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Introduction 
 

Today the most common non-renewable energy sources are oil, coal and gas. World 

consumption and production of crude oil and gas are growing daily. According to the British 

Petroleum Statistical Review of World Energy in 2014 the worldwide consumption of crude 

oil and gas was about 92000 thousand barrels daily. In the comparison with the year 2004 this 

number is 10% higher. According to the CIA World Factbook the oil will be gone in the year 

2052, while gas and coal will end in 2060 and 2088, respectively. Today scientists are trying 

to find other renewable sources, which could replace energy-rich nonrenewable sources such 

as oil. It is a problem to find such source that could cover all human needs. However 

scientists have found many renewable sources such as wind energy, water energy and one of 

them is the solare energy.  

 Solar energy is one of the most popular renewable energy sources, as it is wide spread 

and relatively simple to use. According to the World Meteorological Organisation, Earth 

receives 1.36 W/m2 of Sun irradiation, which in its turn is transformed by photovoltaic (PV) 

devices from sun energy into electrical energy. This is an attractive technology for clean 

energy production. It is one of the most promising, cost-effective and thus fast-growing 

technologies in the renewable energy production. PVs could be used in different regions of 

the planet. Moreover, PVs can be used even in relatively cold regions as e.g. Estonia. In cold 

countries low temperature compensates the lack of the solar irradiation. In hot countries 

semiconductors are heated up and the resistivity of material is increasing, and thus decreases 

performance of the solar cell. However the ammount of the solar iradiation in northern 

countries is smaller. The highest average irradiation that could be transformed in Estonia, 

according to SolarGIS yearly data, can reach 1100 W/m2. Unfortunately exist only few kinds 

of really powerful solar cells that could produce such amount of energy that could supply 

conventional houses. CIGS, CZTS, GaAs, Si and CdTe are the most effective and powerful 

PV in a market. CdTe is on of representative of thin film PV market. CdTe is covering 6% of 

a market. CdTe have band gap of 1.45 eV which perfectly covering AM 1.5 solar spectra. 

CdTe photovoltaic has a privilege in cold countries compared with other PV. CdTe is more 

sensitive in lower illumination, what make this technology preferable in Nordic countries.  

It is hard to obtain CdTe PV with high performance. Scientists are trying to find most 

effective fabrication process. However, CdTe PV technology has some cons as toxic 

activation materials, imperfection in fabrication process and back contact problem. 
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Unfortunately, there is no existing material with work function higher than 5.5 eV. As a 

result, potential barrier for hole transport is formed, what in case decrease output power.   

Present work is focused on fabrication of an organic back contact to industrial 

activated CdTe structure in order to replace conventional back contact and compare cell 

efficiency. Organic back contact of polypyrrole (PPy) doped with PTSA is formed onto 

glass/ITO/SnO2/CdS/CdTe structure in non-aqueous media. Electrodeposition is an 

inexpensive method, which provide stable, smooth conductive polymer films with good 

electrical properties. 
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1. Literature review  

1.1. Current status of photovoltaics 
 

 

Solar cell technology has a growing importance and attracted many efforts during 

recent decades. Solar cells produce so called “green energy” directly from sunlight. The 

essential advantage of these cells is the reduction of CO2 emission into the atmosphere. The 

renewable energy sources, however, produce insufficient energy amount to cover all human 

needs, and the cost of the green energy is presently too high. Major problem with the energy 

production from the renewable sources is a small part of total energy market compared to 

traditional energy production. Also, the energy production from traditional sources is more 

stable and reliable at the moment. Renewable sources unfortunately provide only cyclic 

energy production when the used for production renewable factor acts efficiently (e.g. solar 

light, wind or water stream). Nevertheless, due to expected shortage of oil and oil shale, 

people started to explore the renewable sources, such as wind energy, water and solar energy. 

Also, this kind of energy production minimizes the environmental pollutions. One of the 

commonly used renewable sources is solar energy according to solar energy stability and 

intensity [1,2,3]. 

Photovoltaic (PV) cell is a device for direct transformation of sunlight into electricity 

on the basis of internal photo-effect. PV module has usually a metal for substrate and glass for 

superstrate construction design. When substrate (or superstrate) is non-conductive, it is 

covered with transparent conductive oxide (TCO) in order to get low resistivity conductive 

front or back contact. Essential part of a PV cell is a layer of photoabsorber, which is 

responsible for the charge carrier’s generation. PV cells make use of semiconductor 

compounds that convert solar photon energy into electric current. The working mechanism 

could be described as follows: firstly, when the photons reach the p-type photoabsorber layer, 

they are absorbed and the energy is transferred to electrons, further electrons penetrate from 

p-type to n-type material, and the photocurrent is generated in a closed circuit [4].  

In the decade since 2004 to2014 the energy generated by PV modules has increased to 

177 GW from 2.6 GW. Top five countries in a 2014 with a highest PV electricity production 

were China, Japan, United States, United Kingdom and Germany, where China holds a 

leading position [2]. There are three main photovoltaic technologies known on market: 

crystalline silicon, thin film technology and multijunction photovoltaic technology.  
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1.1.1 Crystalline Silicon 
 

 

Crystalline Silicon solar cells are made of silicon, which in turn is obtained from 

sand (mostly consisting of SiO2). PV cells based on crystalline silicon are widespread in 

the world. Crystalline Silicon has highest single-junction efficiency according to NREL 2015 

chart except GaAs shown in Figure 1[5]. 

Figure 1. Best research-cell efficiencies published by U.S National Research Laboratory in 

2015 [5]. 
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 However, the production technology of crystalline silicon is very expensive. Crystalline 

Silicon is used in the form of thin wafers (160-240 micrometers thick), sliced from single 

crystal ingot. Silicon single crystals have ordered structure and due to that some better 

parameters, and either more expensive production process compared to amorphous silicon. 

The highest research cell efficiency produced by Sun-Power Company has reached 25 %. 

Polycrystalline silicon plates for PV cells are made from a slab that is sliced into wafers. 

Polycrystalline silicon has grain boundaries in structure. They influence solar cell 

performance due to shunting paths for current. However, polycrystalline silicon has a lower 

price compared to silicon single crystals.  Trina Solar company reached the best 

polycrystalline silicon efficiency, which is 20,8 %. 

 

1.1.2 Thin film technology  
 

Main idea of the thin film technology is to reduce the amount of expensive active 

materials in the solar cell (first of all - photoabsorber). Investigations of thin film materials 

have formed a new branch in solar cell development and design. The technology allowed 

producing flexible solar cells with high efficiency. The basic types of thin film solar cells are: 

amorphous silicon cells (a-Si), copper indium gallium selenide cells (CIGS) and cadmium 

telluride cells (CdTe). 

 The most developed thin film technology is based on amorphous silicon (a-Si). This 

technology is mostly used in pocket calculators, and as well as in supplying houses and 

building electrical systems. Amorphous silicon (a-Si: H) based solar cells are promising 

renewable energy sources due to their low cost, non-toxic raw material and lightweight. 

Amorphous silicon cells are prepared mainly by chemical vapor deposition technology. 

Amorphous silicon is deposited with thickness of about one micrometer. Si is commonly 

deposited onto substrate at the temperature of 140-200°C. The main advantage is the low 

manufacturing cost of amorphous silicon solar cells that makes these solar cells very popular 

in a market. Best a-Si laboratory cell efficiency has reached 13.6% [6,7]. 

 Copper Indium Gallium Selenide (CIGS) based thin film technology is a less toxic 

than CdTe based solar cells. The World CIGS record, according to NREL efficiency chart, is 

21.7% achieved by the ZSW Company. The efficiency of the CIGS solar cells remains high 

even being applied to the flexible substrate. The most efficient CIGS cells are generally 

deposited by HVE and sputtering method. However, indium is a rare element in the earth 
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crust and thus expensive. Due to that research is concentrated on more cost-effective materials 

[8]. 

 Cadmium telluride is one of the well-known and most promising thin film materials 

for relatively cheap photovoltaics production. CdTe is used in these thin film solar cells are 

based on CdTe as a photoabsorber material. Best reported efficiency according to NREL 

efficiency chart is 21.5% by First Solar Company. Production of the CdTe cell has small 

pollution footprint [9]. 

 

 

1.1.3 CdTe photovoltaics 
 

 Cadmium telluride (CdTe) is a stable semiconductor material with a band gap of about 

1.5 eV. In 1981, Kodak built 10 % efficient solar cell by using close space sublimation (CSS) 

method [10]. Cadmium telluride photovoltaic cell is based on CdTe as absorber layer. Only 

few micrometers (μm) of CdTe is necessary to absorb sunlight due to its high optical 

absorption coefficient, which is greater than 103 cm−1 [11]. “First Solar” Company in 2015 

achieved the best cell efficiency of 21.5 % [12]. CdTe photovoltaic is the mainly thin film 

technology with lower cost than usual crystalline silicon. Also CdTe production technology 

has the smallest carbon dioxide footprint, smallest energy payback time and minimal water 

consumption [13]. 

Advantages of CdTe over the other photovoltaics are easy and low cost technology 

(less than 1$ per watt), and capability to work in low-light conditions. CdTe PV cells are 

more powerful because CdTe matches well with sunlight, having absorption spectrum closer 

to sun spectrum than a number of other photoabsorber materials.  

 Unfortunately, CdTe PV has negative environmental and health impact, as Cd and its 

compounds are highly toxic. Cadmium oxide is most dangerous side-product. This side-

product can be synthesized during PV manufacturing and damage breathing system or cause 

death. 

Cd element is a long-term carcinogen and can cause detrimental effects on bones. 

However, CdTe is one of the most stable Cd compounds, insoluble in water and therefore less 

toxic than pure Cd. Pure Cd is a byproduct of zinc production. Zn is produced in a large scale 

and Cd without proper treatment as a byproduct can be harmful for environment. Cadmium 

consumption in production of photovoltaics prevents it from becoming dangerous pollution. 

Otherwise Cd will be buried in to the ground as a waste [14,15,16]. 
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1.2 CdTe photovoltaic structure  
 

1.2.1 Glass  
 

 There are two basic technologies of thin-film PV composing in industry: substrate and 

superstrate. For all types of thin film photovoltaics the main solid supporting frame is glass. 

Sometimes, polymer and metallic substrates are used as well. Substrate is the back-side of the 

PV module and superstrate is the cover layer. The layers are deposited in different order 

depending on whether it is a substrate or superstrate PV construction. The main requirements 

for glass properties are low absorption and reflection coefficient, environment resistivity, 

resistance to mechanical stresses and good temperature stability. There are many kind of 

glasses in a market providing these properties e.g. soda-lime glass (SLG), borosilicate glass 

(Corning 7059), etc. SLG or polymer should not be exposed to critical temperature to prevent 

the pollution of PV layers by diffusion of undesired components. Polymer substrate is a novel 

thin film technology, which allows forming flexible photovoltaic structures on top of the 

polymer surface [17]. 

 

 

1.2.2 TCO 
 
 Transparent conductive oxides (TCO) thin films are widely used in optoelectronic 

devices, photovoltaics and displays. Typically CdTe/CdS PV structures are fabricated in 

superstrate configuration. For high-efficiency, CdTe/CdS layers are basically grown onto 

TCO-coated borosilicate glass. CdTe solar cells consist of at least four layers. 

Front contact is TCO, which is in contact with CdS and glass substrate. TCO can be 

deposited to the glass substrate by PLD, magnetron sputtering, and ultrasonic nozzle spraying 

or by chemical vapor deposition technique (CVD). Main goal of TCO is to reach high 

conductivity without losing transparency. TCO should have transparency over 90%. High 

conductivity is reached by doping of TCO. Most popular transparent conductive oxides are 

Indium doped tin oxide (ITO), Fluorine doped tin oxide (FTO), Aluminum doped ZnO (ZnO: 

Al) and Fluorine doped SnO2 (SnO2: F). Thickness of TCO can vary from 200 to 500 nm. 
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Ideally TCO should also have crystalline phase and lattice similar to that be grown up on it, in 

order to reduce strain and lattice defects [18,19]. 

 

 

1.2.3 CdS buffer layer 
 
 CdS is a yellow n-type semiconductor with band-gap around 2.4 eV. In case of build 

high efficiency PV, as much as possible radiation should reach CdTe layer. CdS is typically 

used as wide band gap n-type semiconductor. However, the blue portion of the spectrum is 

being absorbed. Due to this CdS layer is produced as thin as possible in order to reduce 

absorption. Basically in CdS/CdTe PV CdS layer thickness varies form 80 nm to 500 nm. 

However, the thickness should not be reduced below the limit 80 nm, otherwise cell will be 

shunted and voltage will be low. CdS is toxic especially in dust state. CdS is highly 

carcinogenic as Cd compound. CdS can be deposited by different techniques. Basically it is 

formed by high vacuum evaporation (HVE), but also can be deposited from chemical bath 

(CBD), by radio frequency sputtering and close space sublimation (CSS). In order to achieve 

high quality of films, CdS layers are exposed to the post-growth annealing treatment. 

Annealing treatment is required in case of recrystallization of CdS before CdTe deposition. 

Treatment is reducing the concentration of defects and improving CdS properties. To perform 

CdS annealing, deposited CdS is placed to pre-heated hot plate or furnace or heated in PVD 

system. Usually this process is performed in air or in the presence of N2, at the temperature 

range of 300-600 ˚C for 5-30 min. Usually, CdCl2 is deposited by PVD onto CdS prior 

annealing in order to increase cell efficiency [20]. 

D. Albin et al. [21] compared CSS and CBD of CdS films. Corning glass 7059 was 

used as substrate. SnO2 was deposited to substrate as a TCO by a CVD. Also CdS films were 

prepared either by CBD or CSS method under pressure of 10 Torr. Layers were grown onto 

SnO2 substrate with temperature of 475 ˚C. CBD film deposition lasted 35-40 min while CSS 

film preparation lasted only 4-15 min. To compare the resulting cells CdTe was deposited 

onto CdS at 300 ˚C in an atmosphere of O2 (1 Torr) and helium (15 Torr). Thickness of CdTe 

was 10 µm. CdTe was deposited to substrate temperature of 525 and 600 °C and oxygen 

partial pressure of 0.1 and 2 Torr. Activation treatment was performed with CdCl2. As a result 

CSS method yields to better quality of CdS films. The reason is higher crystallinity and grain 

size.  Nevertheless, CBD films gave better final devices. CBD films have higher Voc and 
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higher FF, this is happen due to higher carrier life time around 500 ps while CSS 100-200 ps. 

Lower Voc and FF can be described by different doping ratio of CdTe and CdS at interface. 

 CBD is based on a covering of a substrate with semiconductor material from a 

solution. This method is widely used due to low cost and performance simplicity. 

 

1.2.4 CdTe 
 

 Thin-film CdTe is stable polycrystalline p-type semiconductor with band gap of 1.5 

eV (at room temperature). This band-gap is very close to calculated theoretical optimum for a 

single junction absorber. CdTe is absorbing 99% of the incident solar radiation, that allows 

making relatively thin absorption layer with a minimal thickness of 1 μm. Basically the 

thickness of CdTe layer in solar cells is between 2 - 10 μm, because of the requirements 

needed for the proper electron hole depletion.  It should be noted, that CdTe films are only 

about 8 μm thick while, crystalline silicon PV devices use 200 μm thicknesses. CdTe is more 

promising technology due to lower layer thickness and lower price, however CdTe is not the 

thinnest film absorber in the PV thin film technology. Typically CdTe can be deposited by 

HVE, CBD, sputtering, PLD, screen-printing, spray pyrolysis and CSS techniques. The most 

effective method is CSS [22]. Current highest CdTe photovoltaic record is 22.1% PCE 

according to NREL chart. 

Ferekides et al. [23] described in detail conventional technology for a CdTe solar cell 

with an efficiency of 16% prepared by CSS method. They used typical superstrate 

configuration where borosilicate glass (Corning 7059) and soda lime-glass with SnO2 coating 

were used as a substrate. Corning glass was shortly etched in dilute hydrofluoric acid before 

SnO2 deposition. SnO2 was deposited by metal organic chemical vapor deposition (MOCVD) 

to 7059 with a thickness 0.7-1.0 µm. SnO2 bi-layer was deposited onto LOF in order to reduce 

sheet resistance Rsh from 20 Ω to less than 10 Ω. CBD and CSS techniques were used to 

deposit 60 – 100 nm of CdS. Then CdS was annealed after deposition process. CdTe was 

deposited onto CdS by CSS to a thickness of 4-8 µm. After deposition of CdTe structures 

were annealed in presence of CdCl2. After CdTe treatment, etching was applied to back 

surface of CdTe in order to get good back contact. Etching was performed in (0.1 % by vol) 

bromine methanol solution. Back contact was formed by application of doped graphite paste 

or by deposition of CuxTe/Mo with following heat treatment. They found that CdS and CdTe 

could be deposited at high rates. Also they found that oxygen during CSS influence 
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nucleation process by increasing the number of nucleation sites. They found that CdTe films 

are highly oriented when films are deposited at 600 ˚C and in presence of oxygen. At 

temperature below 550 ˚C films become porous and randomly oriented. 

 

1.2.5 Activation of CdTe 
 

Usually, as-deposited CdTe films do not provide high efficiency of PV cells without 

additional treatment. To get high efficiency solar cell, CdTe should be activated before 

application of a back contact and encapsulating. Different chlorides can be used to increase 

cell efficiency but only few of them are appropriate. CdCl2 is the most commonly used 

compound that yields best efficiencies of manufactured CdTe solar cells. Activation process 

of CdTe is provided (i) by evaporation of about 100 nm CdCl2 onto the surface of CdTe. The 

following stage (ii) is thermal annealing in presence of oxygen. Usually, annealing goes in 

temperature range between 400 °C and 500 °C for about 20 minutes. This procedure improves 

CdTe photoabsorbing properties [24]. 

Major et al. [25] investigated a low-cost non-toxic post growth activation step for 

CdTe solar cells. They deposited solar cell with CdTe/CdS/ZnO/FTO structure in substrate 

configuration. ZnO buffer layer 100-nm thick was deposited onto FTO by radio frequency 

sputtering. CdS window layer with a thickness of 120-nm thickness was deposited using 

radio-frequency sputtering technique at substrate temperature of 200 ˚C in Ar atmosphere. 

CSS technique was used to deposit 4 μm of CdTe with temperature of substrate and source 

520 ˚C and 615 ˚C respectively under the pressure of 30 Torr. Then samples were immersed 

into nitric-phosphoric acid for 30 seconds. This was done to create Te-rich back surface. Few 

activation methods were compared. For basic activation with CdCl2, 100 nm film was 

deposited by evaporation technique to CdTe layer. The optimum treatment temperature was 

430 ˚C for 20 min. Also, activation method with non-toxic and low-cost chlorides was 

performed by applying drops of 10% MgCl2 dissolved in 90% methanol to CdTe back 

contact. The results that are presented demonstrate that CdCl2 can be potentially replaced with 

non-toxic MgCl2, reducing the cost of solar cell and minimizing environmental risk. 

However, these results need to be confirmed by other studies.  
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1.2.6 Back contact to CdTe 
 

 Back contact is the final layer for superstrate CdTe/CdS solar cell. Back contact is 

very important part of PV devices. The critical issue in the CdTe/CdS cell production is to 

form low-resistive and stable ohmic contact with p-type CdTe. CdTe has a high electron 

affinity (x = 4.5 eV) with a work function higher than 5.7 eV. Due to this p-type CdTe and 

metallic back contact are forming Schottky barrier (a potential energy barrier that is formed 

by metal and semiconductor contact). This is the case when the work function for metal is 

smaller than for p-type material. Different treatments such as annealing, etching, doping are 

applied prior to back contact deposition. One of the most effective is etching with nitric-

phosphoric acid NP. Also, to decrease diffusion and form better contact buffer layers are 

applied [26]. 

 

Figure 2. Energy band diagram of TCO/CdS/CdTe/CuTex/Metal solar cell [27]. 

 

Differently doped semiconductors show p- or n-type of conductivity. In p-type 

semiconductors Fermi level is shifted to valence band while in n-type Fermi level is shifted to 

conductive band. When two semiconductors n-type and p-type are connected, then Fermi 

level is equilibrated.  Figure 2 shows a p-n junction (heterojunction) formed between CdS and 

CdTe layers. Heterojunction is a result of a connection of two or more p- and n-type 

semiconductors from different materials. As it can be seen from Figure 2 in the border 

between CdTe and metal is a highly p-doped region. This region was formed in order to 

reduce potential barrier and get low resistance ohmic back contact.  
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Figure 3.The equivalent circuit of the solar cell [28]. 

 

 

To illustrate the ideal solar cell model, the equivalent circuit was represented in Figure 3. This 

Figure is describing а ideal and simplest equivalent circuit of a photovoltaic cell. 

 In Figure 3 diode is in 

parallel connection with 

photo generated current 

source. Rn is the series 

resistance, which is 

caused by bulk 

resistance of materials in 

solar cell and Rw- is the 

shunt resistance of the 

solar cell, which is 

caused by cell defects. 

Series connection 

resistance Rn, for ideal cell should be zero and shunting resistance Rw should be as large as 

possible, ideally should be infinite. Series connection resistance is decreasing fill factor of the 

solar cell. As can be seen from Figure 4 increased series resistance can directly influence the 

slope and FF is decreased.  

Back contact with high resistivity can decrease PV efficiency. Interface of metal and 

n-type semiconductor create Schottky diode, which is in opposite direction from the main 

CdS/CdTe junction diode. It can decrease PV parameters by bending curve in other direction. 

CdTe structures are typically exposed to etching after annealing. Etching is important 

step for formation of Te-rich (silver-gray) layer on top of the CdTe photoabsorber. Main idea 

Figure 4. Series resistance influence to cell I-V curve 

[29]. 

 c 
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and purpose of etching is to create quasi-ohmic p+ back contact to CdTe layer. It is difficult 

to form a highly doped p-type CdTe thin film with low-resistance contact. Etching process 

can be performed out in three typical solutions: NP, bromine-methanol and potassium 

dichromate sulfuric acids. NP provides better contact performance [30]. 

Fang et al. [31] claim that NP etching helps to form p+CuxTe alloy during Cu 

deposition. Also, they state that using ZnTe as a buffer layer between CdTe and Cu back 

contact can suppress the Schottky barrier and reduce the contact resistance. They noted that 

using Cu might reduce PV lifetime by diffusing through grain boundaries and cause shunt 

problem. Such metals as W, Al, Ni and Mo can be used as alternative to increase lifetime. 

Sb2Te3 is used as a low resistance high effective buffer layer material with Mo or W contact. 

High efficiency as high as 16% is provided by innovative As2Te3/Cu/Mo bilayer buffer 

structure. Furthermore, As2Te3 is deposited directly onto CdTe layer without etching process.  

Bätzner et al. [32] studied influence of CdTe/CdS solar cell etching with different 

acids. They deposited CdTe and CdS with CSS method on TCO coated soda lime glass. After 

deposition structures were exposed to etching to produce Te-rich surface. Sb/Au back contact 

was deposited by evaporation. For a reference purpose Cu/Au back contact was prepared. 

Before depositing of a back contact onto CdTe layer-etching step was performed. They 

investigated three basic etching solutions: bromine-methanol, nitric-phosphoric acid and 

concentrated nitric-phosphoric acid. Etching with concentrated NP acid produce a low 

resistive Te-rich surface on top of the CdTe absorber layer. The efficiency of as deposited 

solar cell is up to 12.5% despite a strong rollover of JV-curve. They also found that Sb/Au is 

more stable and much better than Cu containing back contact.  
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1.3 Issues related to CdTe PV 
 

 CdTe is very prospective and fast developing object in PV thin film technology. As all 

real technologies, CdTe technology also has issues. Activation process using CdCl2 in the 

presence of oxygen is not fully understood. One of the most important is back contact 

problem. Forming of a stable, low resistance back contact is hard and long procedure. To 

form a good contact, different techniques and different etching, annealing treatments must be 

applied. Sometimes interfacial layers are doped with additional impurities. Properties of a 

CdTe PV depend on deposition parameters. With changing of parameters, grain size, 

thickness the properties of PV can vary. Furthermore as mentioned above, back contact 

material play important role in diffusion, which can cause shunts or defects [33]. The 

alternative application of high work function electrically conductive polymers (ECPs) as 

effective and stable back contact functional layers for CdTe solar cells is the main idea of 

current work. 
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1.4 Electrically conductive polymers  
 

  A polymer is an organic chemical compound where molecules are bonded together in 

long repeating chains. Electrically conductive polymers (ECPs) have become very popular 

material and attracted attention of scientists and manufacturers in the last few decades. In the 

recent years, these materials have a wide range of applications in different fields of science 

and industry such as mechanical engineering, energy capacitors, electronics, PV, optics, and 

chemical manufacturing. The main reason why polymers have become popular is the variety 

of its properties: p- and n-type conductivity, variety of band gap, photoabsorbing and optical 

transmission properties, etc. ECPs are low cost organic materials with electrical properties of 

semiconductor. These properties are connected with the kind of polymer and its structure. 

High electrical conductivity can be reached by doping of backbone of ECPs. Such functional 

groups as halogens, nitrides, carboxydes that polymer contains, induce special properties as 

chemical resistivity, solubility etc. The first who discovered electroconductive properties of 

polymer was H. Shirakawa and Alan J. Heeger in the year 1977 [34]. 

Several most promising conductive polymers are attracting attention nowadays, are: 

PEDOT (poly (3,4 ethylenedioxythiophene)), PPy (polypyrrole), PANI (polyaniline), etc. 

represented in Figure 5. These polymers exhibit relatively high conductivity and demonstrate 

stability and a long lifespan. The conductivity of polymers is connected mainly with such 

factors as polymer structure, doping and deposition technique [35]. 

The mostly world-spread polymer is a polyethylene. This polymer chain consists of 

ethylene monomers that form sp3-hybridized covalent bonds. These sigma bonding’s have 

low mobility and do not promote electric current. ECPs have sp2 hybridized carbon centers 

that form Pz orbitals and Pi bonds. After oxidation of sp2-hybridized polymers, the mobility of 

electrons is increased which is due to removal of delocalized electrons. The band becomes 

conductive when electrons are partially displaced. The conductivity of normal polymers is 

around 10-10 S/m while some ECPs have conductivity close to105 S/m [36]. 
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Figure 5. Main monomer structures of ECPs [37]. 

 
 
 
 
 
 

1.4.1 Polypyrrole 
 

  Polypyrrole (PPy) consists of four carbon atoms and one nitrogen atom that are 

connected to the ring and form a long chain of molecules (Fig. 5). PPy has been investigated 

over the last decades due to relatively high stability, low cost, low toxicity, and high electrical 

conductivity. The existence of nitrogen heteroatoms determines the resulting properties of 

PPy. PPy is a polymer that is produced from pyrrole by monomer oxidation process that 

forms a chain with the overlapping Pi-orbitals. PPy was chemically synthesized in 1916 by 
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oxidation of pyrrole with hydrogen peroxide [38]. The first electrochemical synthesis of PPy 

was suggested in 1963 by B.A.Bolto et al [39]. 

 

 

1.4.2 Chemical synthesis of polypyrrole 

 

 PPy can be synthesized chemically and electrochemically. In chemical 

polymerization, dissolved pyrrole is treated by strong oxidizing agent. The first stage of 

polymerization is connected with forming of the radical-cations as the result of an initial 

oxidation of pyrrole molecule. These radical attacks another pyrrole monomer creating dimer 

radical cation, which becomes further, oxidized. The polymer chains are growing until the 

termination as shown in Figure 6 [40]. 

Typical chemical oxidants that are used for polymerization of pyrrole include iron(III) 

chloride, iron(III) perchlorate, ammonium peroxydisulphate and others. Certain organic 

oxidizing agents have been tested and films created by the use of these oxidants demonstrated 

low conductivity. The salts of transition metal are generally used [40]. 

PPy synthesis in vapor phase polymerization is rarely used. Coating of a surface by 

oxidant from the solution start this process. Then the surface is subjected to vapor of pyrrole 

monomer. In this case polymer is forming a film directly on the surface. This method employs 

such oxidants FeCl3 or H2O2 [41]. 
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Figure 6. Mechanism of chemical synthesis of PPy [42]. 

 
 

Nakata et al [43] synthesized PPy by interphase oxidative polymerization. They 

cleaned pyrrole monomer in distillation column. Polymerization was performed in mixture of 

two solutions, which contained pyrrole solution in organic solvent, and the oxidants in 

aqueous media. The following oxidants were used: iron(III) chloride, iron(III) sulfate, 

iron(III) nitrate, and iron(III) perchlorate. Benzene, toluene, anisole, cyclohexane, n-pentane 

and n-hexane were taken as organic solvents for pyrrole. The two-phase solution was kept 

under constant reaction temperature. When polymerization process was finished, films were 

washed by water/methanol solution and dried under vacuum for 24 h under 45˚C. The 

diffusivity of pyrrole from organic to aqueous medium was found to be a primary factor of 

conductivity and film thickness. 
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1.4.3 Electrochemical synthesis of polypyrrole 
 

 In electrochemical synthesis of PPy, oxidative potential is applied to the 

working electrode in the electrolyte, which contains a pyrrole monomer dissolved in 

aqueous or non-aqueous media and doping salt or acid (sulfonates, etc.), which works 

as electrolyte and doping agent for synthesized PPy layer. Usually, three-electrode cell 

is used in order to control the polymerization process. Three-electrode cell includes 

working electrode (WE) for deposition of PPy layer, reference electrode (RE) e.g. 

saturated calomel electrode (SCE) and counter electrode (CE) e.g. Pt plate. WE is 

usually selected according to the work requirements, but basically there is used metal 

or transparent conductive oxide (TCO) electrodes. To initiate polymerization process, 

oxidative potential can be applied to the three-electrode electrochemical cell by 

potentiostat. The polymerization starts on the surface of the WE [44,45]. 

The mechanism of the electro polymerization of pyrrole consists of two main 

steps, initialization and propagation step [46]. 

The initialization step includes electron loss by pyrrole monomer due to applied 

potential, thus radical cation is produced Figure 7. 

 

 The propagation step is process of forming radical dimer with a second radical cation, 

Figure 8. 

 

 

 

 

 

 

 

Figure 7. Radical cation formation scheme [47]. 

Figure 8. Radical cation dimer formation scheme [48]. 
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The process of the radical linking can be continued until the brake of the chain. 

PPy chain is growing on the surface of the electrode and forms a thin polymer film. 

The form and length of the PPy chain depends on the applied current, density value, 

temperature, pH, electrode material, electrolyte, solvent and monomer concentration. 

The mass of the deposited polymer onto the electrode can be calculated by the 

Faradays law 𝑚 =
𝑄

𝐹
∗
𝑀

𝑍
 where m = mass (kg), Q = total charge (С), F = 96,500 

(Faraday's Constant(C mol−1)), Z = valence, M = Molar Mass (kg/mol) [49, 50] 

  Different electrochemical deposition techniques are used to cover the different 

electrodes with thin PPy film: potentiostatic, galvanostatic, impulse and potentiodynamic 

method. The appropriate method can be selected according to the required final film structure 

and properties [51]. 

Also the result of PPy deposition depends on the solution temperature and 

concentration, applied potential, current density and nature of WE. The surface of the 

electrode, where the electro depositions take place, should not be oxidizable in the range of 

applied potentials, otherwise electrode surface oxidation process will compete with monomer 

oxidation process and thus reduce PPy deposition rate, adhesion and interface properties [52]. 

 

 

1.4.4 Photo-assisted electrodeposition technique 
 

 Conventional electrodeposition of PPy is commonly carried out in a solution of 

pyrrole and dopant (sulfonates, etc.). The required electro-deposition potential is around 700 

mV vs. SCE in a water solution. This potential value provides covering of the surface of WE 

with highly conductive PPy layer. The amount of polymer that covers the surface is 

proportional to the applied current density [53]. 

In case of solar cell structures the conventional electrodeposition technique is not 

suitable sometimes. When the polymer is deposited onto photoabsorber layer as a functional 

layer, this polymer covers all surface, and penetrates into possible cracks and holes in 

photoabsorber layer. Therefore, this can cause the short circuits. These short circuits can 

reduce solar cell efficiency. Moreover, electrical resistance of the solar cells in the dark is 

relatively high and therefore current density and deposition rate of ECP can be reduced. 
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Photo-assisted electrodeposition technique uses light irradiation during 

electrodeposition process. The light beam is concentrated onto photoabsorber layer, which 

can absorb this light and produce extra charge carriers. In this case ECP is depositing only 

onto photoactive area, where the potential created by the photo absorber and potential created 

by the potentiostat in sum are equal or greater than minimal one required for monomer 

oxidative electro-polymerization. Photo-assisted method is providing active photo absorber 

covering. Damaged parts of a photoabsorber layer remain uncovered, due to lack of required 

potential in the cracks, holes, etc. [54]. 

Recently, our group [54] investigated photo-assisted electro polymerization of PPy in 

aqueous media. Polypyrrole was deposited potentiostatically onto CdTe layer in complete 

CdS/CdTe solar cell structure. Three-electrode cell was used. The concentration of 0.3 M 

pyrrole/0.1M Naphthalene-1-sulfonic acid sodium salt (ß-NSA) in solvent was used for 

deposition. Deposition potential was chosen in the range of 0.3-0.7 V vs. SCE. Xenon lamp 

was used to initiate polymerization process at lower applied potential. The PV structure with 

alternative PPy contact were shown to be comparable with conventional p+ CuTe back 

contacts. Also photo-assisted electrodeposition provides good uniformity and coverage of 

CdTe surface with PPy layer. 

 

 

1.4.5 Electrodeposition in non-aqueous media  
 

 Electrodeposition processes are mainly carried out in aqueous solutions as appropriate 

media with predictable electrochemical properties.  

On the other hand, different non-desirable processes for photoabsorber layer can take 

place during electrodeposition in water solution, such as hydrolysis and hydration. These two 

main processes can damage the photoabsorber interface, which in turn decreases cell 

efficiency. This could be caused by CdTe oxidation products such as salts, oxides and 

hydroxides, which can be formed during electro-polymerization of polymer on CdTe interface 

in aqueous solution.  

Some semiconductors or metals are difficult to deposit from aqueous solution, they are 

deposited at higher potential than the reduction potential of water. Also some materials cannot 

be dissolved in water. Non-aqueous media are used for hydrophobic deposition. Non-aqueous 

solutions are based on organic solvents, ionic liquids and molten salts. These solvents have 
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wide electrochemical window. Deposition in non-aqueous media can protect structure from 

degradation and provide better solubility for different compounds [55]. In this work 

acetonitrile (ACN) was used as a solvent to prepare electrolyte for PPy electrodeposition. 

ACN is stable, cheap and widely spread in organic synthesis as a solvent. ACN is a polar 

solvent, which is miscible with water and a number of organic solvents. ACN is a transparent 

liquid with molar mass of 41,05 g/mole and boiling temperature of 81.6 ˚C. 

 

1.4.6 Doping of polypyrrole 
 

 

 Doping is a process of modification of chemical bonds in material, which leads to 

increase of electrical conductivity. The increase of conductivity in ECPs can be produced by 

partial chemical oxidation (p-doping) or reduction (n-doping). Almost all conjugated 

polymers can be partially oxidized or reduced by electron acceptors or donors. It was 

investigated that the n- and p-type dopants could compensate each other. The electron 

acceptors as I2, AsF5 can provide p-doping and electron donors (Na, K) provide n-doping.  

The sulfonates are the salts or esters of the sulfonic acid. Sulfonates are well soluble in 

non-polar solvents such as organic solvents or oils.  The sulfonates are mostly used in 

chemical synthesis as a doping material for conductive polymers. Sulfonates act as anionic 

dopants for the ECPs synthesis. During polymerization process, between sulfonate anions and 

polypyrrole cation electrostatic binding is being formed. 

Bilal et al [56] studied chemical synthesis of PPy doped with dodecyl benzene 

sulfonic acid. They distilled pyrrole monomer prior to use. For experiment 0.29 mol of 

chloroform was added to flask and mixed with 0.00125 mol of benzoyl peroxide. 

When mixture was stirred, 0.13 mol of 2-butanol, 0.00373 mol of DBSA and 0.00043mol of 

pyrrole was added into flask. Finally 0.28 mol of water was added to mixture. 

Solution was filtered from organic precipitation (polypyrrole). They have obtained PPy-

DBSA salt by dodecyl benzene sulfonic acid as a dopant and surfactant. Benzoyl peroxide 

was used as an oxidant and solution from chloroform and 2-butanol was used as a novel 

dispersion medium. They found that different concentration of oxidant and monomer can 

affect the yield of PPy-DBSA salt. 

   Moreover well-known and studied PEDOT: PSS polymer complex, where PSS 

(polystyrene sulfonate) is a doping agent. In case of PEDOT: PSS, sulfonate play doping role. 
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Also, PSS help to form stable aqueous suspension of the polymer, what could be further used 

for spin casting. This complex is often used to get uniform and highly conductive 

PEDOT:PSS coating.  

 

The ECPs can be also doped using electrochemical potential. The doping can be 

obtained by application of a constant voltage to electrodes. Electrochemical doping is more 

precise than chemical and can be controlled by monitoring the current. Doping and undoing 

processes are highly reversible without chemical bi-products [57]. 

Alvaro et al [58] studied of kinetic formation and the electrochemical behavior of PPy 

films. PPy deposition was performed from three-electrode electrochemical cell, with ultrapure 

water solution as a solvent. Deposition was carried out at room temperature under constant 

potential of 0.8 mV vs. Ag/AgCl electrode in solution of 0.1 mol of H2SO4 and 0.2 mol of 

pyrrole (pH 6.5).  

They reported that concentration of dopant in solution could directly affect the 

voltammetry response of PPy films and affect electrochemical formation. Also they noted that 

lower deposition potential is influencing the formation structure of PPy backbone. The films 

obtained at lower potential are more conjugated and therefore more electro-active than film 

obtained at higher potential. They noted that dopant is influencing to nucleation, growing and 

induction time.  
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1.5 Aim of the study 
 

 

 The aim of present investigation is connected with developing of highly conductive 

PPy back contact to a CdTe solar cell as alternative to conventional back contact in order to 

reduce production cost and increase cell efficiency. Work is focused on finding appropriate 

electrodeposition parameters of ECP back contact layer on CdTe layer in non-aqueous media 

of ACN. For this purpose, PPy has been selected as low-cost, relatively stable ECP with good 

electrical properties. In addition, the aim of study is focused on electrodeposition of PPy in 

non-aqueous media to avoid electrochemical degradation of CdTe interface. 
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2 Experimental Details  
 

2.1 Materials and methods 
 

 

Activated superstrate CdTe/CdS/SnO2/ITO/glass cells without back contact have been 

received from Dr. Stefan Oelting and his group at ANTEC-Solar Company (Germany). 

According to ANTEC-Solar data, activated CdTe structures are based on low-iron float glass 

substrate of 4 mm thick that is coated with ITO/SnO2 with thickness of 240/25 nm, 

respectively. CdS layer of 100 nm thick was deposited onto ITO/SnO2, and finally CdTe with 

thickness of 4.5 µm was deposited on top of CdS by CSS technique.  

Pyrrole monomer (reagent grade, 98%, Sigma Aldrich) was distilled under vacuum 

prior to use. p-Toluenesulfonic acid monohydrate (PTSA, SigmaAldrich) was used as a 

dopant for electrodeposition in ACN solutions.  For aqueous media deposition Naphthalene-

1-sulfonic acid sodium salt (ß-NSA) was used as a dopant. PTSA and pyrrole (anhydrous, 

99.8%, Sigma Aldrich) and pyrrole with ß-NSA were dissolved in acetonitrile and water 

respectively. Electrochemical syntheses were performed by using Autolab PGSTAT30 

potentiostat/galvanostat in a three-electrode electrochemical cell equipped with platinum 

counter electrode (CE), saturated calomel electrode (SCE) as a reference electrode (RE) and 

CdTe/CdS/SnO2/ITO/glass structure as a working electrode (WE). Highly-conductive 

graphite suspension (Alfa Aesar) was used for the graphite dot-contacts preparation. 

2.2 NP-etching 
 

 

The CdTe/CdS/SnO2/ITO/glass samples were etched in nitric-phosphoric (NP) acid. 

1% of HNO3, 70% of H3PO4 and 29% of H2O were mixed according to NREL recipe to 

prepare NP acid solution. Samples were immersed into the acid solution for 30 sec to obtain 

Te-rich sub-layer on CdTe layer. After treatment samples were rinsed with Millipore water in 

case of the following PPy electrodeposition in aqueous media or rinsed in acetonitrile (ACN) 

in case of the following PPy electrodeposition in non-aqueous media (ACN). Finally, samples 

were dried under nitrogen flow. 
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2.3 Polypyrrole back-contact fabrication  
 

 

A solution for PPy electrodeposition was prepared by dissolving of 0.1 mol/L PTSA 

and 0.1 mol/L pyrrole monomer in acetonitrile step-by step. First, PTSA was dissolved in 

acetonitrile using magnetic stirrer. Pyrrole was added dropwise in solution under continuous 

stirring in order to dissolve completely. The mixture was stirred for 15 min in order to get 

transparent homogeneous solution. Electropolymerization was carried out in a three-electrode 

cell potentiostatically by using potentiostat/galvanostat Autolab PGSTAT 30 at RT. To 

initiate a photo-assisted electrochemical polymerization process we used red semiconductor 

laser (670 nm, spot size 5 mm) with light intensity of 20 mW/cm2 as illumination source. A 

laser was installed to illuminate the CdTe layer directly in an electrochemical cell. Figure 9 

(a,b) shows setup for photo-assisted electrochemical polymerization. 
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Figure 9 (a) – Photograph of electrochemical cell irradiated with laser and (b) – 

schematic drawing of setup for photoassisted electrodeposition. 

The photo-assisted electrodeposition of PPy layers were performed potentiostatically 

in the range of applied potentials from 100 mV to 800 mV vs. SCE. Eight etched samples 

(d25-d32) were covered with PPy:PTSA films in acetonitrile media under laser-beam 

irradiation. Electrodeposition time was 20 min. 

In order to compare the results of PPy back contact deposition in aqueous media and 

non-aqueous media, water based solution of 0.1 M of Naphthalene-1-sulfonic acid sodium 

salt (ß-NSA) and 0.3 M of pyrrole was also prepared. First, ß-NSA was dissolved using 

a) 

b) 
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magnetic stirrer. Then, pyrrole was added dropwise under continuous stirring to dissolve 

completely. Photo-assisted electrodeposition in aqueous media was performed with the same 

conditions as for ACN solutions. After the polymerization, prepared 

glass/ITO/SnO2/CdS/CdTe/PPy samples were rinsed with acetonitrile or Millipore water, 

depending on the media used for the electrodeposition, and finally dried under nitrogen flow. 

Graphite suspension dot-contacts were painted onto the prepared structures and dried at 60 ˚C 

for 10 min. Finally, CdS/СdTe/PPy layers were scribed around the graphite contact to limit 

the area for the I-V measurements. 

 
 

 

2.4 Investigation of prepared hybrid structures 
 

The morphology of prepared superstrate PPy/CdTe/CdS/SnO2/ITO/glass structures 

was investigated by high-resolution scanning electron microscopy (HR-SEM, Zeiss Merlin). 

The compositional phase purity of the CdTe interfaces before and after NP-etching and 

electrochemical treatment was analysed by Raman Spectroscopy (Horiba LabRam HR 

spectrometer) using 532 nm green laser as an excitation source, which was focused to a 1 μm 

size spot and the spectral resolution of the system was around 0.5 cm-1. All I-V measurements 

of prepared hybrid structures were performed by using potentiostat/galvanostat Autolab 

PGSTAT 30 equipped with laboratory-made spring contacts system. 
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3 Results and Discussion 
 

3.1 Photo-assisted electrochemical synthesis   
 

 Prior to PPy deposition, the CdTe/CdS/SnO2/ITO/glass structures were exposed to 

etching in NP solution for 30 seconds. Etching process is forming low resistant Te-rich 

interface on top of polycrystalline CdTe structure and clean the surface of CdTe from 

different impurities (organic and inorganic). PPy back contact was deposited 

potentiostatically onto glass/ITO/SnO2/CdS/CdTe structures received from Antec SOLAR 

Company. According to Antec SOLAR data, these cells (10*10 cm) with conventional back 

contact (soft NP etched, sputtered Sb2Te3+sputtered Mo) have efficiency around 10%.  

 Photo-assisted electrodeposition technique uses light irradiation during 

electrodeposition process. The light beam is concentrated onto photoabsorber layer, which 

can absorb light and produce extra charge carriers. Therefore, overall resistivity of the PV 

structure can be decreased and additional oxidative potential can be induced on the CdTe 

interface in electrochemical cell.  

Electrodeposited PPy thickness can be calculated by the Faradays law =
𝑄

𝐹
∗
𝑀

𝑍
 , where m = 

mass (kg), Q = total charge (С), F = 96,500 (Faraday's Constant (C mol−1)), Z = valence, M = 

Molar Mass (kg/mol).  

All the electrodepositions were performed potentiostatically during 20 min. The 

dependence of current density vs. time at various applied potentials in electrochemical cell is 

represented in Figure 10. After the start of the electrodeposition process, decrease of current 

density is observed. This behavior can be attributed to the nucleation stage and growth of the 

polymer film that is accompanied with the increase of resistivity of the structure. When the 

polymer film has covered the CdTe surface the current density is slowly decreasing. It should 

be noted, that PPy films start to grow at minimal oxidative potential value of 100 mV vs. SCE 

under laser beam irradiation conditions. PPy films deposited without photo-assistance start to 

grow from the potential value around 600 mV vs. SCE. 

 Photographs of obtained structures with PPy back-contacts covered with graphite are 

represented in Figure 11 (left was deposited under 700 and right under 200mV vs. SCE). 

According to visual control, PPy polymerization process starts simultaneously in many places 

on the illuminated surface of CdTe. Polymerization process is divided to three steps: (i) CdTe 

interface layer starts to getting darker and then (ii) polymer nucleation centers became visible 

on surface of the CdTe, and finally (iii) growing step when PPy films keeps growing slowly. 
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As the result conductive PPy layer covers the whole illuminated area of CdTe. It should be 

noted, that samples illuminated with laser beam under applied electrodeposition potential of 

800 mV vs. SCE, started to change their color after 100 sec of the deposition process, while 

under potential of 400 mV vs. SCE, CdTe structures started to change their color after 400 

sec. The structures that were exposed at 100 mV vs. SCE changed color only after 10 

minutes. The color of the CdTe layer has changed from silver-metal (Te-rich layer) to dark-

green, that indicates the deposited PPy: PTSA layer. It should be noted, that the PPy films 

obtained in acetonitrile solution under applied potentials of 100-800 mV vs. SCE are smooth 

without any visible defects and holes, and with green color.  
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Figure 10. Electrodeposition curves of PPy: PTSA layers onto CdTe layer in ACN 

solution under laser beam illumination with an intensity of 20 mW/cm2. 
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Figure 11. Photograph of scribed samples of 

graphite/PPy:PTSA/CdTe/CdS/SnO2/ITO/glass structures (from left to right – PPy deposited 

at 700mV and 200 vs. SCE. 

 

3.2 Study of morphology 
 

The surface morphology of prepared PPy:PTSA/CdTe/CdS/SnO2/ITO/glass structures 

were studied by high resolution scanning electron microscopy (HR-SEM) Figure 12 shows 

the micrographs of the surface of etched in NP-acid CdTe layer before PPy deposition. It can 

be seen, that CdTe layer is not smooth and includes non-deep holes and micro cracks.  

 Figure13 (a,b) show the morphology of PPy layer on CdTe  surface at different 

magnifications. It can be seen, that PPy: PTSA film covers the CdTe surface continuously 

without cracks and holes in good agreement with the relief of the CdTe surface (Figure12 a, 

b). 
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Figure 12 (a, b). HR-SEM image of CdTe surface of CdTe/CdS/SnO2/ITO/glass structure 

etched in NP-acid during 30 sec. 

It should be noted that PPy layer covers all holes and microcracks on CdTe surface that is 

appropriate for deposition of the final metallic contact without risk of possible short-cuts. 

a) 

b) 
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Figure 13 (a, b). HR-SEM surface image of PPy:PTSA layer in PPy: PTSA/ 

CdTe/CdS/SnO2/ITO/glass structure (PPy film deposited at 200 mV vs. SCE for 20 min in 

ACN solution at room temperature under laser illumination). 

 

Figure 14 (a,b,c,d) shows HR-SEM cross-sectional images of complete PPy: PTSA/ 

CdTe/CdS/SnO2/ITO/glass hybrid structure with PPy film prepared by electrochemical 

deposition at 400 mV vs. SCE for 20 min under laser illumination after NP-etching of the 

CdTe/CdS/SnO2/ITO/glass structure.. According to ANTEC-Solar data the thickness of 

a) 

b) 
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ITO/SnO2 is 240/25 nm, respectively, and CdS layer deposited onto SnO2 is 100 nm thick. 

The thickness of the CdTe layer is about 4.5 µm (in good agreement with our micrographs). 

Figure 14a shows that the PPy film covers CdTe layer uniformly and continuously, that in a 

good agreement with the results obtained from the surface image (Figure 13a-b). The 

thickness of the PPy: PTSA layer is about 130 nm as shown in Figure 14c.  

Figure 14d shows that on top of CdTe layer is a porous area with a thickness 200-250 

nm. This area is formed after etching CdTe structure during 30 sec in NP-acid, and may be 

attributed to Te-rich part of the CdTe layer as shown in Raman spectrum (Figure 15). Etching 

creates Te-rich porous surface, which probably increase surface adhesion of PPy layer.  
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Figure 14 (a, b, c, d). Cross sectional HR-SEM micrograph at different magnifications of 

PPy:PTSA/CdTe/CdS/SnO2/ITO/glass structure with PPy film deposited at 400 mV vs. SCE 

for 20 min at room temperature under laser illumination in ACN solution. 

 

 

 

 

3.3 Raman spectra of CdTe layers 
 

Figure 15 shows Raman spectra of the surface of CdTe deposited and activated by 

ANTEC Solar, etched and electrochemically treated in our Lab i.e. phase composition of the 

CdTe layers treated by different ways were investigated. In other words, we compare Raman 

spectra of activated CdTe; activated and etched CdTe; and activated, etched CdTe with 

following electrochemical treatment in ACN solution with PTSA during 20 min at applied 

potential of 200 mV vs. SCE. 

Raman spectrum of the surface of activated CdTe shows peak at 165 cm−1 attributable 

to CdTe and peaks at 95 cm-1, 122 cm−1 and 140 cm-1 attributable to Te. After the NP-etching, 

the CdTe surface color has changed from dark grey to metallic bright grey. According to the 

Raman spectroscopy, after etching CdTe peak at 165 cm−1 disappears. As expected, tellurium 

peaks height at 122 cm−1 and 140 cm−1 increase [59].  Raman spectra show that etching in 

NP-acid mixture According to our assumption, decrease of CdTe peaks height and increase of 

Te peaks height are connected directly with etching of CdTe layer in NP. Results observed 

can be connected with removing partial dissolving of Cd on the surface of CdTe. Peak at 331 

cm−1 appears only for the CdTe layer electrochemically treated after NP-etching [60]. It 

should be noted, that Te-rich layer can be oxidized by applied anodic potential. As the result, 

decrease of the Te peaks height and appearance of CdTe peak at 331 cm-1 are observed.  

PPy 
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Figure 15. Raman spectra of activated CdTe surface; CdTe activated and etched in NP; CdTe 

activated, etched in NP and electrochemically treated in 0.1M PTSA solution in ACN during 

20 min at applied potential of 200 mV vs. SCE. 
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3.4 I-V characteristics of prepared PPy: 

PTSA/CdTe/CdS/SnO2/ITO/ glass hybrid structures 
 

PPy back contact layers have been formed on the CdTe/CdS/SnO2/ITO/glass structures in 

the applied potential range from 100 mV to 800 mV vs. SCE in ACN solution. Figure 16 

show I-V curves for complete PPy:PTSA/CdTe/CdS/SnO2/ITO/glass hybrid structures with 

PPy back contact electrodeposited under laser beam irradiation.  
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Figure 16. I-V curves of PPy:PTSA/CdTe/CdS/SnO2/ITO/glass  hybrid structures coated with 

electrodeposited PPy: PTSA layers under laser illumination at the applied potential range 

from 100 to 800 mV vs. SCE. 

 

 

 

Table 1. PV parameters of PPy:PTSA/CdTe/CdS/SnO2/ITO/glass hybrid structures coated 
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with electrodeposited PPy: PTSA layers under laser illumination at applied potential range 

from 100 to 800 mV vs. SCE.. 

Sample code d26 d29 d31 d32 

Potential vs. SCE 800 mV 400 mV 200 mV 100 mV 

Area (cm2) 0,13 0,10 0,10 0,10 

Isc (mA) 3,2 2,5 2,6 2,7 

Jsc (mA/cm2) 26,1 26,4 27,1 28,3 

Voc (mV) 763 757 757 756 

FF (%) 27 52 54 44 

Eff (%) 5,6 10,4 11,25 9,4 

Deposition media ACN ACN ACN ACN 

 

Table 1 shows PV parameters of obtained hybrid structures. According to Table 1, hybrid 

structure with PPy back contact electrodeposited at the potential of 200 mV vs. SCE 

demonstrates the highest photoconversion efficiency. On the other hand, the lowest efficiency 

was determined for hybrid structure where PPy layer was electrodeposited at the potential 

value 800 mV vs. SCE. It is not surprising due to possible electrochemical corrosion of CdTe 

interface under so high oxidative potential in presence of intensive light irradiation.  

It should be noted, that photo-assisted electrodeposition in non-aqueous ACN media gives 

uniform and adhesive PPy layer to CdTe. All the PPy films were well reproducible. 

Photoconversion efficiency of obtained complete hybrid structures is comparable with 

ANTEC Solar CdTe structures with conventional inorganic back-contact. Therefore, photo-

assisted deposition of PPy back contact in non-aqueous media has been found to be promising 

technique for CdTe solar cells technology.  

 

3.5 Acetonitrile and aqueous media 
 

In order to compare PPy back contacts deposited in aqueous and non-aqueous media, 

two electrolyte solutions were prepared. For electrochemical deposition in aqueous media, ß-

NSA dopant was used. For electrochemical deposition in acetonitrile, PTSA dopant was used. 

Electrodeposition of PPy: PTSA and PPy: ß-NSA layers was performed in the potential range 

200-400 mV vs. SCE under laser light illumination at room temperature.  

 According the obtained I-V characteristics for prepared PPy: 

PTSA/CdTe/CdS/SnO2/ITO/glass structures from (Figure 16) the most appropriate potentials 

were chosen to be 200 and 400 mV vs. SCE. According I-V curves (Figure 18), complete 
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hybrid structures with PPy back contact electrodeposited in ACN solution give higher 

efficiency in comparison with hybrid structures where PPy back contact was electrodeposited 

in aqueous electrolyte solution. In addition, PPy layers deposited in ACN solution had better 

adhesion to the CdTe surface in comparison with PPy layer deposited in aqueous media 

(small physical impact can remove PPy film deposited in aqueous solution from the CdTe 

surface, however films obtained from the ACN solution are strong enough to resist the 

impact). It was observed that the same exposure time into the ACN and aqueous solutions 

influences differently on quality of PPy films. CdTe structures had recognizable visual defects 

after 20 min deposition under 400 mV vs. SCE into aqueous solution that may correspond to 

the electrochemical corrosion of CdTe surface. According to the Pourbaix diagram (Figure 

17), solid CdTe is very stable in wide range of pH at cathodic potentials. On Figure 17 shows, 

that line 5, 11 and 12 describe upper CdTe chemical equilibrium. In our study we used 

potentials from 200 up to 400 mV vs. SCE and aqueous solution pH was measured as 4. At 

potentials range from 100-500 mV vs. NHE, CdTe is dissolving by reaction (1). Potential that 

is higher than 500 mV vs. NHE bring corrosive reaction (2). Small increase of potential above 

to 200 mV leads to CdTe oxidation to TeO2 (3). Aqueous solution is more aggressive than 

acetonitrile [61]. Potential in pourbaix diagram is given according to NHE, In order to 

calculate saturated calomel electrode potential, (E=+0.241 V) is summarized with NHE 

electrode potential.  

CdTe Cd2+ + Te + 2e– (1)  

CdTe + 2H2O Cd2+ + TeO2 + 4H+ + 6e– (2)  

CdTe + 2H2O Cd2+ + TeO2 + 4H+ + 6e– (3) 
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Figure 17. Pourbaix giagram of CdTe-H2O system (potential is given vs. NHE). 
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Figure 18. I-V curves for complete hybrid structures PPy/CdTe/CdS/SnO2/ITO/glass  with 

electrodeposited PPy: PTSA back contact layer in ACN media and PPy: ß-NSA back contact 

layer electrodeposited in aqueous media under laser illumination at the potentials 200 and 400 

mV vs. SCE (all I-V curves were measured under white light irradiation of 100 mW/cm2 

intensity). 

 

Table 2. PV parameters of the prepared hybrid structures (See also Figure 18). 

Sample code d46 d47 d29 d31 

Potential vs. 
SCE 400 mV 200 mV 400 mV 200 mV 

Area (cm2) 0,0804 0,0962 0,0962 0,0962 

Isc(mA) 1,5 1,8 2,5 2,6 

Jsc(mA/cm2) 19 18,6 26,4 27,1 

Voc(mV) 677 731 757 757 

FF% 35,5 43 52 54 

eff% 4,5 5,8 10,4 11,25 

Deposition 

media 

Water Water ACN ACN 
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Conclusions 
 

The main purpose of this work was to prepare hybrid CdTe solar cell with electrically 

conductive polymer PPy back contact electrodeposited in non-aqueous medium. 

1. A number of CdTe hybrid structures with PPy back contact was prepared by photo-

assisted electrodeposition technique. Various oxidative potentials in non-aqueous 

solutions were used in this study. 

2. It was found, that intensive light irradiation facilitates formation of the uniform and 

adhesive PPy layer onto CdTe at reduces deposition potential values and gives 

possibility to cover only photoactive area of CdTe layer. Also, preliminary etching of 

CdTe with NP improves quality of PPy back contact layer. 

3. The glass/ITO/SnO2/CdS/CdTe/PPy hybrid structures prepared in non-aqueous 

acetonitrile solution demonstrate higher photo conversion efficiency in comparison 

with similar hybrid structures with PPy back contact electrodeposited in aqueous 

medium. The adhesion of PPy layers deposited in acetonitrile solution is higher than 

PPy layers deposited in aqueous medium. 

4. The best obtained CdTe solar cell with PPy back contact shows photoconversion 

efficiency around 11%. This result is comparable with efficiency of ANTEC solar 

cells with conventional Sb2Te3/Mo back contact (PCE around 10% for cells with 

active area of 10x10 cm). On the other hand, active area of prepared hybrid structures 

is less than 1 cm2. 
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Résumé 

 

Solar energy is available to everyone. On the other hand, main non-renewable sources such as 

coal, oil and gas are limited and using of these sources produces environmental pollutions. 

At the present time, a number of scientific groups are working in the research area of 

photovoltaics. In this field, thin film technology is one of the most promising and cost 

effective technologies today.  

CdTe continues to be an important material in the photovoltaic research and a 

promising candidate for industrial-scale production of thin film based solar cells. However, 

some issues problems remain and require additional research. One of these problems is the 

fabrication of a stable ohmic or quasi-ohmic back contact to CdTe layer. In this work we 

investigated PPy organic back contact to CdTe solar cell as alternative to conventional 

inorganic back contacts. It should be noted, that PPy is cheap, non-toxic and, as covalent 

compound do not diffuse into CdTe photoabsorber layer as e.g. copper in widely distributed 

conventional copper-based back contact. PPy electrodeposition technique is relatively cheap 

and simple and do not pollute environment. Electrochemical synthesis has several advantages 

over other techniques e.g. film thickness can be controlled through the deposition current 

density and time, electrodeposited PPy layers demonstrate a highest conductivity etc. 

Electrodeposition can be performed in aqueous and non-aqueous solutions. 

 In our work PPy thin films were deposited onto CdTe/CdS/SnO2/ITO/glass structure 

by using photo-assisted electrodeposition technique in non-aqueous media. Photo-assisted 

electrodeposition of PPy back contact in acetonitrile to CdTe is a novel approach and has not 

been studied yet. Different investigation techniques were used to characterize of obtained 

hybrid structures. It was found, that complete CdTe solar cell structures with PPy back 

contact electrodeposited in non-aqueous acetonitrile solution demonstrate PCE comparable 

with the same CdTe solar cell with conventional Sb2Te3/Mo back contact. The best-obtained 

hybrid solar cell PPy/CdTe/CdS/SnO2/ITO/glass has PCE around 11%. These CdTe structures 

with organic back contact were deposited in acetonitrile media in presence of pyrrole 

monomer and PTSA dopant with concentration of 0.1 and 0.1 M respectively. Red light laser 

was used for photo-assisted electrodeposition. Deposition was carried out in three-electrode 

electrochemical cell at room temperature with applied potential of 200 mV vs. SCE.  
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Kokkuvõte 
 

Põhilised mittetaastuvad energiaallikad on maagaas, nafta ja kivisüsi, nende varud 

maailmas on aga piiratud ja hakkavad ammenduma. Üks võimalikest taastuvenegia 

allikatest, mis neid asendada saaks on päikese energia. Päikeseenergia on kergesti 

kättesaadav ning selle muundamine elektriliseks energiaks on küllaltki odav. 

Viimastel aastatel teadustöö on suunatud suure efektiivsusega päikesepaneelide 

arendamisele. Teadustöö põhiprobleemiks on päikesepaneelide maksumus ja 

keskonnasõbralikkus. Antud valdkonnas õhukeste kilede tehnoloogia on kiirelt arenev 

suund, mis on hetkel kõige lootustandav tehnoloogia. Selle tehnoloogia põhimõtteks 

on materjali kokkuhoid ja suure efektiivsuse tagamine. CdTe baasil põhinevad 

päikeseelemendid on kõige efektiivsemad ja võimsamad ning seetõttu ka levinuimad 

õhukeste kilede tehnoloogial põhinevad paneelid. Antud tehnoloogia negatiivse 

poolena võib välja tuua materjalide, millest päikeseelemendid valmistatakse, 

kahjulikkus inimese tervisele ja väliskeskkonnale. Isegi omades kalleid materjale ja 

tootmistehnoloogiat, on küllaltki raske päikeseelemendi suurt efektiivsust tagada. 

Viimase aja teadustöö on suunatud efektiivsemate, odavamate ning samas ka 

keskkonnasõbralikke materjalide leidmisele. Selles töös me uurime polüpürrooli (PPy) 

orgaanilise taga kontakti CdTe päikeseelemendi jaoks. PPy on võetud levinud 

metallilise kontakti asenduseks. PPy on kovalentne ühend, mis on oma olemuselt 

odav, mittetoksiline ja ei levi valgust neelavasse kihti nagu levinud vase ühend. PPy 

elektrokeemiline sadestamine on lihtne ja ekoloogiliselt puhas meetod. 

Elektrokeemiline sadestamine omab mitmeid eeliseid võrreldes teiste meetoditega, 

näiteks, kile paksus on kontrollitatav läbitud voolu ning möödunud aja kaudu. 

Elektrokeemiliselt sadestatud kiled näitavad suurt elektrijuhtivust. Elektrokeemiline 

sadestamine võib olla tehtud nii vees kui ka orgaanilistes lahustes. Antud töös PPy 

õhukene kile on sadestatud fotoelektrokeemilise sadestamise meetodil laaseri valguse 

kasutamisel CdTe/CdS/SnO2/ITO/klaas struktuuri peale orgaanilises lahuses. PPy 

fotoelektrokeemiline sadestamine on uudne lähenemine ning seda pole siiani uuritud. 

Erinevad meetodid olid kasutatud sadestatud polümeer kilede uurimiseks. Uuringu 

käigus leiti, et CdTe päikeseelement koos fotoelektrokeemiliselt sadestatud PPy-ga 

atsetonitriilis näitab sama suurt efektiivsust, mille saadi CdTe päikeseelemendi puhul 
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tavalise kontaktiga Sb2Te3/Mo. Parima tulemuse saadi hübriidse 

PPy/CdTe/CdS/SnO2/ITO/klaas päikeseelemendi puhul efektiivsusega 11% juures. 
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