfaces, is obtained by the deposition of CdS at 60 °C
(Figure 7c).

527 mv

=221 mV -192 mv ~ . -049Vv

Figure 7. Topographic images of CdS/ZnO thin films formed at different temperatures: (a) 40 °C;
(b) 60 °C; (c) 80 °C.

As can be seen, the thin film of CdS/ZnO deposited in a solution at a temperature of
60 °C has the lowest values of the morphological parameters given in Table 3.

3.4. Optical Analysis

To investigate the optical properties, the UV-vis absorption spectra of the ZnO and
CdS/ZnO thin films prepared on a FTO substrate were measured. ZnO demonstrates
strong absorption in the ultraviolet region with a spectral wavelength of around 400 nm
(Figure 8).

After the deposition of the CdS layer on ZnO, the absorption peak shifted to the visible
region. This indicates that the CdS/ZnO semiconductor has the appropriate band gap
for visible light activation to improve the photocatalytic efficiency [10,30,31]. The results
illustrated in Figure 8 show a higher absorption intensity peak for CdS/ZnO compared to
that of ZnO. This confirms that the thin film structure is composed more of CdS and less of
ZnO in amount [10].

As shown in Figure 9, the band gap value calculated for ZnO is 3.2 eV, which cor-
responds to the value in the literature (~3.3 eV) [15-17]. The band gap calculated for
CdS/ZnO, formed at different temperatures, varies from 2.05 to 2.15 eV and appears to be
independent of the deposition conditions.
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Figure 8. UV-vis spectra.
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Figure 9. A plot of («hv)? versus Photon energy.
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Photocurrent (mA/cm?)

0.06

Shifts towards the visible light region can be the cause of the quantum confinement
effect observed on CdS/ZnO semiconductors. These results show that the CdS layer effec-
tively increases the photoabsorption capacity of ZnO in the visible region [33]. Therefore, it
is expected that the extended photoresponse range and well-matched band edges in the
heterostructure would be widely applicable in the field of photocatalysis, allowing a higher
proportion of visible light for photocatalytic reactions and achieving higher efficiencies in
the separation of electron-hole pairs.

3.5. Electrochemical Analysis

The linear sweep voltammetry (LSV) study of the thin film CdS/ZnO is shown in
Figure 10. One of the most important properties of semiconductors is the change in electrical
conductivity when light is added to them. This analysis allows us to fully characterize
the semiconduction properties of the thin films obtained by using measurements of the
photoelectrochemical conductivity by polarization in the dark and exposure to ultraviolet
radiation in a 0.1 M NayS;03 electrolyte solution. LSV results show that all samples exhibit
current density values in the dark and in ultraviolet radiation at 1.0 V (Table 4).

0.05

0.04 -

0.03

0.02

0.01

CdS/ZnO (60 °C)
\

CdS/ZnO (40 °C)

CdS/ZnO (80°C)  “a

0.00
0.00

|
0.25 0.50 0.75 1.00
Potential E (V)

Figure 10. Dependence of photocurrent variation on the potential for thin CdS/ZnO films formed at
temperatures of 40 °C, 60 °C, and 80 °C.

The dependence of the photocurrent variation on the potential of the CdS/ZnO thin
film formed at three different temperatures is shown in Figure 10.

The highest photocatalytic efficiency was demonstrated when a thin CdS/ZnO film
was formed at 60 °C.



Coatings 2023, 13, 1197

12 of 14

Table 4. LSV results of CdS/ZnO thin films at a potential value of 1.0 V.

CdS Forming
Temperature

Sample Surface
Area A, cm?

Current Density juy Current Density ji
Value Achieved Using Value Achieved in juv/jt
UV Radiation, mA/cm? the Dark, mA/cm?

Photocurrent
jphotor mA/cm?

40 °C
60 °C
80 °C

1.05
1.05
0.7

0.004 0.0007 5.71 0.003
0.058 0.0065 8.92 0.052
0.003 0.0002 15.00 0.003
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4. Conclusions

CdS/ZnO thin films were successfully prepared on the FTO substrate. The ZnO layer
was deposited on the FTO substrate via the spin-coating method, and the CdS layer was
deposited on the ZnO layer using the chemical bath deposition method.

The CdS/ZnO thin films were thoroughly characterized by different standard tech-
niques. To investigate the effect of CdS layer formation in different temperature solutions
on the properties of CdS/ZnO thin films, the deposition was performed at three different
temperatures (40, 60, and 80 °C). The best optical, morphological, and electrical properties
and the highest photocurrent value of the CdS/ZnO thin films were obtained when the
CdS layers were formed at 60 °C. The XRD pattern showed that the crystalline phases of
the CdS/ZnO thin films consist of hexagonal wurtzite ZnO and cubic CdS. The crystallite
size of ZnO and CdS/ZnO was ~38 nm and ~19 nm, respectively. The SEM and AFM
analysis exposed that the grains combined into agglomerates with diameters from 200 nm
(80 °C) to 1 um (40 °C). A more compact and denser surface, with greater uniformity and
homogeneity than the other surfaces, is obtained by deposition of CdS at 60 °C. The value
of the direct band gap of the ZnO layer on the FTO obtained with UV-vis spectroscopy was
3.2 eV. The band gap calculated for CdS/ZnO, formed at different temperatures, varies
from 2.05 to 2.15 eV and appears to be independent of the deposition conditions. The
elemental analysis confirmed that the CdS crystals were close to the stoichiometric ratio.
The highest photocatalytic efficiency was demonstrated when the CdS/ZnO thin film
was formed at 60 °C. Because of the uniformly distributed grains and the molar ratio of
the two components being equal, excellent optical and photocatalytic performance was
demonstrated by the thin films.
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