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In this work we report on the assembling process of CAS/P3HT (poly(3- hexylthiophene)) hybrid solar
cells on indium-tin-oxide (ITO)-coated glass substrates and their electrical output in darkness and
under illumination conditions. The CdS window layers were deposited on ITO-coated glass substrates
by the chemical bath method employing an ammonia-free process. The P3HT absorbing layers were
deposited on the CdS/ITO/glass substrates by the casting method from solution by dissolving P3HT in
chloroform. To complete the heterostructured solar cells, silver and silver-carbon (graphite) contacts
on the P3HT layers were used as the back contacts. The hybrid solar cells were assembled in three
different layer configurations: 1) CdS/P3HT bilayer, 2) P3HT-CdS nanoparticles (CdS NPs) hybrid
composite layer and 3) CdS/P3HT-CdS NPs bilayer. The CdS NPs embedded in the P3HT matrix to
obtain the composite layer were obtained from the powder precipitated during the chemical deposition
of CdS films. The photovoltaic effect in the hybrid solar cells was analyzed from current density
versus voltage (J-V) measurements.
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1. INTRODUCTION

The rise of organic materials with semiconductive properties has encouraged the development
of organic electronics based on novel electronic devices such as organic light-emitting diodes (OLED),
organic solar cells (OSC), organic thin film transistors (OTFT), etc [1]. Many organic semiconductors
can be processed in solution and layers can be deposited easily by spinning, casting, printing, etc [2-3].
This is one of the great advantages of organic semiconductors, because it reduces considerably the cost
of electronic devices processing. On the other hand, organic semiconductors have very low charge
carrier mobility because of their amorphous or semicrystalline structure [4-5]. Thus, in organic solar
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cells the diffusion length of photogenerated carriers is very short because of the poor mobility and
therefore, the conventional p-n junction has very limited efficiency for photovoltaic conversion [6-7].
This drawback of organic semiconductors has been overcome with different solar cell configurations in
which the p-n interface has an increased area. The typical configuration consists of a blend of a p-type
organic semiconductor as P3HT (poly(3- hexylthiophene)) and an n-type one as PCBM (Phenyl-C61-
butyric acid methyl ester) [8-9]. In a proper blend, the interface area is maximized and each
semiconductor must be connected to the respective contact to provide the electrical path to the
photogenerated electrons and holes, after they are separated at the p-n interface. Another approach is to
combine with inorganic semiconductors in organic-inorganic hybrid solar cells [10-11]. For this, the
great availability of inorganic semiconductor nanostructures allows the design of different hybrid solar
cell configurations. One of the simplest configurations is the system of semiconductor nanoparticles
with n-type conductivity, such as CdS and CdSe, embedded in a polymeric matrix with p-type
conductivity, such as P3HT [11-12].

The inorganic-organic CdS-n/P3HT-p thin film solar cell has attracted some attention because
of the simplicity of depositing the absorbent P3HT layer and the excellent properties of CdS as a
window layer. P3HT is a polymeric, semicrystalline, p-type semiconductor, which can be easily
deposited in solution and has been used in electronic devices such as solar cells and thin film
transistors [13-15]. The CdS thin films have shown to be the best window layer semiconductor
material in CdS/CdTe and CdS/CIGS solar cells [16-18]. Heterostructured CdS/P3HT solar cells on
ITO-coated glass substrates, with efficiency of 0.44% were reported in reference [19]. The CdS layers
were deposited by the chemical bath deposition technique employing ammonia as the complexing
agent, meanwhile the P3HT layers were deposited by drop casting and spin coating, and annealed at
several temperatures. For the back contacts, evaporated gold on graphite electrodes were used. In
reference [20], a CdS nanocrystalline layer was formed by first depositing via sputtering, a Cd layer
which was then transformed to CdS by chemical reaction in a solution of sulfur-thiourea in N,N-
dimethyl formamide at 120 °C for 12 hours. The P3HT layers were deposited by spin coating and the
gold back contacts were deposited by thermal evaporation. The maximum efficiency attained by these
hybrid solar cells was 0.068 %. In reference [21], a similar CdS nanocrystalline layer was obtained
from a sputtered Cd layer by chemical reaction in a solution of sulfur powder in ethanol at 180 °C for
12 hours. The hybrid solar cell was completed with the P3HT layer deposited by spinning and the
application of evaporated gold contacts. The efficiency of this solar cell was 0.03 %. The photocurrent
response of the bilayer CdS/P3HT, where both layers were processed by electrodeposition, was
reported in reference [22]. It was shown that the photocurrent response of the hybrid bilayer was
higher than that corresponding to the organic P3HT layer.

Chemical bath deposition (CBD) is a very convenient technique for the growth of CdS thin
films. It is an electroless, solution growth, deposition technique that is very appropriate for thin film
deposition on large area substrates and is good for large-scale thin film solar cell fabrication. Due to
their properties such as homogeneity, compactness, crystallinity, n-type conductivity and high
photoconductivity, chemically deposited CdS films have shown excellent performance as window
layers in photovoltaic applications. Therefore, these CdS films are also a good choice for use in hybrid
heterostructured solar cells with p-type organic semiconductors. In our group, we have developed an
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ammonia-free CBD process for the deposition of CdS, based on the employment of sodium citrate as
the complexing agent [23-25]. The process represents several important advantages such as avoiding
the use of harmful ammonia as the complexing agent and the reduction of cadmium in the reaction
solution, and thus also in the residues. In addition, the properties of these CdS films are good enough
to be applied as window layers in CdS-CdTe and CdS-PbS thin film solar cells [26-27], and as active
semiconductor layers in thin film transistors [28-30]. In this work, we assembled CdS/P3HT thin film
solar cells on ITO-coated glass substrates, employing our previously reported CBD ammonia-free
process for the deposition of the CdS window layers. Taking advantage of the CdS nanoparticles
produced as precipitated powder during the CdS CBD process, we assembled different solar cell
configurations by blending the CdS nanoparticles with the polymer semiconductor. Then, the
CdS/P3HT hybrid blends were deposited by drop casting on the ITO-coated glass and CdS/ITO coated
glass substrates. The output electrical responses of the hybrid solar cells in the three different
configurations were analyzed from 1-V measurements. From this analysis, the electrical parameters of
the hybrid solar cells were determined.

2. EXPERIMENTAL DETAILS

The CdS films were deposited on ITO-coated glass substrates in a solution containing 15 ml of
0.05 M CdCly,, 15 ml of 0.5 M CgHsO7Na3 (sodium citrate), 5 ml of 0.5 M KOH, 5 ml of a pH 10
borate buffer and 7.5 ml of 0.5 M CS(NH;), (thiourea). The reaction solution was added with
deionized water to complete the volume of 100 ml of the beaker. The temperature of the reaction
solution was set up at 70 °C in a temperature controlled water bath and the substrates were removed
after 60 min, rinsed with deionized water and dried with nitrogen. The average thickness of the CdS
films was 72 nm. After deposition, the precipitated CdS powder in the bottom of the beaker was
collected, washed in acetone and dried at 40 °C for 24 hours in a conventional oven. The P3HT layers
were deposited on the CdS/ITO/glass substrates by drop casting. For this, a solution of 20 mg of P3HT
(Aldrich 90%, regioregular) in 1 ml of chloroform was prepared and magnetically stirred for 3 hours at
40 °C on a hot plate. Several drops of the P3HT solution were poured on the CdS surface and kept at
25 °C for 30 min in the hot plate. After deposition, the P3HT/CdS/ITO/glass samples were thermally
annealed at 60 °C for 2 hours. The average thickness of the P3HT layer was 5.2 um. Finally, to
complete the hybrid solar cells, two types of back contacts, colloidal silver (Ag) and bilayers of
colloidal carbon (graphite)/colloidal silver (Ag-C), were painted on an area of 0.04 cm? over the P3HT
absorbent layer. The graphite and silver contacts were cured at 60°C for 6 hours and at 80 °C for 2
hours, respectively. For the other solar cells configurations, a hybrid P3HT-CdSNPs (CdS
nanoparticles) composite layer was prepared by first suspending 0.08 g of CdS powder in 2 ml of
chloroform and magnetically stirring for 20 min followed by ultrasonically stirring for 25 min. The
CdS nanoparticles suspension was then mixed with a P3HT solution, prepared as described above, and
magnetically stirred at 40 °C for 20 min. The P3HT-CdSNPs layers were deposited by drop casting
from this mixture on ITO-coated and CdS/ITO-coated glass substrates to obtain the hybrid solar cell
configurations: P3HT-CdSNPs/ITO/Glass and P3HT-CASNPs/CdS/ITO/Glass, respectively. The
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thickness of the hybrid composite layer was 4.86 um. The back contacts in these solar cells were also
graphite and silver electrodes. The scheme of the three hybrid solar cell configurations are shown in
Fig. 1. The transmission (T) and reflection (R) optical spectra of the CdS and P3HT films were
measured in the 240-840 nm wavelength range with a Scientific Computing International (SCI) Film
TekTM 3000 spectrometer. The 1-V characteristics of the hybrid solar cell structures in the darkness
and under 34 mW/cm? illumination were measured using a Semiconductor Parameter Analyzer 4155C
Agilent in the voltage range from zero to 1 V in steps of 0.02 V.

ess P o

Figure 1. Scheme of the three configurations of solar cells assembled and analyzed: a) bilayer
P3HT/CdS, b) hybrid composite monolayer P3HT-CdSNPs and c) the bilayer CdS/P3HT-
CdSNPs.

3. RESULTS AND DISCUSSION

In Fig. 2 are shown the T and R optical spectra of the CdS film deposited on ITO-coated glass
substrate and of the P3HT film deposited on glass substrate. It is observed that the onset of the optical
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absorption of the P3HT layer at about 700 nm defines a wide absorption range below this wavelength
value where the optical transmission vanishes.

Figure 2. Optical transmission and reflection spectra of the CdS and P3HT films
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Figure 3. J versus V measurements in dark and under illumination of the bilayer P3HT/CdS hybrid

solar cells.
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This result assures the total absorption of the light in this wavelength range in the P3HT layer.
On the other hand, the absorption edge of the CdS film is observed at about 500 nm. From the T
spectra the values of the energy band gap for CdS and P3HT layers were determined as 2.45 and 1.94
eV, respectively.

The current-density-voltage (J-V) characteristics of the P3HT/CdS/ITO/glass solar cells,
measured in dark (dotted lines) and under illumination conditions (solid lines), in silver (red) and
silver-graphite (blue) electrodes are shown in Fig. 3. The inset displays the scheme of the hybrid solar
cell. The J-V curves measured in dark conditions show the typical exponential behaviour of a
rectifying diode, evidencing the formation of the p-n junction at the interface of the CdS and P3HT
layers. Under illumination, the induced photocurrent displaced the J-V curves to the negative values
region of J. The Ag-C contacts produced better photoresponse of the hybrid solar cell with open
circuit voltage of 568 mV and short circuit current density of 0.284 mA/cm?. The corresponding fill
factor and efficiency of the hybrid bilayer solar cell were 0.30 and 0.14 %, respectively. On the other
hand, the photoresponse measured with the Ag contacts produced open circuit voltage of 520 mV and
short circuit current density of 0.111 mA/cm?, with corresponding fill factor and efficiency of 0.30 and
0.05 %, respectively.
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Figure 4. J versus V measurements in dark and under illumination of the composite monolayer P3HT-
CdSNPs hybrid solar cell.

The single layer P3HT-CdSNPs/ITO/glass hybrid solar cell showed very poor photoresponse,
as shown in Fig. 4, where are plotted the J-V curves for this solar cell configuration measured in dark
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(dotted lines) and under illumination conditions (solid lines). The scheme of this hybrid solar cell is
shown in the inset. In this configuration, only the silver electrodes produced acceptable photoresponse.
As observed, both open circuit voltage and short circuit current density are much lower for this
configuration with values of 290 mV and 0.006 mA/cm?, respectively. The corresponding fill factor
and efficiency of the hybrid single composite layer solar cell were 0.23 and 0.001 %, respectively. The
performance parameters of the solar cell using the composite P3HT-CdSNPs layer were improved by
depositing it on the CdS window layer to attain the P3HT-CASNPs/CdS/ITO/glass configuration.
Figure 5 shows the J-V curves for this solar cell configuration measured in dark (dotted lines) and
under illumination conditions (solid lines), using silver (red) and silver-graphite (blue) electrodes. The
scheme of this solar cell configuration is shown in the inset. Both types of back contacts produced very
similar responses either in dark or under illumination. The open voltage values increased up to 524 and
502 mV when measured with Ag-C and Ag electrodes, respectively. However, the values for the short
circuit current density were low as compared with the bilayer P3HT/CdS solar cell configuration.
These values were 0.047 and 0.052 mA/cm? for the Ag-C and Ag contacts, respectively. The resultant
fill factor and efficiency values were 0.24, 0.0175 % and 0.23, 0.0178 %, respectively for Ag and Ag-
C contacts.
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Figure 5. J versus V measurements in dark and under illumination of the bilayer CdS/P3HT-CdSNPs
hybrid solar cell

Table 1. Electrical parameters of the hybrid solar cells in the three analyzed layers configurations.

Solar Cell Contact Jsc (mA/cm?) Voc (V) FF N(%)
CdS/P3HT Ag-C 0.284 0.568 0.30 0.14
P3HT-CdSNPs Ag 0.006 0.290 0.24 0.001

CdS/P3HT-CASNPs Ag 0.052 0.502 0.23  0.018




Int. J. Electrochem. Sci., Vol. 10, 2015 5621

Table 1, with the parameters of the best hybrid solar cells for each configuration, summarizes
the results. The hybrid bilayer P3HT/CdS/ITO/glass configuration, using silver-graphite electrodes as
the back contact, produced higher short circuit current and fill factor to attain the best efficiency of
0.14 %. This solar cell efficiency is on the order of the efficiency of similar hybrid bilayer solar cells
reported in the literature, where the back contacts were evaporated gold or gold on graphite electrodes
[19-21]. Therefore, we attained equivalent photovoltaic efficiency in hybrid solar cells which assembly
processing represents several important advantages. The hybrid solar cell was assembled employing
low temperature solution deposition processes, including the process for the back contacts. The
maximum temperature during the whole assembling process was 80 °C for the curing of the silver
electrodes; therefore, this simple and easy assembly process would be very useful and convenient to
produce flexible solar cells on plastic substrates. The ammonia-free CBD process for the CdS window
layer is also advantageous because of the employment of innocuous sodium citrate as the coupling
agent and the elimination of harmful ammonia in the reaction solution. Furthermore, to take even more
advantage on the CdS-CBD process, the CdS powder, constituted by CdS nanoparticles, formed in the
reaction solution and precipitated during the deposition process was collected and employed as active
material in P3HT-NPsCdS composite layers in the others hybrid solar cells configurations. The single
layer P3HT-NPsCdS hybrid solar cells showed the lowest efficiency of 0.001 %, which increased to
0.0178 % when a CdS window layer was included in the hybrid solar cell configuration. To improve
the photovoltaic efficiency of these hybrid solar cells with the hybrid composite layer, it is necessary
the study of the influence of the size, amount and distribution of the CdS nanoparticles in the P3HT
matrix.

4. CONCLUSIONS

In this work, we have shown that organic-inorganic P3HT-CdS hybrid solar cells can be
prepared in simple, low temperature, economic and more environmentally friendly solution deposition
processes. Particularly, the CdS window layers were deposited by means of an environmental
advantageous CBD process in which ammonia was replaced by sodium citrate as the complexing
agent. The precipitated CdS powder after the CdS deposition process was collected and employed as
active material in some hybrid solar cells configurations. The analysis of the bilayer P3HT/CdS hybrid
solar cells characteristics shows that the photovoltaic efficiency is equivalent to that reported in the
literature for other similar bilayer hybrid solar cells. The hybrid solar cells, including a P3HT-NPsCdS
hybrid composite layer, showed the proper photovoltaic response, although with poorer electrical
parameters than those measured in the P3HT-CdS bilayer configuration.
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