Multi-layered ZnS/CdS Anti—Reflection Coating by
Spray Pyrolysis with Nebulizer
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Abstract—In this study, zinc sulfide (ZnS) thin films were
synthesized using a spray pyrolysis technique. The study
targets a multi-layer anti-reflective coating that consists of
ZnS and cadmium sulfide (CdS) layers using a modified spray
pyrolysis with an ultrasonic atomizer. The aim is to analyze
the effect of this coating on the structural and optical
properties, notably with regard to transmittance, reflectivity,
and Raman analysis. Here, two different thin film layers were
deposited with different structure types, which include cubic
and hexagonal phases, to achieve the obtained thin films with
spray pyrolysis. Multilayer ZnS is described as an effective
and inexpensive anti-reflective film that can be used as a solar
cell coating. Both phases exist and this is confirmed by X-ray
diffraction (XRD) analysis. The average grain size and the
surface smoothness of the two-layer films were smaller than
those of the other films, whereas the specific surface area was
high, as reported by atomic force microscopy (AFM) studies.
The CdS/ZnS thin films showed significantly less reflectivity
compared to other thin films based on optical measurements
using ultraviolet-visible (UV-Vis) spectroscopy and calculated
reflectivity from predefined refractive index.

Keywords—Anti-reflecting, Ultrasonic-spray pyrolysis, ZnS,
CdS.

I. INTRODUCTION

An anti-reflection coating involves significantly
reducing the reflection from the surface of optical
components so that their efficiency is improved by
minimizing losses occurring on these surfaces. The
structures are made of materials that can be insulating,
possessing a low absorption coefficient (o0 < 10° ¢cm™),
metallic, or both, and can be designed as thin or multilayer
films [1]. Applications of anti-reflection coatings include
solar cells and thermal surveying systems, where the
properties of the materials utilize these principles. Rayleigh
was the first to discuss this phenomenon, concerned mainly
with chemical methods [2]. Previously, Michael Faraday
performed some of the earliest studies in 1857, making
films by passing an electric current through a metallic wire
that was then thermally evaporated [3]. Light interference
at the same thin-film parallel boundary demonstrates that

optical waves propagate within each layer [4]. The light
source S shines a light beam onto the interface of a thin film
at point A, which has a thickness d, and a portion of that
beam reflects into the same medium along ray 1 while
another portion of the radiation is transmitted toward AF.
This is similar to the event at point F, where part of the ray
reflects at B, and the remaining light transmits towards H,
continuing this pattern until two sets of parallel rays are
formed, with intensity diminishing on both sides of the
film, as depicted in Fig. 1 [5].
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Fig. 1. Thin-film interference process at interfaces with thickness of d.

The interaction of light rays can happen in either a
destructive or constructive way at the interface that divides
the incoming rays from the reflected rays caused by
numerous internal reflections within a film of thickness (d).
The criteria for both destructive and constructive
interference are described in [6]:

nd=6=mn/2 €]

2dsin® = (m+1/2)A (2)

The following indicates how the complex refractive
index (N) has been used to calculate the speed at which
electromagnetic waves travel across a material [7]:

N=n—-ik 3)

In this case, n is the real part of the refractive index and
k is the extinction coefficient (which represents the
imaginary part of the complex refractive index).
Additionally, the absorption coefficient (o) is equal to
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a=4nk/A, where A is the incident light’s wavelength [8]. The
thickness of the layers, the materials employed, their
refractive indices, and other parameters all have an impact
on this occurrence. As seen in Fig. 2, anti-reflective
coatings (ARCs) can be classified according to a number of
factors, including the number of layers, which can be
single, double, or multilayer designs.
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Fig. 2. Coating layer structure of (a) Single layer, (b) Double layer, (c)
Multilayer.

II. METHODS

Cadmium sulfide (CdS) and zinc sulfide (ZnS) thin
films were fabricated on Corning glass using the ultrasonic
spray pyrolysis process. This involved a solution of 0.1 M
cadmium chloride (CdCl,-2H,O with a purity of at least
99%) and zinc chloride (ZnCl, with a purity of at least
98%), with thiourea taken from Sigma-Aldrich Co., which
required no additional purification. Metal salts and thiourea
were mixed in a 1:1 ratio with water and vigorously stirred
at 30 °C until a clear solution was obtained. Fig. 3 presents
multiple components of the spray pyrolysis apparatus. The
solution was atomized into fine droplets using a nebulizer
and transmitted through a stream of air. Various
characterization methods, including Raman spectroscopy,
atomic force microscopy (AFM), UV-visible absorbance,
and a reflectance probe, were used to characterize the
samples, assess reflectance spectra, and determine the

thickness of the samples.
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Fig. 3. Schematic of spray pyrolysis technique and its equipment.
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III. RESULTS AND DISCUSSION

To measure the thickness of thin films that were
deposited for different lengths of time, a reflectance probe
was used. After 15 minutes of deposition, the thickness
increased gradually, finally reaching 229 nm for ZnS and
291 nm for CdS (Table I).

Figs. 4 and 5 demonstrate the Raman spectra of ZnS and
CdS thin films prepared at room temperature through 15
min deposition time, within the wavenumber range 100 to
1600 cm. E; longitudinal optical (LO) phonon mode

centered at 566 cm™! in the Raman spectrum also strongly
supports the wurtzite ZnS nature [11]. The band at 1100 is
attributed to S anions in the lattice. Bands at 484 and 566
cm! are attributed to the higher-order combination bands
of the fundamental modes [12].

TABLE 1. THICKNESS OF ZNS AND CDS THIN FILMS DEPOSITED AT
DIFFERENT PERIODS

Thickness (nm
Deposition time (min) ! (nm)

ZnS cds
5 75 105
10 150 211
15 229 291
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Fig. 4. Raman spectrum of ZnS thin films prepared using 15 min
deposition time.
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Fig. 5. Raman spectrum of CdS thin films prepared using 15 min
deposition time.

AFM images and particle size distribution histograms
for ZnS and CdS thin films made by 15 min deposition time
are presented in Figs. 6 and 7. The average ZnS grain
diameter was 161 nm, compared to CdS 306 nm. The
standard deviations of particle size were 148 nm and 173
nm for ZnS and CdS thin films, respectively. These results
demonstrate the greater regularity of the ZnS compared to
the CdS sample [13].

Figs. 8 and 9 show the absorption curves and Tauc plot
to determine the optical bandgap of ZnS and CdS thin films
deposited at different periods. The absorption edge
appeared at about 350 nm and slightly blue-shifted with
increasing deposition time for the two materials. The
optical band gap E,.: was determined using the Tauc
analysis (the relation between (ahv)? versus hv). The Egopt
was 4.1 eV for the ZnS thin film deposited for 5 min, and
reduced to 3.9 eV with increasing deposition time to 15
min. The Eg oy for the CdS thin films deposited for 5 min
was 2.6 eV and reduced to 2.3 eV for a deposition time of
15 min. The relatively low absorbance of the two materials
in the visible range allows for their exploitation as window
layers in solar cell applications [14].
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Fig. 6. The 2-D and 3-D AFM images and particle size distribution of
ZnS thin films prepared using 15 min deposition time.
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Fig. 7. The 2-D and 3-D AFM images and particle size distribution of
CdS thin films prepared using 15 min deposition time.
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Fig. 8. Absorption curves and Tauc plot (¢hv)? vs. hv for ZnS thin
films prepared at different times.

The absorbance curves and Tauc plot of the ZnS, CdS,
and ZnS/CdS thin films are shown in Fig. 10. At roughly
350 nm, the absorption edge became visible. The optical
band gap Egop was calculated using the Tauc formula,
which is the relationship between (chv)? and hv. The ZnS,
CdS, and ZnS/CdS thin films that were deposited using 15
minutes had Egoy indices of 4.1, 2.5, and 3.9 eV,
respectively.

1 (a) —S5 min e

——5 min
—10 min
~—15 min

Absorbance
<
&

35

0
E i [
300 4000 500 600 . F00 800 900 1000 1100 15 2 | @.5.\‘
5 (nm) b (éV)

Fig. 9. Absorption curves and Tauc plot (ahv)? vs. hv for CdS thin films
prepared at different times.
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Fig. 10. Absorption curves and Tauc plot (ahv) 2 vs. hv for ZnS, CdS,
and ZnS/CdS thin films.

At 15 min deposition, the reflectance curves for the
ZnS, CdS, ZnS/CdS thin films are compared (Fig. 11). Thin
films with two layers of CdS/ZnS have lower reflectivity
than other films. The reflectivity decreases especially in the
middle of the solar spectrum at 530 nm, particularly for the
double-layered sample.

0.4
0.3 -+
— 7118
& 02
e 711S/CdS
0.1 e CdS
0 - T T r )
400 500 600 700 800
A (nm)

Fig. 11. Reflectance curves for ZnS, CdS, and ZnS/CdS thin films.

IV. CONCLUSION

Single- and double-layer ZnS-CdS thin films have been
successfully deposited on glass substrates under spray
pyrolysis with a nebulizer approach as a promising low-
cost antireflective coating for high refractive index in the
visible range for solar cells. ZnS and CdS thin films are
confirmed to form by Raman spectroscopy. The average
grain size determined by the AFM analysis was 161 nm for
ZnS and 306 nm for CdS. The optical properties show low
optical absorbance, with an energy gap of approximately
4.1 eV for the ZnS thin films and ranging from 2.3 to 2.6
eV for the CdS thin films. The reflectivity decreases
especially at the middle of the solar spectrum at 530 nm,
particularly for the double-layer sample.
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