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ABSTRACT

The thin films of ITO/CdS and ITO/ZnO/CdS bi-layer have been fabricated
and studied for structural, morphological, optical, and Urbach energy proper-
ties. ZnO thin films were coated onto ITO plated glass slides by a spin-coating
method and CdS thin films by electron beam evaporation method. X-Ray
Diffraction patterns of both ITO/CdS and ITO/ZnO/CdS thin films confirmed
the hexagonal wurtzite structure of ZnO and hexagonal structure of CdS,
respectively. AFM images show better uniformity and bigger grain size in the
case of OTO/ZnO/CdS samples. Optical transmittance spectra show a slight
redshift (~ 493 nm to ~ 505 nm) for the film ITO/ZnO/CdS compared to
ITO/CdS. Urbach energy was calculated for all the samples to study the
structural imperfections leading to the band tails. A decrease in Urbach energy
is observed for ITO/ZnO/CdS compared to ITO/CdS. The obtained results
indicate that the ITO/ZnO/CdS thin films are more suitable for optoelectronic
devices compared to ITO/CdS films. The results obtained are discussed in detail
and presented in this paper.
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1 Introduction

Cadmium sulfide (CdS) is one of the promising
compound semiconductors having a direct optical
bandgap of 2.42 eV which belongs to the II-VI group.
CdS being an n-type semiconductor acts as an
appropriate window layer for CdTe-based solar cells
[1]. CdS is also extensively used in multi-layered
Cu(In, Ga)Se, solar cells [2]. Many researchers uti-
lized different thin-film coating techniques to prepare

CdS thin films such as CVD [3], electrodeposition [4],
pulsed direct current magnetron [5], and electron
beam [6]. The properties of CdS layers can largely
influence the performance of CdS/CdTe-based
heterojunction solar cells [7]. However, thin films of
CdS suffer from pin-holes and short in grain
boundaries, and also CdS will diffuse into CdTe film
during the fabrication of solar cells which leads to
lateral junction in-homogeneity [8]. To overcome the
limitations of CdS using bi-layer thin-film techniques,
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Hernandez-Calderon et al. [9] reported the deposi-
tion and characterization of Cadmium Sulfide (CdS)/
Zinc Sulfide (ZnS) bi-layers buffer configuration for
thin-film solar cells. They have shown that, CdS/ZnS
bi-layers buffer configurations as an effective alter-
native to the single CdS buffer layer. Xia et al. [10]
developed a buffer layer based on Te/Cu bi-layer
using the vapor deposition method. This buffer layer
imparted useful information of ohmic contact to
CdS/CdTe solar cells. Enhanced efficiency and sta-
bility were obtained by optimizing the Cu/Te com-
positions and the thermal activation conditions. Li
et al. [11] studied the Copper Iodide (Cul) as a buffer
layer CdS/CdTe solar cell. By optimizing the thick-
ness of the Cul layer, they achieved a maximum
efficiency of 14.5%. Also, they carried out the long
time device stressing test and demonstrated the CdTe
solar cells with a Cul buffer layer which has much
better device stability compared to the solar cells with
a Cu/Au bi-layer metal contact.

In this research work, the Zinc oxide (ZnO) layer is
used to fabricate the ZnO/CdS bi-layer thin film.
ZnO 1is selected to fabricate ZnO/CdS bi-layer
because of its exciting properties such as wide direct
bandgap, large exciton binding energy, high melting
temperature, good chemical stability, inexpensive
growth, non-toxicity, and its various electronic device
applications [12]. In this research paper, we have
reported the fabrication and characterization of the
new ZnO/CdS bi-layer on ITO coated glass slides.
On the surface of ITO coated glass plate, ZnO thin
film is formed using a sol-gel spin-coating technique.
Further, CdS is coated on ZnO using the e-beam
evaporation method. To compare, the fabricated
ITO/CdS and ITO/ZnO/CdS bi-layer thin films were
characterized for structural properties using XRD
morphology studies using AFM and optical proper-
ties by UV-Vis spectrophotometer.

2 Experimental
2.1 Thin-film coating

The ITO coated glass substrate was procured from
Sigma-Aldrich (Sheet Resistance = 8 Q/cm?) and was
used for the bi-layer deposition. On one set of glass
slides, ZnO thin films were coated using a spin-coater
Apex Instruments Co., Calcutta, Model NXG M1 with
a speed of 3000 rpm for the 60 s. The thickness of
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ZnO thin film was measured to be 300 nm by the
spectroscopic ellipsometry method. The detailed
preparation of ZnO thin films has been reported in
Raghu et al. [13].

A layer of CdS was then coated on both sets of
samples that are on ITO glass slides and ITO/ZnO
layer by the e-beam evaporation method using vac-
uum coating unit Model 12A4D (Hind High Vacuum
Company, Bangalore). The substrate temperature of
130 °C was maintained on the rotating substrate to
get a uniform coating. The evaporation of CdS was
made at the rate of 1 A/sec and in situ thickness was
measured to be nearly 300 nm using a thickness
monitor fitted on the coating unit. After CdS coating,
ITO/CdS and ITO/ZnO/CdS films were annealed at
450 °C for 1h under a 107° torr vacuum. These
samples were characterized by structural, morpho-
logical, and optical properties.

2.2 Instrumentation

Structural properties of prepared samples were car-
ried out using X-ray diffraction (XRD) spectra using
Philips Xpert X-Ray diffractometer with monochro-
matic Cu-Ka radiation (A = 1.54 A). Surface Mor-
phology of bi-layer thin films was recorded using the
APE Research instrument (model AFM A100) in non-
contact mode. Optical properties were studied using
UV-Vis Infrared Spectrophotometer (Ocean Optics,
USB4000-XR USA).

3 Results and discussion
3.1 Structural properties

Figure 1i shows the XRD patterns of ITO/CdS thin-
film coated glass substrate. The prominent peaks
observed at 20 values of 26.96° (101) and 48.28° (103)
indicates the polycrystalline hexagonal structure of
CdS and matches with JCPDS data JCPDS 41-1049
[14]. Figure 1ii depicts the XRD spectra of the ITO/
ZnO/CdS bi-layer. The peaks at 20 values 32.41, 34.9,
and 36.89 are indexed to the hexagonal wurtzite
structure of ZnO indexed to JCPDS (036-1451) [15]
along with two prominent peaks of CdS. The
remaining peaks observed in XRD as marked with a
star are attributed to the ITO substrate as observed by
other researchers with (JCPDS file No. 06-0416) [16].
The XRD of ITO/ZnO/CdS bi-layer shows peaks of
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Fig. 1 XRD pattern of CdS/
ITO/Glass and CdS/ZnO/ITO/
Glass deposited thin films
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ITO, ZnO as well as CdS because all these layers are
very thin and X-rays have diffracted through the
layers of thin films. The particle size of ITO/CdS and
ITO/ZnO/CdS samples was estimated for CdS peaks
using Scherrer’s formula and found to be 38.76 nm
and 42.66 nm, respectively. This indicates that the
ITO/ZnO/CdS films have larger particles and
improved crystallinity compared to ITO/CdS films. It
seems that ZnO buffer layer helps CdS particles to
agglomerate uniformly to form a continuous layer or
reduces defects with enhanced crystallinity after
annealing.

3.2 Morphology

The AFM micrographs of ITO/CdS and ITO/ZnO/
CdS films were shown in Fig. 2a and b, respectively.
A comparison between these two images immedi-
ately revealed the modification in their microstruc-
ture. The bi-layer thin-film structure, ITO/ZnO/CdS
showed more uniform and larger grains of ~ 0.5 pm
(500 nm) in size indicating the improvement in the
crystalline structure. The AFM parameters such as R,
and R,,, were found to increase (70.5 nm and
88.2 nm respectively) compared to ITO/CdS thin film
(4.07 nm and 5.27 nm, respectively). The morphology
results indicate the formation of uniform continuous
bi-layer thin films. The larger and well-connected
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grains of ITO/ZnO/CdS films may be due to proper
growth of CdS onto the ZnO layer due to good
adherence or reduction in the voids or defects.

3.3 Optical properties

The optimization of the ZnO thin-film layer is an
important consideration for the fabrication of CdTe-
based solar cell devices [17]. Therefore, ITO/CdS and
ITO/ZnO/CdS bi-layers have been studied for opti-
cal transmittance properties using a UV-Vis spec-
trophotometer. The % transmittance of all thin-film
layers is shown in Fig. 3. It is noticed that all these
thin films have shown a sharp fall in transmittance at
the particular band edge. This indicates good crys-
tallinity and the direct bandgap nature of deposited
films [18]. Further, the absorption edge of the bi-layer
ITO/ZnO/CdS sample has shown a redshift com-
paring with ITO/CdS film (~ 493 nm to ~ 505 nm).
However, single layer samples showed at ~ 300 nm
and ~ 370 nm for ITO and ZnO thin films, respec-
tively. The redshift in the bi-layer films is due to a
change in the crystalline structure and morphology.
A decrease in transmittance was also observed with
the increased thickness of the sample. The films with
the lower thickness (i.e., single layer) show high
transmission, while the films of a higher thickness
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Fig. 2 AFM images of a CdS/
ITO/Glass and b CdS/ZnO/
ITO/Glass

=
(=3
o

©
o
1

80—.
70+
60—.
50+
“-

30

—ITO
—ITO/CdS
—ITO/ZnO
—ITO/ZnO/CdS

% Transmittance (arb. units)

1 1 N T T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Fig. 3 Plot of transmittance spectra versus wavelength for a
different layer of thin films

(i.e., bi-layer thin film) exhibit low transmission in the
visible region.

The optical bandgap of all the deposited films was
calculated using the Tauc formula for direct bandgap
semiconductors [19],

(ehv)’= A(hv — Ey) (1)
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Here «- absorption coefficient, A and h-constant
values, E,_ optical bandgap energy, and v- photon
energy. The values of optical bandgap energy of the
thin film are obtained by extrapolating the linear
portion of the plot of (xhv)* versus hv to o = 0. The
curve indicates the straight-line fit over the higher
energy range above the absorption edge which con-
firms the direct optical transition near the absorption
edge. Figure 4 shows (ahv)* versus (Eg) hv curves of
(@) ITO, (b) ITO/CdS, (c) ITO/ZnO and (d) ITO/
ZnO/CdS thin films. The E, of these films is listed in
Table 1. Due to better morphology and crystal size, a
slight increase in the energy gap has been observed in
the ITO/ZnO/CdS sample than the ITO/CdS sample
[20-23]. By inducing a layer of ZnO thin film between
ITO and CdS can enhance the crystallinity and mor-
phology with no considerable change in the optical

energy gap.
3.4 Urbach energy

The change in the energy gap of bi-layer films may be
due to improved morphology or reduced defects. To
highlight the effect of defects on these films, an
Urbach energy calculation has been carried out. The
defects create an absorption tail in the absorption
spectrum, which further extends into the forbidden
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Fig. 4 Optical energy gap of a ITO, b ITO/CdS, ¢ ITO/ZnO, d ITO/ZnO/CdS thin films

Table 1 Energy gap values of

different thin films Sample Direct bandgap Eg (eV) Urbach energy (meV) Max. % transmittance
ITO 3.7 241 89.48
ITO/CdS 2.37 139 74.54
ITO/ZnO 3.28 139 76.51
ITO/ZnO/CdS 24 121 47.62
gap [24]. This absorption tail is called an Urbach tail E—E,
and it is associated with the Urbach energy. Urbach %= doexp u 2)

energy is also associated with localized states of
amorphous structure in amorphous materials. Poly-
crystalline materials also have Urbach energy in the
forbidden gap due to the presence of disordered
atoms in the amorphous phase. The expansion of
energy bands reduces the optical bandwidth in the
materials [25]. Usually, Urbach energy indicates the
disorder of phonon states in the film. Urbach energy
is governed by the structural disorder, an imperfec-
tion in stoichiometric and passivation at the surface
[26]. At the bandgap energy, the generation of
absorption edge is due to electron—phonon interac-
tion or due to exciton—phonon interaction. The
equation used to calculate Urbach energy is [27]
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where E;; is the Urbach energy which gives the
width of the band tail. oy and E, are the Urbach
bundle convergence point coordinates. The decrease
in Urbach energy with an addition of thin-film layers
is observed from Fig. 5 which indicates the reduction
in the structural disorder of atoms and defects. In the
case of ITO/ZnO/CdS thin film, the reduction of
Urbach energy is because of crystallization
improvement and a slight reduction in the energy

&ap-
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Fig. 5 Graphical representation of (Ln o) versus the photon
energy (hv) of different thin-film samples to evaluate Urbach
energy

4 Conclusions

This research paper reports the preparation of ITO/
CdS and ITO/ZnO/CdS bi-layer thin films and their
optical characteristics. The XRD results confirm the
formation of a crystalline bi-layer with a wurtzite
structure of ZnO and a hexagonal structure of CdS.
The surface morphology using AFM confirms the
continuous film with average grain sizes of around
500 nm for the ITO/ZnO/CdS. The optical bandgap
for all the films was calculated to match with the
reported literature. There is a slight decrease in the
bandgap in ITO/ZnO/CdS film compared to ITO/
CdS. Urbach energy values were calculated for all the
samples and observed that with multilayer thin films
disorders and charge traps can be avoided. These
results suggest that the ITO/ZnO/CdS thin films
have better crystallinity and morphology compared
to ITO/CdS without much change in the optical
properties. Hence, compared to ITO/CdS thin films,
ITO/ZnO/CdS thin films are best suitable for opto-
electronic device applications.
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