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Abstract
Nano-crystalline semiconductor materials have attracted considerable attention due to their particle size dependent physical
properties and very large specific surface area which are not present in bulk materials. Usually they are synthesized with organic
ligands to disperse them from agglomeration. However, these ligands can act as series resistance in the active layer of solar cells. In
this work cadmium sulfide (CdS) precipitates were prepared from cadmium and sulfide ion solutions without any ligands at different
solution temperature and synthesis time. The obtained CdS precipitates were washed by rinsing with methanol and by centrifugation
with water and methanol. By using Fourier transform infrared spectroscopy (FTIR) impurities were observed on the surface of rinsed
CdS samples and they had been eliminated after washing by centrifugation (not shown here). X-ray diffraction (XRD) patterns

indicate that the obtained products were of hexagonal structure. The average size of the CdS crystallites found by Scherrer formula 12
nm before centrifugal washing and 6 nm after washing. The best cell prepared with CdS nanoparticles showed a photocurrent (Jsc)
of 2.2 mA/cm2 and a photovoltage (Voc) of 0.84 V, measured in air at room temperature under 100 mW/cm2 illumination in a solar
simulator.
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Introduction
Solar energy conversion is a highly attractive process for clean and renewable power for the future. Solar Energy is an only
way to rise out of global poverty. We always intend to make our lives comfortable, energizing and productive. Mankind is
using energy in many ways to improve living standard. We depend on energy for almost everything in our life. Due to the
enormous amount of energy consumption, the world is facing an energy crisis. We have very limited sources of energy like
coal, petroleum and natural gases. Now-a-days, most of the energy is produced by fossil fuel and coal. Coal is the main
source of carbon dioxide emissions in the world resulting global warming. From environmental point of view, a burning of
fossil fuel depletes our non-renewable energy source and produce pollution. More combustion of fossil fuel can deplete the
non-renewable energy sources. In nature, cost effective and pollution free. Solar energy is abundant and easily available,
renewable energy source in world, especially in India.
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However, we need to use it more economically. Solar cell is also called as photovoltaic cell, which converts solar energy into
electrical energy. Today, silicon based solar cells are commercially produced because of the abundant supply of silicon row
material and its comparatively high efficiency. However, very pure Silicon is needed hence the price is very high compared
to the power output [1].

For nanometer proportioned systems, their optical and electronic properties become size-dependent. Thus, chemical control
over the growth and size of particles should allow a corresponding control over these properties [2]. In particular,
considerable interest has centered on the synthesis of nanometer-size semiconductor particles [3,4]. The unique electronic
and optical properties of semiconductor nanomaterials constitute the fundamental reason behind their technological
importance. Cadmium sulfide (CdS) is one of the most important II–VI group semiconductors. It has been proved to be an
excellent photoactive and charge transport material in optoelectronic devices [4], and its direct band-gap of 2.4 eV is
appropriate to be an acceptor in hybrid photovoltaic (HPV) devices [5-7]. CdS nanoparticles exhibit structural, optical and
photo-conducting properties that are very different from their bulk properties that make them attractive for their possible
application in solar cell, photo detector, laser, LED etc. [4]. Nanoparticles of CdS are usually synthesized in presence of
ligands. These are lineal organic compounds that one of their two (head or tail) terminals is attached onto the surface of the
nanoparticles and the other is solvated by the solvent molecules. In this way the nanoparticles were surrounded by these
organic molecules and are separated one from each other under the electrostatic repulsion between the free terminals of the
ligands. However, for solar cell applications, these ligands are obstacles to charge carrier transport, leading to a low
photocurrent. The removal of the ligands in nanoparticles requires another chemical process [8-12].

Experimental Procedure
0.1 M solution of Na2S and 0.1 M solution of cadmium acetate [Cd(OOCCH 3)2·2H2O] were prepared in methanol. The
temperature reaction was chosen as 0°C or 25°C (room temperature). The cadmium ion solution was added slowly into the
sulfide one and the resulting solution turned from transparent to yellow color, which is indicative of the immediate
formation of CdS product. The reaction time was stopped at 0.5 h and 24 h at each temperature. The obtained CdS
precipitates were washed in two ways: (a) rinsed by about 50 mL of methanol (called rinsed samples), and (b) washed by
centrifugation for 10 times with 50 mL of deionized water each time and the last one with 50 mL of methanol (called
washed sample). All the final products were dried at room temperature for 48 h.

Characterization
X-ray diffraction (XRD) patterns were recorded in a BRUKER D8 Advance (CuK-radiation λ=0.154 nm), with a scanning
rate of 1°/min from 10° to 70° in 2θ range (FIG.1).
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FIG. 1. XRD patterns of CdS nanoparticles synthesized at 25°C for 24 h: (a) rinsed and (b) Centrifugally washed
samples.
The average crystallite sizes of CdS nanoparticles were estimated by Scherrer equation:

D

K
....(1)
 Cos

where D is the crystalline grain size, K is a Scherrer constant (shape factor) taken to be 0.94, λ is the wavelength of the Xray radiation, β is the full width at half maximum (FWHM) of the diffraction peak, and θ is the angle of diffraction at that
peak.

It was found that the average crystallite size was about 12 nm for rinsed and 6 nm for washed samples. Although the
discrepancy existed in size numbers provided by the two experimental methods, it is evident that the centrifugal washing
process reduced the crystallite size in CdS nanoparticles from 6 nm to 12 nm down to 3 nm–5 nm. The product yield was
also estimated for different reaction temperature and time by adding 50 mL of 0.1 M Cd(OOCCH3)2·2H2O into 50 mL of
0.1 M Na2S solution. It seems that 30 min of reaction was enough to obtain more than 90% of the final CdS product.
The build of the solar cells consisted in the following steps: 50 nm of CdS thin film was deposited on transparent
conductive glass substrate (indium–tin–oxide coated glass slides with sheet resistance of 15 Ω per square, Lumtec) by
chemical bath deposition [13] described as CdS-f in the hybrid structure. Subsequently, CdS nanoparticles were deposited
on the CdS thin film by spin-coating. P3HT was synthesized by a chemical oxidation method [14]. P3HT solution was
prepared by dissolving the polymer product in 1,4-dichlorobenzene and dripped on top of the CdS nanoparticle layer. The
P3HT film was formed after a fast-drying process (70°C–80°C). Carbon paint (CP) was spread on the polymer surface and
dried in air. Then gold contacts of about 40 nm thickness were deposited by evaporation on top of CP. The use of CP was to
improve the ohmic contact and avoid the gold atoms diffusion. The structure of the cells was: ITO/CdS-f/CdSn/P3HT/CP/Au. FIG. 2 illustrates the cross-section scheme of those CdS/P3HT solar cells. Except for metal contact, all the
cell preparation process was carried out in air. The whole device was annealed in air at 120°C for 30 min. Current–voltage
(I–V) curves of solar cells was taken under illumination of one Sun with a solar simulator (Oriel) and the intensity of the
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Xenon lamp was adjusted to 100 mW/cm2. The electrical characterizations of hybrid solar cells were carried out in air under
ambient conditions.

FIG. 2. Cross-section scheme of CdS-n/P3HT solar cells.

Results and Discussion
The centrifugal washed CdS powder was finer than the rinsed one, that is, the centrifugation process could break down CdS
clusters into smaller ones. An indirect measurement of particle size is the BET method, which consists in determining the
specific surface area of powder samples by physical absorption of an inert gas (N 2, for example). The larger the specific
area, the smaller the average particle size [4]. The BET surface area of rinsed CdS nanoparticles was of 66.55 m2/g, and for
centrifugal washed samples that number was almost doubled: 127 m2/g, which is consistent with the physical appearance of
the two types of CdS powders, it is valid to assume that the washed CdS precipitates still kept the hexagonal structure but
with smaller crystallites inside the particles (FIG. 3).

FIG. 3. Photoluminescence emission spectra of CdS precipitates synthesized at 0 °C for 24 h: (a) centrifugally washed
(b) rinsed samples. Excitation wavelength: 390 nm, detector cut-off filter: 430 nm.

Finally, the use of CdS nanoparticles in hybrid solar cells was experimented. The use of a solution deposited CdS thin film
(CdS-f) on ITO surface served as a sealing layer to prevent short-circuit between ITO and the metal contact. Then CdS
nanoparticles were deposited as a rough layer CdS-n, which allowed a posterior good permeation of P3HT macromolecules
into the inorganic layer and enlarged the CdS-n/P3HT interface. Being the same semiconductor compound, the
heterojunction of CdS thin film and P3HT (ITO/CdS-f/P3HT/CP-Au) also generated photovoltage (Voc) and photocurrent
(Jsc), as evidenced in FIG. 4, although with inferior photovoltaic performance. The use of CdS nanoparticles (CdS-n)
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between CdS-f and P3HT improves largely those parameters; FIG. 4,shows the J–V curves of the best CdS/P3HT hybrid
cells with washed CdS nanoparticles (ITO/CdS-f/CdS-n-washed/P3HT/CP/Au) and rinsed CdS ones (ITO/CdS-f/CdS-nrinsed/P3HT/CP/Au) where the CdS powders were synthesized at 25°C for 24 h and the cells were fabricated under the
same procedure.

FIG. 4. J–V curves of hybrid solar cells: 1 ITO/CdS-f/P3HT/CP-Au, 2 ITO/CdS-f/CdS-n (washed)/P3HT/CP/Au
and 3 ITO/CdS-f/CdS-n(rinsed)/P3HT/CP/Au.

Photovoltaic parameters of the J-V curves shown in FIG. 4 are listed in TABLE 1, and the maximum power conversion
efficiency was about 0.72%.

TABLE 1. Photovoltaic parameters of the J-V curves.
Structure (CdS at 0°C for 24 hr)

Jsc (mA/cm2)

Voc (V)

FF



(1) ITO/CdS-f/P3HT/CP-Au

0.24

0.43

0.3

0.03

(2) ITO/CdS-f/CdS-N-washed P3HT/CP-Au

2.05

0.67

0.34

0.47

(3) ITO/CdS-f/CdS-n rinsed/P3HT/CP- Au

2.19

0.84

0.39

0.72

It is seen that the two cells with CdS nanoparticles (rinsed and washed) gave a good Jsc (current density at voltage equal to
zero) above 2 mA/cm2. However, the rinsed CdS nanoparticles gave a higher Voc (voltage at current equal to zero) than the
washed ones. This phenomenon can be explained by the fact that a higher density of the surface states in washed CdS
samples should lead to a higher probability of charge recombination at CdS-n/P3HT interface, which in turn should reduce
the Voc of the heterojunction [15]. On the other hand, the CdS crystallite size should also play an important role in the
photovoltaic behavior of the cells, which could not be clearly observed because of the surface states in washed CdS
samples. In literature, similar CdS/P3HT heterojunctions have been reported and the obtained power conversion efficiency
varied from 0.06% [7] to 4.1% as CdS is grafted in the highly ordered P3HT nanowires [16]. Further research effort should
be addressed to improve the photovoltaic performance of hybrid solar cells.
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Conclusion
Nanoparticles of cadmium sulfide were synthesized from cadmium and sulfide ion solution in methanol without any ligands
or dispersants. The reaction temperature was chosen at 0°C or 25°C and the reaction time, for 0.5 h or 24 h. Both types of
samples showed a crystalline hexagonal structure, although the centrifugal washing reduced the crystallite size from 12 nm
to 6 nm. Photoluminescence spectra also suggest the presence of impurities at the surface of rinsed samples. The
photocurrent density of hybrid solar cells with CdS nanoparticles and poly(3-hexylthiophene) was higher than 2 mA/cm2,
and the photovoltage of the same cells reached to 0.84 eV, which will be lowered down to 0.67eV if the CdS nanoparticles
were smaller.
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