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The low-cost chemical bath deposition (CBD) technique is used to prepare CBD-ZnS films as antireflective (AR) coating for mul-
ticrystalline silicon solar cells. The uniformity of CBD-ZnS film on large area of textured multicrystalline silicon surface is the
major challenge of CBD technique. In the present work, attempts have been made for the first time to improve the rate of deposi-
tion and uniformity of deposited film by controlling film stoichiometry and refractive index and also to minimize reflection loss
by proper optimization of molar percentage of different chemical constituents and deposition conditions. Reasonable values of
film deposition rate (12.13 Å

′
/min.), good film uniformity (standard deviation < 1), and refractive index (2.35) along with a low

percentage of average reflection (6-7%) on a textured mc-Si surface are achieved with proper optimization of ZnS bath. 12.24%
efficiency on large area (125 mm × 125 mm) multicrystalline silicon solar cells with CBD-ZnS antireflection coating has been suc-
cessfully fabricated. The viability of low-cost CBD-ZnS antireflection coating on large area multicrystalline silicon solar cell in the
industrial production level is emphasized.

Copyright © 2007 U. Gangopadhyay et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. INTRODUCTION

Pyramid type surface texturing is a well established process
used for monocrystalline silicon solar cell.Unlike monocrys-
talline silicon (c-Si),multicrystalline silicon (mc-Si) can ex-
hibit poor surface texturing due to its different grains and
grain boundaries. Therefore, application of AR coating is one
of the challenging issues in the area of mc-Si solar cell re-
search. It has been demonstrated that zinc sulfide (ZnS), a
wide direct band gap semiconductor with high-refractive in-
dex (2.35), can be used as single AR coating or as part of a
double layer AR coating if used in conjunction with a low-
refractive index material [1]. Also, ZnS thin film has been
proven as one of the promising thin film materials for de-
tector, emitter, and modulators in optoelectronics [2]. ZnS
film can be used as a reflector and dielectric filter due to its
high value of refractive index as well as high transmittance
in visible region [3, 4]. It is used as buffer layers in CuInSe-
and CuGaSe2-based solar cells, respectively [5, 6]. Several
techniques such as, molecular beam epitaxy [7], H2 plasma
chemical sputtering [8], thermal evaporation [9], MOCVD
[7], and MOVPE [10] have been used to produce ZnS thin

film with adequate properties. Spray pyrolysis is an inter-
esting technique for preparing thin films [11]. Indeed, this
technique is very attractive due to its simplicity and low cost,
but uniformity control over a large area is one of the ma-
jor problems. Another low-cost approach for deposition of
ZnS film on semiconductor or glass substrate is the chemical
bath deposition (CBD) technique [12–14]. In CBD, deposi-
tion of metal chalcogenide semiconducting thin films is done
by maintaining the substrate in contact with the solution of
chemical bath containing the metal and chalcogen ions. The
film formation on substrate takes place when ionic product
exceeds solubility product. However, the precipitate forma-
tion in the bulk of solution is an inherent problem in CBD
technique. This normally results in unnecessary precipita-
tion and loss of materials during CBD-ZnS film deposition
on semiconductor or glass substrate and hampers the unifor-
mity of the deposited film. In order to avoid such problem,
proper optimization of chemical constituents of bath depo-
sition is necessary.

We have previously reported on the chemical bath depo-
sition of ZnS thin films in the context of their application
as an antireflection coating on monocrystalline silicon solar
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cell [15]. For multicrystalline (mc-Si) silicon large area sub-
strate due to different grain orientation structure, serious
nonuniformity has been noticed during experiment. Bath
chemical constituent percentage was changed from our pre-
viously reported values [16] in order to achieving good uni-
formity of deposition on the surface of m-Si wafer. This pa-
per reports the key factors involved in proper optimization
of CBD technique such as composition of chemical con-
stituents, stoichiometry and refractive index of the deposited
film, and deposition time to form uniform and reproducible
viable ZnS antireflection coating in batch process by CBD on
commercial mc-Si silicon solar cells.

2. EXPERIMENTAL

For the deposition of films, the solution conditions (mo-
lar concentrations) and mounting angle of substrates were
maintained at 60◦ for better deposition [16]. During our ex-
periment, the concentrations of different constituent chem-
icals were taken as zinc sulfate (ZnSO4) 0.08 M, ammonia
solution (NH4OH) 0.784 M, hydrazine monohydrate (N2H4,
H2O) 0.003 M, and thiourea CS (NH2)2 0.14 M,respectively,
for achieving good uniformity of deposited ZnS film on
whole area of large mc-Si substrate. Zinc sulfate was added
to the required quantity of ammonia solution followed by
hydrazine monohydrate in order to improve the dissolution
of the ZnSO4. Next CS (NH2)2 was added to the hot solution
(temperature ∼ 80◦C). The temperature was maintained at
80◦C during deposition, and silicon wafers were withdrawn
from the solution after 10, 20, 30, 40, 50, 60, and 75 minutes,
respectively, in order to study the variation of thickness of the
ZnS film with time of deposition

The films were deposited on multicrystalline silicon sub-
strate, which were cleaned by rinsing in running DI-water
bath and subsequently drying. The optical reflectance of ZnS
films was carried out using spectrophotometer.The energy
dispersive X-ray (EDAX) analysis was used to determine the
percentage of zinc and sulfur present in the deposited ZnS
film. For large area surface study of the deposited CBD film,
we have used scanning electron microscopy (SEM) study.
The thicknesses of the films were measured using ellipsome-
try.

3. RESULTS AND DISCUSSION

A typical SEM micrograph of ZnS film deposited on m-Si
silicon wafers by CBD technique had given in Figure 1. This
film was prepared at 80◦C at a fixed substrate tilting angle of
60◦ with a deposition period of 1 hour 20 minutes. The scan-
ning electron microscopic (SEM) studies indicated that the
coverage of deposited ZnS films on mc-Si surface was con-
siderable uniform over an area 156 cm2 (approx.). The uni-
formity is believed to be achieved by our slightly higher con-
centration of zinc sulfate and hydrazine used for our experi-
ments on mc-Si solar cells compared to that used in our pre-
vious experiments on monocrystalline silicon solar cell [16].
In order to explain this, we need to understand that for our
CBD technique, ZnS thin film is prepared by the decomposi-
tion of thiourea CS (NH2)2 in an alkaline solution containing
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Figure 1: SEM micrograph of CBD-ZnS film on mc-Si substrate.

zinc salt. In our CBD experiment, we have used zinc sulfate
and thiourea as source materials. Precipitation control dur-
ing deposition has to be made by controlling the concentra-
tion of free Zn2+ ion in the CBD bath.In the solution, ZnSO4

divided into two separate ions of Zn2+ and SO4
2−.

The decomposition of the thiourea is given by [13]

CS (NH2)2 + OH− −→ SH− + CH2N2 + H2O,

SH− + OH− ←→ S2− + H2O,
(1)

OH− ions come from hydrazine monohydrate in CBD bath
by breaking at 80◦C.

Finally, ZnS films are formed according to the relation:

Zn2+ + S2− ←→ ZnS. (2)

Hydrazine (N2H4, H2O) has been added to the reaction bath
to promote the ZnS incorporation within the film because at
elevated temperature (80◦C),it dissociate and supplied nec-
essary OH− ion for S2− ion formation which in turn formed
ZnS film. However, the actual mechanism depending on the
film uniformity with different grain size in mc-Si prepared
by varying the concentration of Zinc sulfide and hydrazine
monohydrate is not clear.

Figure 2 shows the standard deviation of the thickness of
the CBD-ZnS film deposited on mc-Si samples at 80◦C for
a fixed 60◦ substrate tilt and for different deposition peri-
ods. For standard deviation calculation, we have measured
the thickness of the deposited ZnS film on silicon wafers
(125 mm × 125 mm) at nine different geometrical locations
using ellipsometer. It was observed from Figure 2 that the
standard deviation of film thickness falls sharply with depo-
sition times. This is probably due to CBD bath used that re-
quires certain amount of time to initiate heterogeneous reac-
tion throughout the bath uniformly. The rapid fall of stan-
dard deviation after 20 minutes of deposition may be due
to higher rate of film deposition throughout the whole sur-
face of wafer leading to an increase in film uniformity. We
conclude that the uniformity of the film improves (stan-
dard deviation < 1) with deposition time. The refractive
index of a 75 minutes deposition film on m-Si sample was
measured to be 2.35 using ellipsometer. The film thickness
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Figure 2: Variation of standard deviation of CBD-ZnS film on mc-
Si substrate with deposition time at fixed CBD bath temperature of
80◦C.
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Figure 3: Variation of thickness of deposited CBD-ZnS film on mc-
Si substrate with deposition time at fixed CBD bath temperature
80◦C

verses deposition time of CBD-ZnS at fixed 60◦ substrate
tilting deposited at 80◦C is shown in Figure 3. It was ob-
served that the film thickness increases sharply with time
in the first 30 minutes of deposition and saturates after-
wards. The reflectivity (%) and weighted average reflectance
(%) of ZnS (900 Å

′
) coated,PECVD silicon nitride (746 Å

′
)

coated textured mc-Si samples, and textured mc-Si sam-
ple are, respectively, shown in Figures 4 and 5. ZnS coated
cells show slightly higher weighted average reflectance (7.1%)
than PECVD SiNx coated cells (6.7%) in general. The pres-
ence of higher atomic percentage of oxygen is revealed from
the EDAX analysis of the films (see Figure 6). This indi-
cates that the S/Zn ratio (indicates the film stoichiometry)
is around 0.71.

The illuminated I-V characteristics (LIV) of the large
area (125 mm × 125 mm) solar cell with and without CBD
ZnS AR coating are shown in Figure 7. From the curves,
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Figure 4: Reflectivity of NaOH−NaOCl textured mc-Si surface,
CBD-ZnS coated and PECVD SiNx coated films on NaOH−NaOCl
mc-Si substrate.
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Figure 5: Weighted average reflectance (%) of Sample Id no.
1 (NaOH−NaOCl textured mc-Si surface), Id no. 2 (CBD-ZnS
coated) and Id no. 3 (PECVD SiNx coated) films on NaOH−NaOCl
textured mc-Si substrate.

it was observed that the short-circuit current of multicrys-
talline solar cell has increased from 3.93 A to 4.42 A after
CBD-ZnS coating representing a 12.5% gain in short-circuit
current and 14.9% gain in overall efficiency. It was also ob-
served from Table 1 that except short-circuit current density
and conversion efficiency,the performance parameterVoc did
not make significant change or degrade after CBD-ZnS coat-
ing on the finished solar cell. Spectral response curves from
Figure 8 indicate substantial improvement after the applica-
tion CBD-ZnS coating demonstrating the potential of CBD
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Table 1: Performance parameters of large area (125 mm × 125 mm) multicrystalline silicon solar cell with and without CBD-ZnS AR
coating, Voc = open circuit voltage, Isc = short circuit current, Vm = voltage at maximum Power Point, Im = current at maximum Power
Point, Pm = maximum Power output, FF = fill factor, Eff = efficiency.

Sample description Voc (V) Isc (A) Vm (V) Im (A) Pm (W) FF Eff. (%)

Without AR coating 590.3 3.93 489.34 3.39 1.66 0.72 10.65

With ZnS AR coating 588.8 4.42 491.03 3.89 1.91 0.73 12.24
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Figure 6: Energy Dispersive X-ray analysis curve of CBD-ZnS film
on mc-Si substrate.
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Figure 7: Illuminate current-voltage characteristic of large area mc-
Si solar cell with and without ZnS AR coating.

ZnS as ARC on commercial multicrystalline silicon solar
cells.

4. CONCLUSION

Film uniformity (standard deviation < 1),good stoichiom-
etry (0.71),high value of refractive index (2.35),and low-
percentage weighted average reflection 7.1% were achieved
through proper optimization of ZnS bath for depositing ZnS
on mc-Si solar cell. Moreover, it has been observed that
12.5% gain in short-circuit current and 15% gain in over-
all efficiency have been achieved using CBD-ZnS films as
AR coating on textured multicrystalline silicon solar cells.
12.24% efficiency on large area (125 mm × 125 mm) mul-
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Figure 8: Spectral response of large area mc-Si solar cell with and
without ZnS.

ticrystalline silicon solar cells is achieved by using CBD-ZnS
antireflection coating on textured surface.
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and O. Zelaya-Angel, “Influence of magnetic field and type of
substrate on the growth of ZnS films by chemical bath,” Thin
Solid Films, vol. 419, no. 1-2, pp. 118–123, 2002.

[16] U. Gangopadhyay, K. Kim, D. Mangalaraj, and J. Yi, “Low
cost CBD ZnS antireflection coating on large area commercial
mono-crystalline silicon solar cells,” Applied Surface Science,
vol. 230, no. 1–4, pp. 364–370, 2004.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2010

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


