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Pani Addition to Improve Contact Between CdTe/CdS Semiconductors
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This paper presents the study of the addition of the polyaniline polymer (PANI), at the junction 
of the cadmium telluride and cadmium sulfide (CdTe/CdS) layers in order to improve the contact 
between the layers, to decrease the air gap that limit the conversion photovoltaic. The morphology of 
CdS, CdTe and polyaniline (PANI) were characterized with multiple techniques including scanning 
electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and 
optical absorption. The Metrohm Autolab LED Driver Kit system was used for data collection, and it 
was possible to obtain the current and voltage parameters of the cells. The inclusion of PANI thin film 
in CdS/CdTe hybrid solar cells increases the energy conversion efficiency from 0.0075% to 0.15%, 
this gives a 20-fold increase in efficiency.
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1. Introduction
In the last century, great discoveries were made by man, 

among them are fossil fuels, they are difficult to replace, 
however when verifying that these fuels are reaching the end 
of their extraction process, man seeks new ways to generate 
energy, in In the middle of the last century, semiconductors 
were discovered and with them the necessary technology 
to generate electrical energy converted through sunlight.

The most well-known technology for converting solar 
energy into electricity is that of Silicon, due to its abundance 
on the planet, there are other materials that are more efficient, 
but they are difficult to find in nature, we can mention as 
an example: gallium, germanium and indium, among other 
metals and semi-metals. Another existing technology is that 
of Cadmium Telluride (CdTe), but the element tellurium in 
addition to being toxic is difficult to be found in nature and 
cadmium, despite being easier to be found in nature, is an 
extremely toxic metal.

With due technology, it is possible to make these cells 
more efficient and have a good level of safety. What is 
achieved nowadays1.

There are several ways to transform solar energy into 
useful energy for humanity, one of these ways is to convert 
solar energy into electrical energy, using photovoltaic solar 
cells, so this is the reason for carrying out this work and the 
interest in contributing to the solution of the problem to the 
energy crisis, due to the high consumption of energy that 
only grows every year, as it is necessary to develop more and 
more systems that generate low-cost electricity2. Solar CdS/
CdTe cells have low manufacturing costs, but it is possible 
to improve their efficiency and this defines the objective 

of this work. After extensive research in the literature, we 
can state that PANI has been used as a counter electrode 
and the proposal of this work is that PANI be placed in the 
middle of the solar cell, thus demonstrating the increase in 
its efficiency and a new use for PANI3.

2. Objective
•	 Synthesize CdS/CdTe solar cells.
•	 Synthesize and add the conducting polyaniline 

polymer (PANI) at the junction of the cells.
•	 Evaluate the efficiency of the cells by adding the 

PANI between the CdS/CdTe layers.

3. Materials and Methods

3.1. Preparation of deposition steps
Before all deposition processes, the FTO films were 

washed in an ultrasound bath for 30 min in a 1:1 solution 
of water and alcohol, being dried in an oven at 60 °C for 
90 min, and finally stored in a desiccator, containing blue 
silica gel and remaining so until its use.

3.2. Deposition of CdTe
The materials available to prepare the precursor solution 

for CdTe are: tellurium oxide, sulfuric acid and cadmium 
chloride. Tellurium oxide, being an oxide, has a difficult 
solubilization in water, being solubilized in a 5 molar sulfuric 
acid solution, after verifying that all oxide was solubilized, a 
new dilution was made, lowering the solution concentration to 
1 molar and an aqueous solution containing 1 molar cadmium 
chloride, the two solutions were then mixed using a magnetic *e-mail: phfmj2010@gmail.com
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stirrer and transferred to an electrochemical cell, whose 
assembly consists of reference electrode, against platinum 
electrode and working electrode (FTO film).

The reference electrode chosen was a calomel type 
electrode. To work as a counter electrode, a platinum plate 
with dimensions of 2 cm x 3 cm and thickness of 1 mm was 
chosen, the platinum was chosen because it is an inert metal. 
The working electrode was a thin FTO film, produced in 
the LAFFER laboratory (Thin Films and Renewable Energy 
Laboratory).

The CdTe was deposited by the electrodeposition method 
on a conductive glass of FTO, through a sequence of cyclic 
voltammetry, which consists of varying the voltage in the 
cell. After finishing the process, the films undergo a thermal 
treatment with a coating containing anhydrous CdCl2 in 
methanol solution and this is taken to the vacuum oven for 
about an hour at 400 °C, temperatures above 490 °C favor 
the evaporation of the cadmium chloride, thus avoiding the 
deposition of excess cadmium on the substrate4, thus having 
the characteristic of being a semiconductor type p.

After the heat treatment, the film was washed using the 
ultrasound bath first with a solution containing methanol. 
Then the film is taken to the greenhouse for 24 hours at about 
60 °C to remove all moisture and is subsequently stored 
in an airtight container containing blue silica gel and only 
leaving there to assemble the final device.

3.3. Deposition of CdS film
In another slide also containing the FTO film, the thin 

CdS film was deposited by chemical bath. Cadmium Chloride, 
Tiouréia and ammonia chloride, were diluted in deionized 
water in the concentration of 1 molar each, being put to heat 
to 80 °C according to the literature5. The Cadmium chloride 
solution was put in a Becker and at this moment the glasses 
containing the FTO are added, protected by an insulating 
mask so that only the unprotected part receives the CdS 
layer. The Ammonia and Cadmium chloride solutions were 
mixed and their pH was corrected to 10 using an NH4OH 
solution, finally the solution containing thiourea was slowly 
dripped. The reaction does not occur instantly, it takes about 
20 minutes until the whole process is finished. The baths 
were repeated and analyzed in UV-vis, then they were taken 
to the vacuum oven at 400 °C for 30 minutes. The films were 
then stored in a desiccator to avoid moisture.

3.4. Deposition of polyaniline films
Polyaniline was deposited by electropolymerizing 

the aniline monomer in an acid medium on the CdTe and 
CdS films, respectively. A solution containing 50 mL of 
1 molar HCl was used as the base and 2 mL of the aniline 
was diluted with stirring, then a cyclic voltammetry was 
performed between -0.2 V and 1.2 V, starting and ending at 
0 V, that is it can be considered a cycle, to have a notion of 
the thickness of the film, several samples were made with 
different cycles, 3, 6, 9 and 12 cycles respectively for each 
sample6. The resultant product was PANI in emeraldine 
salt form, i.e., PANI (ES). However, the more cycles are 
performed, the lower the transmittance making it difficult 
for photons to pass to the layer containing CdTe.

3.5. Characterization techniques
The structural, morphological, optical and electrical 

properties of PANI, CdTe and CdS films were characterized 
using X-ray diffraction, scanning electron microscopy, UV-
VIS spectroscopy and photovoltaic characterization. The cell 
structures have the following characteristics: glass / FTO 
/ CdS / PANI / CdTe / FTO / glass and were manufactured 
incorporating the PANI between the FTO/CdTe and FTO/
CdS cells. The results show that with the addition of the 
polymer there is an improvement in the efficiency of the cells.

The characterizations were performed in the laboratories 
of the institution itself as the Central Analitica of the UFC, 
where the INSPECT S50 - FEI Electronic Scanning Microscope 
(SEM) was used, in the UFC X-Ray laboratory we have the 
Difractometer for polycrystalline samples model XPert Pro 
MPD - Panalytical.

The absorbance and transmittance spectra were 
recorded using the Agilent cary-300 spectrophotometer in 
the wavelength range 190-900 nm. The optical gap energy 
was calculated using Equations 1 and 2 through Tauc’s plot 
method following the relationship.

( ) ( )n
gh h Eα ν Ε ν= −

	 (1)

The Equation 1 is known as Tauc and Davis-Mott 
relation. This relation is used to probe the optical band 
gap energy of nanoparticles from Uv-Vis absoption 
spectroscopy. In this equation, α is absorption coeficiente, 
hν is incidente photon energy, E is energy independente 
constant and gE  in the optical band gap energy. In this 
equation the exponent “n” representa the nature of 
transition. For direct band gap material n = 2 while for 
indirect n = ½. We can calculate α from absorbance data 
using Beer Lambert’s Law7.

gE hν= 	 (2)

In Figure 1, I is the intensity of trasmitted light, Io is the 
intensiy of incidente light, α is the absorbance coeficiente 
and L is the path-length of light in which absorbance take 
place. According to Viezbicke the alpha coefficient has a 
value of 2.303.

Figure 1. Beer Lambert Law. Source the author.
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hc 1240E hν
λ λ

= = = 	 (3) and

( ) ( ), *n nh 2 303 hα ν ν= 	 (4)

when plotting Equations 3 and 4 we will have the Tauc plot, 
where Equation 3 will be the energy for each wavelength on 
the x-axis and Equation 4 will be the absorbance coefficient 
plotted on the y-axis, this will then be the Tauc relationship, 
when we do α = 0 at the point where you touch the x axis 
we will have the optical band gap, Equation 27. The point 
where it touch the x-axis is the optical band gap energy of 
the material.

To characterize a Solar cell it is necessary to have an 
equipment that performs the measurements of the cell 
parameters, performed under standard conditions and 
international standard IEC 904-98. The electrical parameters 
that characterize a Solar cell are: short circuit current (Icc), 
open circuit voltage (Voc), serial resistance (Rs), parallel 
resistance (Rp), load resistance (Rc), conversion efficiency 
(ƞ) and form factor (FF). To determine these parameters the 
current intensity curve is used as a function of the potential 
difference applied; where (according to standard) the incident 
Irradiance must be 1000 W/m2, the incidence spectrum is 
AM1.5G and the temperature 25 °C8. This curve thus obtained 
is known as the solar cell I-V curve. The solar cell has a 
structure similar to that of an ideal photodiode, it has a p-n 
junction structure, which when polarized, applying a voltage 
“V” - DC, in the dark, presents a characteristic I-V curve9.

The Potentiostat/Galvanostat PGSTAT302N, with 
the help of the Autolab LED Driver, was used to perform 
the cyclic voltammetry, electrodepositions and solar cell 
analysis. These were made in the UFC (LAFFER) thin 
film and renewable energy laboratory. The current density 
versus voltage (I-V) and characteristics of the solar cells 
were measured using the Autolab LED Driver kit 100 mW/
cm2 or 1000 W/m2 the accessory works in a similar way to a 
solar simulator. The photoconversion efficiencies (PCE) of 
solar cell devices were obtained using the equations below.

SC OC

I

J V FF
P

η
 

=  
  	 (5)

where max
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PFF
J V

 
=  
 

	 (6)

JSC is the short-circuit current density, VOC is the open circuit 
voltage, FF is the form factor, Pmax is the maximum power 
generated by the cell and PI is the power incident on the cell. 
When applying Equation 6 in 5, we will have:

max

I

P
P

η = 	 (7)

4. Results and Discussions
X-ray diffraction is a technique used to determine the 

atomic and molecular structure of a crystal, in which the 
crystalline atoms cause a beam of incident X-rays to diffract 
in many specific directions.

By measuring the angles and intensities of diffracted 
beams, a crystallograph can produce a three-dimensional 
image of the density of electrons within the crystal. From 
this electron density, the average positions of the atoms in 
the crystal can be determined, as well as their chemical 
bonds, their disorder and various other information10, 
Figures 2 and 3 show the diffractory films of CdTe and CdS, 
deposited by electrodeposition and chemical bath techniques 
respectively, on thin FTO film.

In Figure 2 the presence of CdS and FTO peaks were 
observed, according to the JOINT COMMITTEE FOR 
POWDER DIFFREACTION STANDARDS database 
(JCPDS-10-0454 for CdS and JCPDS-77-450 for FTO)11. 
After the determination of phases, Miller’s indexes were 
determined by comparison with JCPDS standards, thus 
concluding that the deposited film has preferential orientation 
and growth in the plan (111). The other plans (200) and (311) 
were also observed in the literature11 and correspond to the 
cubic phase of the CdS. The X-ray diffraction serves as a 
system for identifying materials, because each atomic set has 
crystallographic characteristics that are unique, so we can 
state that the synthesized material is indeed the one planned12.

The X-ray diffraction patterns of the annealed film are 
shown in Figure 2. Three major diffraction peaks are appearing 
at 2θ~26.6°, 43.98° and 52.23° which are assigned to the 

Figure 2. Difratogram of the CdS film on FTO substrate. Source the author.
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(111), (200) and (311) reflections of cubic CdS. The X-ray 
diffraction profiles clearly shown that the intensity of the (111) 
peak is higher than other crystalline phases. The diffraction 
patterns of the films are found to be matched well with the 
JCPDS card No. 10-0454. The intense diffraction peak 
appearing approximately at 2θ = 26.6° corresponds to the 
(111) plane of the cubic CdS13.The width at half height of 
the peaks is related to the size of their crystals according to 
Scherrer’s equation.

KD
cos
λ

β θ
= 	 (8)

Where D is the Crystallite size in nm, K is 0.9 (Scherrer 
constant), λ is 0.15406 nm (wavelength of the x-ray source), 
θ is peak position (radians) and β is the half height of the 
FWHM peak (radians). The CdS deposited by chemical 
bath presents size of its small crystals as shown in Table 1, 
probably did not achieve greater ordering or growth by 
the low temperature used in chemical bath process which 
was 80 ºC. The CdS deposited on the conductive oxide is 
strongly influenced by this material, presenting peaks in the 
same positions as the FTO, probably due to the structural 
and chemical affinity of these materials, as a consequence 
we have a greater adherence between them13.

In Figure 3 the presence of CdTe peaks were observed 
according to the JCPDS-10-0207 database, which corresponds 
to the cubic phase of the CdTe12. The CdTe showed a higher 
intensity peak in the plane (111) demonstrating the possible 
preferential growth in this position, the other planes 200 and 
311 were also observed in the literature affirming the cubic 
phase of the CdTe. The FTO substrate showed peaks in the 
planes (102), (200), (210), (310) and (301), by comparison with 
the crystallographic chart JCPDS-77-45014. By comparison 
between the peaks found and those of the crystallographic 
chart, we can affirm that, the synthesized material is in fact 
the CdTe and FTO, respectively. The CdTe deposited by 
electrodeposition presents the size of its small crystals as 
shown in Table 2, probably did not achieve greater ordering or 
growth by the low temperature used in the electrodeposition 
process room temperature.

Comparing Figure 4a with Figure 5a, we can clearly see 
that in the visible region the CdS has an average absorbance 

of 25%, while the CdTe has an absorption range that varies 
from 60 to 85%. We also calculated the GAP energies using 
the Tauc plot method, as described in Equation 4, where we 
found a bandgap of 2.34 eV for the CdS15 and 1.43 eV for 
the CdTe, Figure 4b and Figure 5b16.

For the CdTe deposition, potentials were chosen according 
to the analysis of the voltamogram obtained at a scanning 
speed of 50mV.s-1, as shown in Figure 6, which suggests 
different phases of the electrodeposition process, highlighted 
in Figure 7, the phase a is the potential where the beginning 
of the nucleation process and thin film growth is occurring, 
phase b is the potential where the activation and diffusion 
control phases are operative, phase c is the cathode current 
peak potential where the deposition of Te occurs and phase 
d is the cathode current peak potential where the deposition 
of Cd occurs, phase e is the current threshold potential that 
closes the deposition process14.

The polyaniline films were electrodeposited on the CdS 
and CdTe films after they had undergone a heat treatment. 
The PANI deposits were made on a clean substrate containing 
only FTO in order to study material transmittance through 
UV-Vis. With this information we can calculate the bandgap 
of the material and know how much energy is passing through 
to the back of the cell. This can be seen from Figure 8, where 
with only 3 layers in the visible region the transmittance is 
between 70 and 80% and when the number of layers was 
increased to 8 the transmittance was below 20% in the visible 

Figure 3. CdTe film diffractory on FTO substrate. Source the author.

Table 1. Average size of CdS cristals on FTO substrate per CBD.

Peak position 2θ (FWHM) Crystallite size (nm)
27,03217 0,17401 46,9546493
42,96311 0,20815 41,0152791
52,06451 0,1193 74,1094747

Averange Size 54,0265

Table 2. Average CdTe/FTO cristalits size by electrodeposition.

Peak position 2θ (FWHM) Crystallite size (nm)
23,22 0,22862 35,47468743

43 0,33956 25,14551926
52,36 0,17403 50,8673174

Averange Size 37,16250803
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Figure 4. a) CdS Absorbance and b) Band Gap Graph. Source: the author.

Figure 5. a) CdTe Absorbance and b) Band Gap Graph. Source: the author.

Figure 6. CdTe cyclic voltammetry graph at 50 mV/s-1 scan speed. 
Source: the author.

Figure 7. Description of the electrodeposition phases of the CdTe. 
Source: the author.
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the presence of Cd and Te, among others that are present in 
the sample, we observe that the amount of cadmium and 
tellurium are approximately 1:1, since we have 53.4% of Te 
and 43.4% of Cd, therefore we have actually: Cd0.8Te. As can 
be observed through Table 3, there is the presence of chlorine 
and tin, and these, are due to the acid nature of the preparation 
solution and the thin film of FTO present in the substrate.

The Figure 10a shows the MEV of the CdS with 20000x 
magnification and its composition map in Figure 10b. In the 
graph of Figure 10c, we have the distribution of the amounts 
of cadmium and sulfur in percentage, the amount of sulfur 
in relation to cadmium is three times smaller having thus a 
ratio of 3:1, following the composition presented in Table 4. 
There is also the presence of other elements such as silicon, 
calcium and sodium, these are constituents of the composition 
of the glass substrate.

Figures  11  and  12 show the current density versus 
voltage graphs, without and with polyaniline and their 
respective electrical characteristics, it can be seen from 
Figure 11 that without polyaniline the open circuit voltage 
is less than 0.4 V, the current density is 0.025 mA/cm2 and 
with efficiency of 0.007%. However when adding PANI 
the same cell had its characteristics altered as Figure 12, 
its open circuit voltage increased to 0.67 V, its current 
density increased to 0.3 mA/cm2 and its efficiency was 
increased to 0.15%. The Rs had an increase, probably due 
to the fact that the resistance of the PANI is higher, which 
causes a zone of higher resistance the passage of electrons 
between the layers. The Rsh decreased due to the loss of 
current at the ends, caused by contact between the FTO film 
and the measuring apparatus. The parameters of the cells 
without and with PANI can be observed through Table 5. 

Table 4. CdS Film composition.

Element Weight (%)
Cd 16,2
S 4,9
Cl 0,6
Sn 36,4
Ca 2,0
Na 0,7
O 4,9
Si 10,1

Table 5. Parameters of CdS/CdTe cells.

Cell without PANI
Isc (mA/cm2) Voc (V) Imax (mA) Vmax (V) FF Rsh (Ω) Rs (Ω) η (%)

0,025 0,39 0,0148 0,25 0,32 54,4 0,1 0,0075
Cell with PANI

Isc (mA/cm2) Voc (V) Imax (mA) Vmax (V) FF Rsh (Ω) Rs (Ω) η (%)
0,35 0,67 0,17 0,43 0,37 7,7 0,71 0,153

Figure 8. Transmittance graph and Bandgap graph of PANI. Source: the author.

Table 3. CdTe Film composition.

Element Weight (%)
Te 53,4
Cd 43,4
Cl 3,1
Sn 0,1

region which indicates that the number of layers influences 
the amount of photons that will cross to the CdTe layer17.

Figure 9a show SEM images with increased of 50000x, it 
is possible verify a sample with a good deposition, since the 
grains found in the surfaces are evenly spread. The micrographs 
obtained showed the distribution of the selective surface on 
the FTO substrate after the heat treatment, following the 
composition presented in Table 3.

Figure 9b shows how the concentration of a given element 
varies over an area of the sample, we can state that the 
distribution is uniformly distributed. The graph of Figure 9c 
indicates through the intensity of the Energy peaks of EDS, 
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Figure 9. a) Micrograph of the surface sample of CdTe, with magnification factor of 50000x, b) composition map and c) EDS of the 
sample of CdTe. Source: the author.

Figure 10. a) Micrograph of the surface sample of CdS, with magnification factor of 20000x, b) composition map and c) EDS of the 
sample of CdS. Source: the author.

Figure 11. I – V curves for CdS / CdTe solar cells without addition of PANI. Source: the author.
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The dashed line in blue represents the relationship between 
current density (mA/cm2) versus voltage (V), the dotted 
line in red represents the power density curve (mW/cm2) 
versus voltage (V), the chart in yellow represents the fill 
fator and within it are the main properties of the cells, this 
graph was generated from an algorithm written in MatLab 
by the author himself.

Figure  13a shows the assembly diagram of the cell 
without PANI and Figure 13b with PANI. In Figure 13c we 
have the separate parts of the cell without PANI and the cell 
assembled with PANI between the junction, to improve the 
contact between the extremities silver paint was used before 
the photovoltaic characterization.

5. Conclusion
The addition of PANI to the CdTe/CdS system 

demonstrated that it is possible to incorporate the polymer 
between layers by the electroplating technique and that it 
improves the contacts between the CdS and CdTe layers, 
as shown in Figure 12, thus increasing the efficiency of the 
cell by 20 times, However, the resistances in series and in 
parallel also showed values outside the standard, The Rs 
should ideally have the value of zero and the Rsh should be 
infinite, as in the diode, this did not occur due to the short 
circuits promoted by the type of sealing of the cell, because 
it was only deposited and overlapped, without any type of 

blockage or barrier that avoided the escape of electrons, 
because the aim was to highlight the increase in efficiency 
with the use of PANI between the layers of semiconductors 
type n (CdS) and type p (CdTe). We have proven that the use 
of PANI in a different position than usual in the solar cell 
(since no similar work was found in the literature), increases 
the voltage, the current, and therefore the efficiency of the 
cell, due to the increased contact between the layers.
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