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Abstract  
 

A brief overview of photovoltaic technologies, starting from the 

first results obtained on monocrystalline materials, passing 
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through epitaxial technologies up to the most sophisticated 

polycrystalline thin-film solar cells, is presented. Particular 

emphasis is given to the cadmium telluride (CdTe) technology 

since, among thin-film, CdTe has achieved a truly impressive 

development that can commercially compete with silicon, which 

is still the king of the market. Solar cells made on a laboratory 

scale have reached efficiencies close to 22%, while modules 

made with fully automated in-line machines show efficiencies 

above 18%. This success represents the result of over 40 years of 

research, which led to effective and consolidated production 

processes. Based on a large literature survey on photovoltaics 

and on the results of research developed in our laboratories, we 

present the fabrication processes of both CdTe polycrystalline 

thin-film solar cells and photovoltaic modules. The most 

common substrates, the constituent layers, their interaction, the 

interfaces and the different ―tricks‖ necessary to obtain highly 

efficient devices will be analyzed. A realistic industrial 

production process will be analytically described. Moreover, 

environmental aspects, end-of-life recycling and the life cycle 

assessment of CdTe-based modules will be deepened and 

discussed.  
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Introduction  
 

Solar cells and photovoltaic (PV) modules have been intensively 

studied since the 1950s, when a Si-based p/n junction, able to 

convert sunlight into electrical energy, was made for the first 

time. Since then, many steps for obtaining more and more 

efficient devices have been made, both with laboratory-scale 

solar cells and with commercial PVmodules. 

 

Many different materials were studied, which gave rise to their 

respective technologies. Others have been abandoned due to the 

inability to obtain power conversion efficiencies (PCE) high 

enough to be used in large-scale industrial production, or 
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because they did not produce devices that were sufficiently 

stable overtime [1,2]. Among the most successfully technologies 

are certainly those based on single- and multi-crystalline Si [3,4], 

widely used in terrestrial PV generators and multi-junctions 

based on GaAs technology, which are essentially used for space 

applications[3].  

 

In addition to Si technology, alternative materials and production 

processes have been developed in order to easily realize solar 

devices. The research was pushed towards the optimization of 

the PCE/cost ratio, decreasing the amount of constituent 

materials and using easily available low-cost substrates, such as 

soda-lime glass, polymers or thin metallic foils. This was the 

beginning of the thin-film technology, which demonstrated its 

potential when a fully automated in-line machine produced the 

first PV module based on amorphous Si (a-Si) [5].The success of 

this technology is mainly due to two other materials: CdTe and 

Cu(In,Ga)Se2(CIGS) which, thanks to the high efficiency 

obtained in recent years both on laboratory scale and in large 

modules[3], have completely replace a-Si. Nowadays, a-Si finds 

its principal use in consumer electronics, such as calculators, 

watches, toys and gadgets, while the PV market is almost 

completely governed by multi crystalline silicon (mc-Si), 

relegating thin film technology to a small percentage of the 

market. This is firstly due to the fact that Si technology was the 

first implemented at an industrial level, secondly thin film 

technology developed high-efficiency modules only in the last 

ten years, when the PV market was already well-established. 

However, thin film technology, with its CdTe and CIGS 

diamond tips, is gaining more and more space in the PV market 

due to its excellent performance and the over-time stability 

achieved in recent years. 

 

Nowadays, the increasing demand for environmentally friendly 

technologies pushes research towards new absorber materials 

made of non-polluting and abundant elements on the earth’s 

crust such as: Cu2ZnSnS4 (CZTS), SnS and Sb2Se3 between 

inorganics and perovskites and polymers among organic 

substances. The research on these systems is still young; for this 
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reason, the final performance and the over-time stability of the 

solar cells based on these absorbers have certainly improved. 

 

In this work, we will only deal with thin-film technology applied 

to inorganic materials. In particular, we will present the 

CdTe/CdS system, giving a comprehensive description of all the 

constituent layers, the strategic choices made in over thirty years 

of research and the discovered tricks needed to enhance the final 

performance of the solar cell. The article is organized with the 

first section dedicated to a brief history of the inorganic 

photovoltaic world. The second section describes the CdTe/CdS 

system, the different deposition methods, the main 

characteristics of the constituent layers and how their mutual 

interactions control the final results. A portion of this section is 

dedicated to the latest innovations, which have led to solar cells 

having efficiencies high enough to compete with the other 

players on the PV market. The third section describes the 

passage from laboratory scale to the large production level, with 

particular attention to the industrialization of the manufacturing 

process. The fourth section is dedicated to the end-of-life of 

CdTe-based modules, considering the environmental 

dangerousness of some constituent elements, together with some 

comments on the life cycle analysis (LCA) of the whole 

production process. The article finishes with the Conclusion, in 

which the major accomplishments, some open problems with 

their solutions, and potential future developments are 

highlighted. 

 

Inorganic Photovoltaics: A Brief History  
 

In 1839, Edmond Becquerel [6] discovered the photovoltaic 

effect while performing experiments with an electrolytic cell 

composed of two metal electrodes: the conclusion was that some 

materials, notably platinum, produced small amounts of electric 

current when exposed to sunrays. In 1873, the British engineer 

Willoughby Smith [7] discovered the photoconductivity of 

selenium (the element varied its electrical conductivity following 

the illumination of the surface). Ten years later, Charles Fritts [8] 

invented the first solar cell by using selenium, which showed a 

PCE of 1%, too low for practical applications.  
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Silicon (Si)  
 

It was only in 1941, that Russel Ohl produced and patented the 

first silicon cell [9–11], which was more efficient than the 

selenium one. Ohl’s intuition was further developed by three 

colleagues from Bell Laboratories, Gerald Pearson, Calvin Fuller 

and Daryl Chapin [12], who built the first photovoltaic cell 

capable of converting solar energy into enough electricity to 

power a small electrical device, a radio transmitter (Figure 1a). 

This progress was only possible because the people involved had 

a good understanding of quantum processes [13] while they were 

developing the necessary manufacturing techniques. In a few 

years, silicon-based photovoltaic cells were developed with a 

PCE of 15%, which made the first practical application possible, 

including, in 1958, the artificial satellite Vanguard I, the first 

large-scale equipment furnished with silicon photovoltaic cells 

[14]. In the last sixty years, silicon technology has progressed up 

to an efficiency of about 26.7% on small cells (Figure 1b) and 

24.4 % on large photovoltaic modules [3]. These results are 

based on monocrystalline silicon technique (mono-Si), 

essentially developed with the Czochralsky growth process [15].  

 

 
 
Figure 1: (a) first modern silicon cell, reported in 1954 [12], fabricated on 

single-crystalline silicon wafers with the pn junction formed by dopant 

diffusion. (b)Passivated Emitter Rear Locally-diffused (PERL) silicon cell, 

with light trapping, back-reflector and buried contacts, which took efficiency 

close to 27%. 

 

This growth technique has found widespread use in the 

production of electronic chips and, while producing silicon 
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crystals of excellent quality, is a very energy-intensive and time-

consuming technique. Electronics have overcome these problems 

by developing the ―Very Large-scale Integration‖ (VLSI) 

technology, namely, many devices can be made using a low 

quantity of the precious Si single crystals. Photovoltaics, on the 

other hand, must use very large devices to recover energy from 

the sun. From this point of view, single-crystal silicon 

technology is not particularly suitable for use in photovoltaics. In 

fact, over time, an alternative technology has been developed 

that uses multicrystalline silicon (multi-Si) [4]. To obtain multi-

Si, a less sophisticated growth technique is used, the so-called 

Siemens method [16]. However, this process is able to supply 

solar cells with an efficiency of the order of 22% on a laboratory 

scale and an efficiency of about 20% on large-size modules. 

 

However, Si technology dominates the PV market with a mono-

Si and multi-Si share of 60.8 and 32.2 respectively, covering 

93% of the worldwide production. 

 

Gallium Arsenide (GaAs)  
 

In the second part of the last century, in parallel with silicon 

technology, other materials capable of producing sophisticated 

devices including high-efficiency solar cells, were studied. In 

particular, in 1954 Welker published a first work showing the 

behavior of a GaAs ―photocell‖ as a function of illumination 

intensity. In 1955, Gremmelmaier [17] reported the 

characteristics of two polycrystalline GaAs solar cells, which 

had measured efficiencies of 1% and 4% while illuminated with 

―sea-level sunlight‖. Gremmelmaier expected a higher efficiency 

if monocrystalline GaAs was used. This material shows some 

intrinsic advantages with respect to silicon, such as a direct 

energy gap whose value is well-suited to sunlight and better 

withstands bombardment by ionizing radiation, making it 

suitable for space use. Unfortunately, GaAs is particularly 

sensitive to structural defects and its performance strongly 

depends on the intrinsic quality of the single crystal. It was 

necessary to wait 10 years in order to develop epitaxial growth 

techniques that were able to produce a small solar cell showing 

an efficiency of 13% [18], which is quite low compared to the 
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theoretical efficiency of 26% [19]. It was already known [20] 

that the direct recombination process, occurring in poor-quality 

GaAs crystals, limits the cell output. Moreover, it was shown 

that a high surface recombination velocity was the most probable 

origin of the poor performance practically obtained for GaAs 

cells [21]. A heteroface cell, consisting of a p-type Gal-xAlxAs or 

InGaP layers on a p/nGaAs cell (Figure 2a) represented the 

keystone to overcoming the problems related to interface states 

[22,23]. The great boost due to the strong demand for space cells 

to be installed in the ever-increasing number of 

telecommunications satellites meant that the GaAs technology 

could reach the production of 5000 cells per week with an area 

of 2 cm × 4 cm. This was made possible because the technology 

passed from the liquid phase epitaxy (LPE), developed in the 

1970s in the Hughes Research Lab (HRL), to the metal organic 

chemical vapor deposition (MOCVD) technology developed in 

the 1980s by Applied Solar Energy Corp. (ASEC). The key 

points of this technology were [24,25]: 

 

 Monocrystalline Ge substrate that, in addition to allowing an 

epitaxial growth of GaAs, provides a p/n junction sensitive 

to infrared light; 

 Epitaxial GaAs layer, thin enough to allow infrared light to 

reach the junction with Ge, grown by MOCVD process; 

 Upper AlGaAs layer with the primary function of 

eliminating surface defects and acting as a window layer for 

the cell; 

 Antireflecting bi-layer (SiO2+Al2O3) coating with the double 

function of minimizing the sunlight reflection and preventing 

any damage to the underneath AlGaAs layer due to 

humidity; 

 Interdigitated metal (Ti–Pd–Ag) external contacts. In order 

to avoid any possible diffusion of metal atoms into the active 

layers, a capping p+ GaAs coating was deposited between 

AlGaAs and the contacts.  
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Figure 2: (a) GaAs single junction (SJ) with an InGaP Back Surface Field 

(BSF) layer. (b) GaAs-based triple junction (3-J) suitable for harvesting 

sunlight in a wide range from 0.69 to 1.87 µm. 

 

In the1990s, dual-junction solar cells based on Ge/GaAs/AlGaAs 

system showed an efficiency, under extraterrestrial condition, of 

about 20%. In this period, many satellites were supplied with 

GaAs-based solar modules. GaAs panels with an efficiency over 

20% represent an attractive choice for low-earth orbit (LEO) 

satellites [26], where the aerodynamic drag represents a problem, 

it is mandatory to use panels that are as small as possible; 

moreover, transport in orbit with a launch vehicle requires 

objects that are as light as possible. These considerations confirm 

that GaAs-based technology is widely accepted for space 

application. Furthermore, the MOCVD growth technique showed 

that only a small additional growth time is needed for adding a 

top cell and a tunnel diode to a bottom GaAs cell, increasing the 

interest in cascade cells. The higher efficiency exhibited by these 

cells, although costlier on cell scale, lead to a considerable 

reduction in the weight and costs of the whole system, making 

them even more attractive for space uses. On the contrary, the 

only way to exploit this technology for terrestrial use is to couple 

solar cells with light concentration systems making up for the 

higher cost of the system with less use of the material [27,28]. 

 

Nowadays, triple junction (3-J) GaAs-based solar cells (Figure 

2b) under a concentration of 508 (508 times the irradiance of 1 

sun) show an efficiency of 46% over a designed area of 0.05 

cm
2
. Four junctions (4-J) minimodule (10 cells) under 230 suns 

exhibit an efficiency of 41.4% over an aperture area of 121.8 
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cm
2
. Multijunctions (nGaP/GaAs/InGaAs) for space use show an 

efficiency of the order of 31.2% under AM 1.5 [3]. At the same 

time, since the end of the 1970s, GaAs thin-film solar cells 

technology was developed [29], demonstrating its 

competitiveness both in terms of long-term stability and 

reasonable cost [30], reaching an efficiency of 29.1% (aperture 

area of 0.998 cm
2
) in recent years [3].The main process adopted 

for the realization of the GaAs thin layer consists of the epitaxial 

lift-off (ELO) method to separate the GaAs film from the 

substrate. Production costs are appreciably reduced by re-using 

the substrate [31–33]. 

 

Copper Sulfide (Cu2S)  
 

Thin film technology wasn’t implemented only for crystalline 

epitaxial growth. Materials with good photovoltaic responses 

both in amorphous and polycrystalline form have been studied 

since 1954, when Reynolds published a first work on the 

CdS/Cu2S heterojunction (Figure 3a) [1,2]. This first 

polycrystalline thin-film solar cell raised many expectations 

when, around the 1980s, a 10% photovoltaic conversion 

efficiency was achieved using ZnCdS as a window material 

coupled with Cu2S [34]. By replacing CdS with ZnCdS, the 

interface states introduced by the lattice mismatch between CdS 

and Cu2S were almost completely removed. However, this cell 

did not have the success that the pioneers expected due to over-

time instability problems. Briefly, Cu2S is not a stable material 

when subjected to the electric field of the p/n junction; in fact, it 

frees Cu atoms, which form metallic filaments that channel the 

reverse current, causing the destruction of the junction barrier 

[35]. For this reason, this system was slowly abandoned, and the 

researchers began to take an interest in two other excellent 

photovoltaic materials: CdTe and CuInSe2.  
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Figure 3: (a) schematic representation of the front-wall Cu2S/CdS solar cell in 

which light enters the device from the top. Solar cells made with Cu2S layer, 

topotaxially grown on CdS, exhibited an efficiency close to 10%. (b) a-SiGe-

based triple junction, which exhibited a stabilized total-area efficiency of 

12.1% on laboratory scale. 

 

Hydrogenated Amorphous Silicon (a-Si:H)  
 

In 1975, within extensive research on amorphous 

semiconductors, it was unexpectedly discovered that the a-Si:H 

alloy can be doped with substitutional impurities such as boron 

(p-type) and phosphorus (n-type) [36]. Immediately after this, a 

solar cell exhibiting a 2.4% efficiency was realized [37]. The 

intrinsic disorder of the amorphous phase is effective in a lot of 

defects, which limit the mobility and the mean lifetime, 

contributing to the recombination of the photogenerated carriers. 

For this reason, a less defective intrinsic material (i:a-Si) was 

used as an absorber layer. In the following years, a-Si:H-based 

solar cells were produced both in substrate or in superstrate 

configuration, which means a p-i-n or n-i-p system, respectively. 

It became clear that the final productivity of the cell was strongly 

influenced by a consistent degradation of its PV parameters as a 

consequence of the light exposure (Light Induced Degradation 

(LID)), which creates metastable states in the energy gap. The 

recombination of photogenerated electron–hole pairs releases 

enough energy to break a weak bond, producing a pair of 

dangling-bond defects. To prevent the recombination of the two 

neighboring broken bonds a hydrogen atom moves from an 

adjacent Si–H bond. Annealing at temperatures of about 150 °C 

for one hour restores the original condition, allowing the 

hydrogen atoms to return to their original positions. In other 
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words, the absence of a long-range order and the presence of 

dangling bonds produce states in the energy gap that prevent 

charge carriers to move freely [38,39]. Subsequent studies have 

clarified that this behavior was due in part to the large number of 

defects generated from the amorphous nature of the material and 

partly caused by interfaces; a-Si is usually grown by a plasma-

enhanced chemical vapor deposition process (PECVD) in which 

silane is dissociated into an RF plasma [40]. The final quality of 

the material is determined by plasma chemistry and growth 

kinetics, which is highly influenced by temperature. In order to 

improve the film quality, the p-i-n stack was deposited at a 

temperature just below the amorphous-to-microcrystalline 

transition; to improve the interface quality, a tandem junction 

was realized, bringing together an a-Si:H top and 

microcrystalline µc-Si:H bottom cell (micromorph-cell). In this 

tandem cell, the different values of the energy gap of a-Si:H (1.7 

eV) and µc-Si:H (1.1 eV) allows the exploitation of a wider 

region of the solar spectrum [41]. Starting from 1990, a new 

system based on three subcells integrated in a single device 

(triple junction) was considered, in order to improve the 

collection of the photogenerated carriers. The triple junction (3-

J) was realized in a n-i-p sequence in which the topmost subcell 

exploits a typical a-Si:H-based sequence, while the middle and 

the bottom subcells were based on an a-Si–Ge:H alloy [42]. The 

Ge content was controlled in order to obtain an energy gap width 

of 1.6 and 1.4 eV for the middle and the bottom subcells 

respectively. 3-J devices (Figure 3b), realized on laboratory 

scale, exhibited an initial active-area efficiency of 14.6%, 

corresponding to a stabilized total-area efficiency of 12.1%, very 

similar to the best performance of micromorph tandem cells. For 

these solar cells, initial and stabilized, are significant for their 

performance before and after light-induced degradation, 

respectively. 

 

The modest performance of these cells caused many market 

losses. This technology covered only 0.3% of the annual 

photovoltaic production in 2017. 
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Copper Indium Gallium Diselenide (CuInGaSe2)  
 

The development of CuInSe2 (CIS) solar cells started in the early 

1970s, when a 12% efficient solar cell based on a p-type CIS 

single crystal coupled with a n-type CdS thin film was realized 

[43]. Only few years later, the first entirely thin-film solar cell 

based on CIS/CdS exhibiting a 5.7% efficiency was realized 

[44]. Many efforts were made in order to improve the 

photovoltaic performance of this solar cell, involving several 

laboratories and researchers, but it took more than 30-40 years to 

realize CIS-based thin film solar cells that were efficient enough 

to compete with the most studied silicon-based ones. During 

these years, some important modifications were introduced in 

stoichiometry and in the growth process of the CIS film in order 

to completely exploit its potential. In particular, Ga was added to 

form CuInxGa(1−x)Se2(CIGS), whose energy band gap can be 

adjusted by the percentage of Ga incorporation [45]. By 

exploiting the higher band gap of the quaternary compound, the 

photovoltage (Voc) increased and a reduced recombination in the 

conduction band of CdS was observed. All this work led to a 

17.7% efficiency solar cell in 1996 [46]. MgF2 antireflecting 

coating and a ZnO window layer helped to improve the 

photocurrent (Isc), resulting in an 18.8% efficient device [47]. By 

gradually changing the Ga and In concentration inside the CIGS 

layer, a band gap grading was obtained. The interface with CdS 

was formed with a very thin CIGS layer with a higher Ga 

concentration, resulting in an increased built-in potential, which 

means an enhanced photovoltage (Voc). By raising the In 

concentration in the remaining CIGS material, the energy band 

gap was lowered; as a consequence, the Isc increased. This 

engineered band gap profile attained a larger diffusion length in 

the minority carriers and reduced recombination in the space-

charge region, leading to a 19.2% efficient ZnO/CdS/CIGS solar 

cell in 2003 [48]. The energy band gap profile was definitively 

stressed when, approaching the back contact, the Ga 

concentration was increased inside the CIGS layer. 

Consequently, a larger energy gap in the back-contact region was 

realized and a mirror for the minority carriers was obtained, 

increasing their diffusion length [49,50]. In this favorable 

condition, a 19.9% efficient solar cell was realized in 2008 [51]. 
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In 2010, an efficiency of 20.3% was reached [52], definitively 

overcoming the 20% psychological barrier. Three years later, the 

Swiss Federal Laboratories for Materials Science and 

Technology (EMPA) obtained a 20.4 efficiency CIGS-based 

solar cell on a flexible polymeric substrate (Figure 4a) [53]. This 

impressive result opened the route to the roll-to-roll continuous 

production of completely flexible PV modules. 

 

 
 
Figure 4: (a) CIGS solar cell which evidenced the possibility of using different 

types of substrates. (b) CZTSSe solar cell; the stacked layers are almost the 

same, except for the absorber. 

 

In the same year, substituting the CdS buffer with a more 

environmental sustainable Zn(O,S) layer and improving the 

CIGS film by using potassium doping, an efficiency of 20.8% 

was reached [54]. The efficiency became 21.7% [55] by 

optimizing the alkali post-deposition treatment of the cell. 

Recently, a CIGS-based solar cell world record efficiency of 

23.35% was achieved by Solar Frontier [56] over a designated 

area of about 1 cm
2
. The use of Cu(In,Ga)(Se,S)2, together with a 

high-temperature heavy alkali (Cs) post-treatment of the 

absorber layer, results in a reduced defect density. The enhanced 

quality of the Cu(In,Ga)(Se,S)2 allows the opportunity to benefit 

from the effects of a wider absorber bandgap. Consequently, the 

reverse saturation current density decreases, producing an 

important enhancement in photovoltage and fill factor (FF), 

leading to the world record efficiency result.  

 

Today, CIGS technology, with an annual production of around 

1.8 GWp, covers a market share of 1.9%, which is principally 

supported by three producers: Miasolè, Solibro and Solar 

Frontier. 
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Within the past ten years, the photovoltaic world has realized 

that 20% efficiency is more than enough to guarantee the so-

called grid parity, or to make photovoltaics widely competitive 

with traditional energy sources [57–59]. To significantly affect 

the world energy market, the production volume of photovoltaic 

modules must be a few terawatts/year (TW/yr). TW-scale 

production implies a correct availability of the constituent 

elements. For CIGS technology, the greatest risk is represented 

by the availability of indium (In), since it is even more widely 

used in expensive devices such as flat panel displays (FPD) 

[60,61]. In this condition, the estimates predict that the demand 

for In will exceed the supply, when CIGS manufacturing 

volumes will reach 100 GW/yr. From this point of view, it is 

mandatory to exploit other materials, whose constituents are 

more available on the earth crust. For example, we have to 

consider that the abundance of Cu, Zn, Sn, and Sulphur is 68,79, 

2.2, and 420 ppm respectively, which is considerably higher 

compared to that of In, Cd, Te of 0.16, 0.15, and 0.001 ppm, 

respectively.  

 

Cu2ZnSn(S,Se)4-(CZTSSe)  
 

Ternary and quaternary chalcopyrites (CuInSe2 and 

Cu(In,Ga)Se2) represent a promising solution, but the increase in 

the prices of rare metals (In and Ga) heavily influences the cost-

efficiency ratio. 

 

Another opportunity is offered by replacing rare metals with 

cheap and widespread zinc and tin, and different new materials 

are considered for replacing CIGS and CdTe. Among them, one 

of the kesterite family, namely Cu2ZnSn(S,Se)4 (CZTSSe), has 

become intriguing as an alternative absorber in thin film solar 

cells. CZTSSe exhibits a native p-type conductivity, high optical 

absorption coefficient (>10
4
cm

−1
 in the visible part of the solar 

spectrum) and tunable direct band gap in the (1.0/1.5) eV range, 

depending on the S and Se concentration [62–64]. 

 

In 1996, the first CZTS-based cell exhibiting an efficiency of 

0.66% was realized [65]. In the following decades, the 

knowledge of the material improved and, as a consequence, the 
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performance of the solar cell increased too, reaching an 

efficiency of 12.6% in 2013 [66]. Different physical and 

chemical techniques are used for the deposition of the CZTSSe 

layer. Among them, the most common are: RF sputtering with 

post-deposition treatment in S and/or Se atmosphere at high 

temperature (> 500 °C), thermal evaporation, pulsed laser 

deposition, spray pyrolysis, spin coating, sol-gel. The best 

performing cell has been obtained by IBM, making use of a 

simple nano particle ink-based process. All these different 

manufacturing methods indicate a cost-effective approach for 

this technology, but they are not effective in terms of the finished 

device’s performance. In fact, it was clear from the beginning 

that one of the main problems affecting this material is the 

possibility of generating many stoichiometric defects during 

growth both in bulk material and in the form of thin film. The 

similar ionic radii of Cu and Zn promote the formation of CuZn 

and ZnCu anti sites, which are characterized by having the lowest 

energy among the acceptor and donor defects. Given the high 

concentration of these native defects, compensation is offered 

through the formation of anti site pairs [    
        

 ] 
distinguished by a very small formation energy. This cations 

disorder into the kesterite crystal lattice could be the reason for a 

poor performance, showing a reduction in the photovoltage and 

fill factor. Recently, improvements in open circuit voltage have 

been obtained by reducing the number of antisite defects via 

cation substitution with Cd, Mn, Ba, Fe, Ni and Co, 

demonstrating that a better control of stoichiometry is needed for 

obtaining high efficiencies [67]. Moreover, the most efficient 

CZTSSe-based devices are processed by reacting precursors at 

atmospheric pressure; these methods are effective in reducing the 

re-evaporation of high-vapor pressure compounds, such as SnSe, 

Cu2SnSe3, Zn, Se and S, and in providing good control of the 

CZTSSe stoichiometry. This solar cell was born with the purpose 

of replacing the more expensive and less sustainable CIGS and, 

although they have a lot in common (Figure 4b), they are still far 

from the remarkable performance of CIGS-based cells. One 

possible explanation consists in considering the different role of 

the grain boundaries (GB) inside CIGS and CZTSSe. Some 

studies have recognized GBs as the origin of the extraordinary 

performance of CIGS. In this material, crystal defects and 
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impurities present at GBs act as traps for majority carriers (holes 

for p-type CIGS), generating a depletion region [68–70]. The 

resulting electrostatic barrier repels holes from the GBs, assists 

electrons in reaching the n-type layers, enhancing the charge 

carrier collection, and prevents the recombination of the 

photogenerated electron-hole pairs. On the contrary, GBs in 

CZTS polycrystalline films act as recombination center for the 

electron–holes pairs and, to date, an effective method for their 

passivation has not yet been found. 

 

The history of the development of the champion module 

efficiencies for silicon and thin-film technologies is depicted in 

Figure 5, together with their manufacturer, while the current 

performances are shown in Table 1. 

 

 
 
Figure 5: History of the development of the champion module efficiencies for 

terrestrial technologies plotted from 1988 to the present. For each technology is 

reported the manufacturer of the module that holds the world efficiency record. 

Acronym explanation: a-Si 2J = amorphous silicon double-junction cells, mc-Si 

= multi crystalline silicon, mono-Si (IBC) = single-crystal silicon with inter 

digitated back contacts, mono-Si (HJ-IBC) = single-crystal silicon with 

amorphous silicon heterojunction contacts made on the back of the cell. Data 

reported from https://www.nrel.gov/pv/module-efficiency.html.  
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Table 1: Photovoltaic Conversion Efficiency (PCE) of the best solar cells and commercial modules collected for different technologies. The confirmed 

PCE data are measured under the global AM1.5 spectrum (1000 W/m2) at 25°C (IEC 60904-3:2008, ASTM G-173-03 global). Data reported from [3] 

and from www.nrel.gov/pv/cell-efficiency.html. 

 
Solar Cells 

Parameters/ 

Producers 

Si 

Single-Crystal 

Si 

Multi-Crystal 

GaAs 

SJ 

GaAs 

3-J 

GaAs 

6-J 

Cu2S CIS CIGS CZTS CdTe 

PCE [%] 26.7 23.2 32.8 37.9 47.1§ 10.0 15.4 23.35 12.6 22.1 

Area[cm2] 79* 247.79*** 1000** 1047** 0.099 ≈1.0 100.0*** 1043* 0.4209** 0.4798* 

Producer Kaneka Trina Solar LG Electronics Sharp NREL IEC IPE Solar Frontier IBM First Solar 

Modules 

PCE [%] 24.4 20.4  – 31.2 – – – 18.6 – 19.0 

Area[cm2] 13 177* 14 818** – 968* – – – 10 858** – 23 573* 

Producer Kaneka Hanwa 

Q Cells 

– Sharp – – – Miasolé – First Solar 

 
* (da) = designated illumination area; ** (ap) = aperture area; *** (t) = total area; § 6-J = six-junction with concentrator (143X) 
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CdTe-Based Technology  
 

In the previous paragraph we presented the world of inorganic 

PV, except for the CdTe system. In the following, we will 

extensively describe the CdTe-based solar cell and modules, 

departing from the research which started in the 1960s and 

moving on to the technological aspects inherent the module 

production. 

 

CdTe is considered as a very good material to serve as an 

absorber in solar cells, due to its direct energy gap (1.45 eV), 

which is nearly ideal for photovoltaic energy conversion, 

corresponding to the maximum of the solar spectrum. Its high 

optical absorption coefficient allows the incident light, with 

energy above its band-gap, to be totally absorbed within 1 µm 

from the surface. A CdTe-based solar cell could exhibit a 

photocurrent of 30.5 mA/cm
2
 when illuminated with 100 

mW/cm
2
 sunlight, offering a theoretical maximum efficiency 

close to 30%. Historically, the best performances were typically 

obtained with heterojunction in which the n-type partner was 

cadmium sulfide (CdS). Some different attempts were tried when 

p-type CdTe single crystals were coupled with In2O3 [71], ZnO 

[72] or a very thin n-type CdTe layer [73], obtaining a 13.8% 

maximum efficiency. The success of this material was not 

obtained by means of single crystal but, on the contrary, by 

exploiting one of its best characteristics, namely the possibility 

to produce a complete solar cell by simply using thin-film 

technology. In fact, CdTe/CdS total thin film heterojunction led 

to a 6% efficiency solar cell and this result has been known since 

1972 [74]. However, the psychological limit of 10% efficiency 

was overcome in the 1980s only after a heat treatment in 

chlorine atmosphere was applied to the CdTe/CdS stacked layers 

[75]. In the following ten years, devices with efficiency close to 

17% were made by optimizing both the front and the back 

contacts [76,77]. This was followed by a period of stasis in 

photovoltaic performance, in part due to intrinsic difficulties, 

such as the impossibility of extrinsically doping polycrystalline 

CdTe thin films and partly due to the fact that many researchers 

have devoted their activities to the technological transfer of 

production processes from laboratory to industrial scale. 
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Around 2010, the photovoltaic conversion efficiency began to 

increase again, reaching values close to 20% in a short time. The 

continuous increase in efficiency is largely due to the 

optimization of the layers making up the antireflecting coating 

(ARC), the transparent electrical contact and the window layer, 

as well as a careful choice of the glass substrate. This led to a 

substantial increase in the photocurrent, going from 26.1 

mA/cm
2
 for a cell with 17.6% efficiency [77] to a 28.59 mA/cm

2
 

photocurrent for a cell with 19.6% efficiency, corresponding to a 

rather modest increase in photovoltage [3]. Unfortunately, there 

aren’t any details in the literature concerning these remarkable 

results. However, it seems clear that the photocurrent increase is 

not only due to a very good optimization of the light harvesting, 

but also to an accurate management of the CdTe energy gap in 

order to extent the absorption to longer wavelengths. 

CdTe(1−x)(S,Se)x alloys show energy band gap values smaller 

than CdTe when x ≤ 0.05, corresponding to a maximum increase 

in the cutoff wavelength of about 15 nm. The corresponding 

increase in photocurrent can be evaluated in 1 mA/cm
2
. 

Moreover, the use of a CdTe(1−x)(S,Se)x mixed compound reduces 

the lattice mismatch at the metallurgical junction, resulting in 

enhanced charge transport properties. In 2015, a solar cell based 

on a CdTe(1−x)(S,Se)x thin film exhibited a world efficiency 

record of (22.1 ±0.5)%, showing the following parameters 

measured under the global AM1.5 spectrum (1000 W/m
2
) at     

25 °C:Voc = 0.8872 V, Isc = 31.69 mA/cm
2
, fill factor = 0.785 

over a designated illumination area of 0.4798 cm
2 
[3,78]. 

 

The fabrication process of this solar cell is particularly suitable 

to be implemented in a large area, fully automated, in-line 

production. This is made possible by the electrical in-series 

integration of the cells directly inside the production process 

(monolithically integrated) by means of a robotic laser scribing. 

This technology realized a 11% efficient module in 2002 by 

depositing the CdTe thin film with the electrodeposition 

technique [79]. In the years 2010–2011, the number of factories 

able to produce tens of megawatts/years of CdTe modules were 

10 units worldwide. The production was based on the close-

spaced vapor transport (CSVT) or close-spaced sublimation 

(CSS) techniques for the deposition of the CdTe layer and an 
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average module efficiency ranging from 10% to 12% was 

announced. At the end of 2012 a 14.4% efficient device was 

reported, which became 16.1% at the beginning of 2013. In 

March 2014, a 17.5% efficient module was obtained, followed 

by a world efficiency record of (18.6 ± 0.5)% in 2015. The 

photovoltaic parameters of such a module, taken under the global 

AM1.5 spectrum (1000 W/m
2
) at a cell temperature of 25 °C, 

are: Voc = 110.6 V, Isc = 1.533 A and fill factor = 0.742 over a 

designated illumination area of 7038 cm
2
 [3]. Commercial 

modules with an efficiency of 18.2% are now available on the 

market [81]. First Solar, with a 2.4 GWp annual production, 

covers 2.3% of the market share. 

 

The Solar Cell  
 

A CdTe-based solar cell is typically realized with very thin 

stacked layers, arranged in such a way to form a high-quality 

heterojunction. When CSS or CSVT techniques are used, CdTe 

thin films naturally grow as p-type and are forced to select a n-

type partner to make the p-n junction. The architecture of the 

heterojunction allows sunlight to pass through the n-type layer to 

reach CdTe where photogeneration takes place. To date, the 

best-found configuration is the CdS/CdTe system, where CdS is 

the ―window‖, while CdTe is the ―absorber‖. For this reason, the 

thickness of CdS film is never more than 100 nm to ensure 

excellent transparency. The free carrier concentration of both the 

window and absorber films ensures that the electric field mostly 

falls into the absorber material, so that all the photogenerated 

electron–hole pairs can be separated and pushed towards the 

external electrical contacts. These auxiliary layers complete the 

device, ensuring the passage of the photocurrent. High-efficiency 

CdS/CdTe solar cells are produced in a superstrate configuration, 

which means light passes through the substrate and the front 

contact is as transparent and conductive as possible. Instead, the 

back-contact, which is generally opaque, has to ensure the 

ohmicity with p-type CdTe in order to efficiently harvest all the 

photocurrents (Figure 6a).  

 

In substrate configuration, the manufacturing sequence starts 

with the back contact, followed by the CdTe/CdS films, ending 
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with the transparent electrical contact (Figure 6b). This 

configuration is particularly intriguing since it allows devices to 

be made on opaque substrates such as metal and polymeric foils, 

paving the way for the production of flexible, light and cost-

effective modules. Moreover, flexible substrates enable the roll-

to-roll technique, which is very suited for vehicle- and building-

integrated photovoltaics (VIPV and BIPV). It is undeniable that 

this architecture could overcome one of the problems of 

superstrate configuration; in fact, CdTe doping and CdTe/CdS 

junction formation are separated production steps, which could 

be individually optimized. On the contrary, one of the unsolved 

issues is the formation of an ohmic back-contact, which is partly 

resolved by the introduction of a buffer layer between the 

metallic part of the contact and the CdTe surface. By using 

Te/MoO3 and CuxTe as buffer layers, coupled with a Mo metal 

contact, solar cells exhibiting efficiencies in the range (13.6-

11.3)% are obtained [82,83]. Furthermore, individual cells, 

monolithically integrated inside a module, require the electrical 

insulation of the metal substrate from the back-contact, 

otherwise series interconnection would not be possible, as the 

system has a common electrode. This dielectric film also acts as 

a barrier against the diffusion of metal atoms from the substrate 

into the absorber layer and, consequently, to the junction region. 

Al2O3 or SiO2 films, 100 nm thick, directly sputtered onto the 

metallic substrate, are excellent buffer layers from both these 

points of view. 

 

 
 
Figure 6: The CdTe/CdS solar cell; (a) superstrate configuration (light enters 

through the substrate), (b) substrate configuration (substrates could be opaque). 

 

The final behavior of the CdTe-based solar cell strongly depends 

on the interaction among the constituent layers, which depend on 

the deposition order, highlighting that the layer sequence is 
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crucial. CdTe/CdS solar cells realized in substrate configuration 

are younger compared with the superstrate ones, and a lot of 

research on the layer interaction, diffusion, interfaces, back-

contact and doping issue should be done.  

 

We are principally interested in superstrate configuration, since 

the best performances are obtained by solar cells fabricated 

following this arrangement. 

 

Briefly summarizing, the main steps of the production process 

are: (i) to deposit cadmium and tellurium as inexpensively as 

possible, (ii) to activate the system in chlorine environment at 

high temperature, (iii) to couple a window layer to the absorber 

layer to form an efficient heterojunction. The other production 

steps are typical of thin-film technology such as the choice of the 

electrical contacts, whose principal requirements are to be as 

conductive as possible and to be transparent to sunlight in case 

of the front contact. Since we are dealing with superstrate 

configuration, the substrate must be chosen to ensure maximum 

light transparency for the whole useful life of the solar cell. 

 

Now, we will review each of the production steps and the main 

requirements the individual materials should have. 

 

The Substrate  

 

Rigid glass is normally used in the superstrate production of 

high-efficiency cells and modules. Since solar light passes 

through the substrate, glass has to be as transparent as possible in 

order to minimize parasitic light absorption. The most common 

commercial glasses are generally known as ―soda-lime glass‖ 

(SLG). Silica (SiO2) is the principal component of this type of 

glass (up to 75% - 76%), making it particularly resistant to 

thermal shocks, but its high melting point and its viscosity make 

processing difficult. To simplify the manufacturing process, 

other substances are added. One is ―soda‖, or sodium oxide 

(Na2O) (14%), for lowering the glass transition temperature. 

Nevertheless, soda makes glass unwantedly water-soluble and, in 

order to provide a better chemical stability, ―lime‖ or calcium 

oxide (CaO) is also added (9%). In addition, magnesium oxide 
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(MgO) and alumina (Al2O3), contribute to durability (see Table 

2). Inexpensive minerals such as trona, sand, and feldspar are 

typically used in place of pure chemicals, making soda lime 

glass really cost-effective. Unfortunately, when starting with 

minerals, some impurities, such as Fe2O3 and MnO2, which are 

responsible for a transparency decrease in the visible part of the 

solar spectrum, are un-intentionally introduced. For this reason, 

iron-free glasses are normally used in CdTe technology, gaining 

8% transparency at short wavelengths (λ < 300 nm) [84]. 

 
Table 2: By weight composition of commercial soda-lime glass. In iron-free 

glass, iron oxide (Fe2O3) is discarded from the starting material. 
 

Oxide SiO2 Na2O CaO MgO Al2O3 K2O TiO2 SO3 Fe2O3 Others 

Weight 
[%] 

72.85 12.42 8.15 4.09 1.27 0.47 0.37 0.18 0.10 0.10 

 

Some attempts to employ flexible substrates were made by using 

polymers, such as the Dupont’s polyimide, which permits a high-

rate roll-to-roll technology in order to produce large-area, very 

light photovoltaic devices at reasonably low costs. The optical 

transparency of standard SLG and polyimide are comparable at 

long wavelengths, but below 530 nm polyimide transmittance is 

not enough for PV application, despite thin foils being used 

(Figure 7a). This turns into a photocurrent loss of at least 3 

mA/cm
2
. For this reason, together with the temperature 

limitation, solar cells realized with this polymer never exhibit an 

efficiency over 13.8% [85]. 

 

 
 
Figure 7: Transmittance spectra of: (a) commonly used substrates such as 

soda-lime glass (SLG) and polyimide; (b) SLG (3.3 mm thick) covered with 

only ITO or FTO and SLG covered with ITO or FTO coupled with ZnO as a 

high-resistivity transparent (HRT) layer. 



Surfaces, Interfaces and Coatings Technology 

24                                                                                www.videleaf.com 

The Transparent Electrode  

 

In thin-film photovoltaic technology, one of the most severe 

requirements is the use of transparent and conductive electrodes, 

capable of letting light pass through, which must reach the 

underlying active layers and must be electrically conductive in 

order to efficiently collect the photogenerated carriers without 

introducing unnecessary series resistances. Transparent and 

conductive oxides (TCO) are high-performing, exhibiting 

transparencies close to 90% in the wavelength range of the 

visible light and electrical conductivity up to 10
4
 Ω

−1
·cm

−1
. A 

high electrical conductivity and high transparency to visible light 

seem to be contradictory. In fact, these requirements need 

opposite properties in terms of band gap, which must be: 

 

 Large enough to avoid optical absorption; 

 Small enough to allow the filling of the conduction band by 

a near-free electron at the working temperature. 

 

Concerning the optical transparency, the low-energy limit is set 

by the width of the energy band gap. On the other hand, the 

electrical conductivity needs heavy doping, which often means a 

degenerate condition characterized by the Fermi level inside the 

conduction band. In this condition, the energy gap, evidenced by 

the absorption of light, is wider when compared with the 

fundamental one, according to the Burstein–Moss effect [86].  

 

The most common TCOs used in CdTe technology, are: Sn-

doped In2O3 (ITO), F-doped SnO2 (FTO), Al-doped ZnO (AZO) 

and Cd2SnO4 (CTO). These TCOs are near-degenerate 

semiconductors, but only ITO exhibits a typical free-carrier 

absorption in the near-infrared (NIR) region of the solar 

spectrum. This drawback, together with the indium scarcity [87], 

implies that ITO is not widely used in PV industrial production. 

All these TCOs are coupled with high-resistivity transparent 

oxide buffer layers (HRT’s) with the aim of reducing shunt 

effects coming from pinholes in active layers hindering the 

diffusion of impurities from TCOs or from the substrate. The 

transmittance of some of these TCO is reported in Figure 7b. On 

laboratory scale, un-doped SnO2, In2O3 and ZnO are HRT layers 
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commonly coupled with ITO, while FTO is generally paired with 

pure SnO2 and CTO is combined with Zn2SnO4 (ZTO) [88]. The 

typical bilayer structure of these TCOs change the chemical and 

physical interaction between the front contact and the window 

layer, as is seen when ZnO and CdS, brought at high 

temperature, form an intermixing layer, which modifies the 

optical properties of both films. 

 

The Window Layer  

 

The most used n-type partner with CdTe is cadmium sulfide 

(CdS), which exhibits n-type conduction due to stoichiometry 

defects, such as sulfur vacancies, which are formed during the 

film growth. With an energy gap of 2.42 eV, it allows sunlight to 

pass up to a wavelength of 512 nm, inhibiting the passage of the 

near ultraviolet light to which SLG substrate and TCO layers are 

still transparent. Moreover, self-doping is effective in obtaining 

resistivity of the order of (10
6
-10

7
) Ω·cm, the same order of 

magnitude obtained with CdTe films. A golden rule for the 

formation of a p/n junction in efficient solar cell is that the 

electric field falls principally into the p-type region (CdTe). As 

the mobility of electrons in CdS is significantly greater than the 

mobility of holes in CdTe, this requirement is satisfied only if 

the density (p) of the p-type carriers in CdTe is appreciably less 

than the density (n) of the n-type carriers in CdS. In dark 

conditions, this rule is not satisfied, but under light, where the 

solar cell works, the photoconductivity of CdS helps to distribute 

the electric field into the CdTe film. Concerning the transparency 

of the wavelengths of sunlight, which are shorter than the gap 

cutoff, since nothing can be done about the absorption 

coefficient (α), it is only possible to work on the optical density 

(α·d) by using extremely thin films, allowing the passage of light 

despite the high value of the absorption coefficient (t < d, t ≤ 100 

nm, where d is the average absorption length and t is the film 

thickness). 

 

In order to better exploit the visible spectrum of sunlight, 

window materials with a wider energy band gap were studied. 

The ZnCdS system, varying the energy band gap from 2.42 

(CdS) up to 3.6 eV (ZnS), seemed a good candidate. The 
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expected increase in the photovoltaic parameters (Voc and Isc) of 

the ZnCdS/CdTe solar cells did not take place [89]. The most 

reliable explanation is that interface defects have increased 

because the Zn–Cd–S–Te system is not as favorable as the Cd–

S–Te one in reducing the structural defects responsible for the 

recombination of the photogenerated carriers. In fact, it is now 

accepted by many researchers that CdS is crucial for obtaining 

solar cells with excellent performances, despite the high lattice 

mismatch with CdTe (≈10%). This drawback is overcome since 

the deposition high temperature of CdTe guarantees a strong 

interaction between the two materials. As a consequence, an 

intermixed layer is formed, minimizing the lattice mismatch and 

the interface states resulting from structural defects. 

 

Since the quality of the solar cell strongly depends on the 

interaction between the active layers, the deposition techniques 

used for the film growth play an essential role. The techniques 

generally used for the deposition of both the active layers can be 

divided into low (L-T) and high temperature (H-T). 

 

CdS is normally deposited at a substrate temperature below (L-

T) or above (H-T) 200 °C. RF sputtering, chemical bath 

deposition (CBD) and high vacuum thermal evaporation (HVTE) 

belong to L-T processes, while close-spaced sublimation (CSS) 

and close-spaced vapor transport (CSVT) are H-T deposition 

procedures.  

 

The CBD process gives high-quality CdS films characterized by 

a very high density and compactness which are pin-hole free, but 

as-deposited films are not suitable for the formation of an 

efficient junction when coupled with CdTe [90,91]. A heat-

treatment at 400°C is needed to remove the Cd and S excesses 

naturally present in the L-T deposited films. This treatment is 

also effective in changing the crystalline structure from a 

hexagonal-cubic mixed phase to a more stable unique wurtzite 

phase.  

 

On a laboratory scale, this method offers excellent results, but in 

industrial production sputtering and H-T processes are generally 
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preferred since CBD is a low-speed process and it produces a 

large amount of waste, which must be expensively recycled. 

 

CdS films can be sublimated at temperatures above 700 °C in a 

high-vacuum chamber and deposited on a substrate held at a 

temperature below 200 °C. As in the case of the CBD deposition, 

an annealing at a temperature of 400 °C, under vacuum or in a 

hydrogen atmosphere, is needed to remove stoichiometry defects 

and to obtain the necessary chemical stability. Unfortunately, 

CdS films deposited with this technique have low compactness 

with a high density of pinholes. 

 

For this reason, very thick CdS layers (≈300 nm) must be used to 

produce efficient solar cells, but with unavoidable photocurrent 

loss due to poor light collection.  

 

The HVTE technique is used for producing flexible PV modules, 

where a thin polymeric foil is used as a substrate, which can 

withstand temperatures up to 400 °C [92]. 

 

Sputtering is considered a L-T deposition technique even though 

the surface of the growing film is constantly bombarded by 

electrons and impinging atoms, which exchange their kinetic 

energy and promote typical high-temperature effects. In fact, the 

RF sputtering deposition is not suitable to produce CdS films 

with the proper quality and chemical stability to be used in 

CdTe-based solar cells. Only reactive RF sputtering, introducing 

oxidizing atoms into the process chamber, such as fluorine- or 

oxygen-containing gases, produce high-quality CdS films which 

are able to form a good CdS/CdTe heterojunction. What happens 

in the sputtering discharge when a hydrofluorocarbon or oxygen 

gas is added to the process gas (Ar) is well known: the glow 

discharge ionizes the decomposed elements of the reactive gas, 

producing free fluorine or oxygen ions [93]. Some of these, 

being electronegative, become negative ions and, as a 

consequence, they hit the surface of the growing film, which 

could be considered the positive electrode for the main part of 

the RF period. These ions have sufficient energy to sputter-back 

the weakly bonded Cd and S atoms on the surface of the CdS 

film. As a result, a stoichiometric, dense and better-crystallized 
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film is obtained with a great improvement in optical and 

structural quality. Moreover, fluorine or oxygen ions could react 

with CdS, forming CdF2 or CdSO3, respectively. These are 

excellent dielectric insulating materials, principally segregated 

into the grain boundaries of the polycrystalline CdS film, 

contributing to their passivation. The same segregation on the 

surface of the growing CdS film may adjust the interaction with 

CdTe during its high-temperature deposition (Figure 8b). Among 

the H-T deposition technique, CSS is the most popular and CdS 

films obtained with this process exhibit superior qualities, even 

though depositions carried out in pure Ar provide low-density 

films with many pinholes. If oxygen is added into the process 

chamber, the deposition equilibrium is substantially altered and 

the growth slows down, since the grain boundaries of the 

growing film are decorated with oxides (CdSO4, CdSO3) [94]. 

As a consequence, a denser film without pinholes is easily 

obtained. In this case, the CdS surface is covered by a mixed 

CdSO4-CdSO3 thin layer. High-efficiency solar cells are obtained 

when, CdS films deposited with CSS in Ar + O2 process gases, 

are annealed in an H2 atmosphere (Figure 8a). 

 

 
 
Figure 8: Transmittance spectra of: (a) 300 nm thick CdS film prepared by 

CSS in Ar + O2atmosphere: (1) as-deposited, (2) after annealing for 30 min at 

420 °C in 400 mbar of Ar containing 20% of H2; (b) 80 nm thick sputtered CdS 

film: (1) deposited in pure argon and (2) deposited in argon + CHF3. The shift 

toward shorter wavelengths of the absorption edge demonstrates the helpful 

effect of deposition in the presence of fluorine. 

 

The Absorber Layer  

 

Homojunction, heterojunction, p-i-n and Schottky barrier have 

been historically investigated for CdTe-based solar cell 

production [95–97]. It was immediately clear that heterojunction 
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is the most efficient structure, probably due to the intermixing 

layer formed during CdTe deposition or during post-deposition 

heat-treatments. This layer, removing the structural native 

defects, makes the window/absorber interface very close to a 

homojunction exhibiting an ideality factor close to unity. This 

homojunction-like behavior characterizes the high-efficiency 

CdTe polycrystalline thin-film solar cells, confirming that the 

recombination centers are far away from the junction, i.e., the 

depletion layer is virtually free of interface states. 

 

Typically, L-T and H-T deposition technologies are both widely 

used to produce CdTe thin films.  

 

The highest efficient devices are generally obtained by H-T 

processes, in particular CSS (Figure 9) and CSVT, which are 

industrially implemented for the production of commercially 

available 18% efficiency CdTe-based modules. Due to the high 

deposition temperature, the polycrystalline films are 

characterized by large, columnar and slightly defective grains 

with an average dimension in the range of (5/10) µm for film 

thickness of about (6/8) µm. These techniques allow high growth 

rates (up to some µm/min) at the expense of a homogeneous 

growth of the crystalline grains. As an immediate consequence, 

wide grains, with a lot of pinholes in the middle, are routinely 

obtained although, the film thickness is already very large. 

 

 
 

Figure 9: Not in scale outline of the CSS system for the deposition of CdTe 

and CdS films. The distance between crucible (5) and substrate (6) is of the 

order of 0.5 cm. 
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In this form, it is very hard to extrinsically dope CdTe, because 

any attempt carried out to date has highlighted the tendency of p-

type dopants to segregate into the grain boundaries, generating 

short-circuit paths that kill the junction. With only the intrinsic 

doping, due to stoichiometric native defects, the typical dark p-

type conductivity, shown by CSS-deposited CdTe films, is of the 

order of (10
−4

/10
−5
) Ω

−1
·cm

−1
. By considering the absorption 

coefficient, the visible light penetrates into the CdTe layer up to 

1 µm. Due to photo-generation, this part becomes more 

conductive (10
−2

 Ω
−1

·cm
−1

), while the rest of the film, persisting 

in dark conditions, cannot change its electrical conductivity. This 

corresponds to a series resistance which afflicts the device, 

inhibiting the complete collection of the photocurrent.  

 

From this point of view, it is mandatory to reduce the thickness 

of the CdTe layer, since a thickness of around 2 µm is more than 

enough to absorb all the visible light, considering that CdTe 

exhibits an absorption coefficient in the range of (10
4
/10

5
) cm

−1
. 

This thickness is optimal both for optical and electrical 

requirements, even though it’s very difficult to obtain CSS-

deposited pinhole-free films with the requested quality and 

compactness. 

 

In order to avoid these two unpleasant drawbacks, oxygen is 

generally added to the inert gas in the CSS or CSVT process 

chamber. Due to the presence of CdO and TeO2 species, an 

increased surface diffusion of the incoming Cd and Te atoms is 

expected; as a consequence, a less defective CdSTe layer could 

be formed. The presence of oxygen affects the nucleation 

process, increasing the number of nucleation sites and promoting 

a denser growth of the CdTe film. In these conditions, a small 

amount of CdTeO3 is formed, performing an appreciated 

passivation effect of the grain boundaries [98]. 

 

A similar result is obtained if oxygen is added to the Ar process 

gas during the CdTe sputtering deposition by using a ceramic 

target. In both cases, a reduction in the grain size is clearly 

evidenced and a deep profiling analysis, made by secondary ion 

mass spectroscopy (SIMS), put in evidence a Te-rich surface 

concerning the CSS-film, while the sputtered CdTe layer shows 
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a Cd-rich stoichiometry on the surface [99]. The sputtered film 

exhibits a n-type conductivity of about 10
−3

 Ω
−1

·cm
−1

. A 

sputtered thin film, deposited on top of a CSS-deposited one, is 

mainly segregated into the grain boundaries, filling in all the 

pinholes and giving rise to a p-n junction formed between the 

grain boundaries and the bulk. This beneficial passivation 

efficiently acts as a mirror for the minority carriers, increasing 

their lifetime and preventing shunt paths in the junction region. 

 

In recent years, an attractive hypothesis about the optimization of 

the photovoltaic parameters of the CdS/CdTe solar cell has been 

considered. In particular, it is known that a solar cell under AM 

1.5 G reaches maximum efficiency when the energy gap of the 

absorber layer is 1.34 eV [19,100]. From this point of view, the 

energy gap of CdTe is slightly wider, being 1.5 eV. Following 

this idea, First Solar improved the efficiency of the CdTe-based 

solar cells by using CdTe(1−x)Sex as an absorber material. In fact, 

by adjusting the stoichiometric composition x, a graded profile of 

the energy gap could be obtained. According to [101], when x ≈ 

0.4, the energy gap of the CdTe0.6Se0.4 alloy is 1.4 eV and a 

better collection of the solar light extended to a longer 

wavelength compared to the pure CdTe is observed. An 

engineered profile of the energy gap could be effective in 

improving the photocurrent if a CdTe(1−x)Sex alloy is used in the 

front region, while maintaining the photovoltage in the bulk of 

the CdTe layer. Moreover, when a CdS/CdTe(1−x)Sex 

heterojunction is made, it was found that the thickness of the 

CdS layer can be drastically reduced or the layer can be avoided, 

decreasing the parasitic absorption in the high-energy region of 

the solar spectrum, and obtaining an increasing photocurrent 

[102]. Additional improvements can be obtained if the CdS layer 

is replaced with MgZnO, a material with which CdTe and 

CdTe(1−x)Sex have a better alignment to the energy band. This 

material is characterized by a better transparency in the high-

energy region with respect to CdS [103,104]. Furthermore, a 

greater passivation effect of the defects due to the presence of Se 

is effective for a longer lifetime of the charge carrier in 

CdTe(1−x)Sex compared to CdTe [105]. By adopting these 

measures, solar cells with an efficiency of over 22% were 

obtained, including the world record [3]. 



Surfaces, Interfaces and Coatings Technology 

32                                                                                www.videleaf.com 

These excellent results are a consequence of more than 20 years 

of research focused on all the aspects that influence solar cell 

behavior, including materials, interfaces, deposition techniques, 

electrical contacts, substrates and last but not least, production 

techniques which must be intrinsically easy enough to scale up to 

the industrialization of large modules.  

 

However, alternative ways to achieve high efficiency devices 

should not be overlooked. In fact, high-efficiency solar cells 

have also been made on flexible polymeric substrates, where the 

basic requirement is a low process temperature.  

 

CdTe and CdS films, deposited by HVTE at a temperature of 

about 200 °C with a typical thickness of (2/3) µm, show very 

good smoothness and compactness with a characteristic grain 

size of (100/500) nm [106]. The dimension of crystallites 

suggests that the mobilities and lifetimes of the charge carriers 

are very low, and not suitable to form an efficient p-njunction 

capable of properly collecting the photogenerated carriers. 

 

Never, as in this case, is a post-deposition treatment, the so-

called ―chlorine treatment‖ needed. This heat-treatment has the 

ability to reduce the stacking faults, misfit dislocations and grain 

boundaries, increasing, accordingly, the crystalline grain size 

[107]. By using commercial FTO-covered SLG substrates, all 

HVTE-deposited CdS/CdTe solar cells exhibit efficiencies of 

about 15%. The efficiency is lowered to 12% if a polyimide 

substrate is used [108].  

 

Among the L-T techniques, the electrodeposition of 

semiconducting materials was originally presented in the 1970s 

[109,110]. Only in the early 1980s was an all thin-film 

electrodeposited CdTe-based solar cell developed, exhibiting a 

notable efficiency of 8% [90,111,112]. Recently, a record 

efficiency of 15.3% has been announced, exploiting a different 

device architecture. Normally, the electrodeposited CdTe layer 

exhibits a n-type conductivity. As a consequence, the active 

junction is shifted at the back-contact, which forms a Schottky 

barrier with CdTe. An innovative SLG/FTO/n-CdS/n-CdTe/p-

CdTe/Au layer sequence was implemented for producing the 
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record solar cell. The main improvement is represented by a 

buried-homojunction close to the back-contact. The presence of 

a p-type CdTe thin film at the back-contact allows for better 

control of the junction position inside the absorber layer, resulting 

in an enhanced barrier height and photogenerated carrier collection 

[113]. 

 

RF magnetron sputtering deposition is a simple technique for 

industrial coating needs after being scaled down to laboratory 

requirements. For this reason, the opposite path is considered 

obvious and sputtering technique is increasingly considered a 

key process when a high-density film with good adhesion to the 

substrate is requested [114]. When CdS and CdTe compounds 

are deposited, the electro-optical properties of the films strongly 

depend on the sputtering parameters as well as the sputtering 

power, Ar and reactive gas pressure, bias voltage, substrate 

temperature, target-to-substrate distance, etc. This great variety 

of process parameters allows a very fine-tuning of the physical 

characteristics of the growing film. Exploiting the excellent 

coverage and high density of the sputtering-deposited films, a 

2µm thick CdTe layer is used to realize very thin solar cells 

[115]. By suitably adjusting the chlorine treatment, CdTe thin 

films with crystalline grains large enough for achieving high-

efficiency solar cells could be obtained. Following this 

philosophy, in the early 2000s a 14% efficient solar cell has been 

produced [116]. 

 

The Heat-Treatment  

 

It is not important which technology is used to deposit the CdTe 

layer; whether it is LT or HT, the result obtained is always the 

same, i.e., very limited conversion efficiency. Evidently the as-

deposited material does not have a suitable crystalline quality to 

obtain a good device, since it is characterized by a large number 

of structural defects, which hinder the motion of the charge 

carriers promoting the recombination of the photogenerated 

electron–hole pairs.  

 

For this reason, in CdTe technology an annealing, at a 

temperature in the range (350/400) °C, in chlorine atmosphere, is 
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currently used. This treatment is inspired by the monocrystalline 

vapor phase growth of II-VI compounds, in which the transport 

agent is a halogen gas, normally chlorine. Historically, chlorine 

is supplied by depositing a CdCl2 on the top of the CdTe film. A 

first attempt was made by vapor depositing a CdCl2 thin film or 

by drop-casting a Cl-salt/methanol solution followed by an air-

anneal. At the treatment temperature, the surface of the CdTe 

film becomes mobile due to the vapor pressure, and the 

following process is normally assumed to occur: 

 

CdTe(s) + CdCl2(s)  2Cd(g) + ½Te2(g) + Cl2(g)  CdCl2(g) + CdTe(s)   (1) 

 

During the annealing, CdTe re-crystallizes, changing its 

morphology (Figure 10). A better-organized crystalline matrix is 

formed, small grains disappear and the CdS/CdTe interface is re-

organized, removing the typical defects due to the lattice 

mismatch [117]. Moreover, treated samples exhibit a very good 

response in the long wavelength region of the visible light. These 

photons are absorbed far away from the CdS/CdTe region and 

the photogenerated electron–hole pairs must live long enough to 

reach the external electrical contacts. This is possible only if 

recombination is negligible, which means an absence of 

structural defects. 

 

 
 
Figure 10: SEM images of CdTe film morphology (a) before, and (b) after 

chlorine-treatment with Ar + HCl + fluorine-containing gas (R-23). 

 

As a chlorine supplier, other Cl-based salts have been used; 

among them, the most popular are NH4Cl, NaCl, MgCl2, ZnCl2 

[118–121]. These Cd-free salts are more environmentally 

sustainable than CdCl2. Recent studies have been demonstrated 
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that the replacement of costly and toxic CdCl2 could be made by 

using nontoxic and more cost-effective MgCl2 [122] without 

losing solar cell performance.  

 

A good alternative to Cl-salts is represented by halogen gas, 

which is able to release chlorine radicals in the heat-treatment 

ambient at the annealing temperature. Since Cl-containing gases 

are very aggressive with CdTe surface, the re-crystallization 

process becomes extremely critical [99,123,124]. The reaction 

returns under control if a fluorinated hydrocarbon is added into 

the treatment chamber. In the presence of F2 or F-based radicals 

a fluorine compound, such as CdF2, could be formed. The 

presence of CdF2 is effective in lowering the growth rate of the 

Cl-containing counterparts (CdCl2), resulting in the decreased 

reactivity of all the system. 

 

All studies, regarding chlorine heat-treatment, unequivocally 

claim that the solar cell efficiency strictly depends on how 

effective the re-crystallization of the CdTe grains is, and on the 

quality of the intermixing layer at the junction region. These 

results reveal that the lower dissociation energy of the salt 

molecules promote greater recrystallization and, in turn, higher 

conversion efficiency.  

 

These findings help to choose the best candidate for substituting 

CdCl2 and underline that Cl-containing gases, with the addition 

of fluorinated hydrocarbons, could be a good option. 

 

The Back-Contact  

 

One of the criticisms encountered in the high-efficiency 

CdS/CdTe solar cell production is the realization of an ohmic, 

stable over-time, back-contact. Commonly, many production 

processes make use of a Cu-containing compound, such as Cu–

Au alloy, Cu2Te, ZnTe:Cu and Cu2S [125–128]. Excluding the 

Cu–Au bilayer, the electrical contact is finished with the 

deposition of a metallic layer such as Mo, Ni–V or graphite 

paste. 
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The diffusion of copper into the CdTe layer reduces its 

resistivity, promoting the formation of a very low resistance 

ohmic contact suitable for high-performance solar cells. 

 

Devices made with contacts not containing Cu show a high 

series resistance, principally due to the non-ohmic contact. For 

this reason, the highest efficiency solar cells have been made, 

exploiting the presence of some Cu-based compound at the back-

contact.  

 

Typically, a chemical attack in Br2-methanol or in a mixture of 

HNO3/HPO3 acids is performed, which leaves the surface of the 

CdTe film as Te-rich. A Te-rich surface promotes the correct 

band alignment between the valence band of CdTe and the work 

function of the metal contact and/or the electronic affinity of a 

degenerate semiconductor, through the formation of a low-

resistance tunneling barrier. 

 

Since copper is very reactive with Te, a thin layer of Cu2Te is 

formed at the interface between CdTe and the back-contact, 

which limits the copper diffusion into the grain boundaries of the 

absorber film. Unfortunately, Cu2Te is not sufficiently stable 

since it releases copper atoms directly in contact with the surface 

of the CdTe film, triggering the usual diffusion into the grain 

boundaries. To overcome this regrettable problem, a fine control 

of the amount of copper, directly in contact with the Te-rich 

surface of the CdTe layer, is mandatory. Different solutions are 

proposed; the most reliable make use of a very thin layer of Cu 

(0.5 nm) or of a buffer layer, which acts as a filter for the 

diffusion of the Cu atoms. In both cases, the formation of a 

CuxTe layer is needed to ensure a good quality contact and to 

break the Cu diffusion, but CuxTe behaves like a stable material 

only if x ≤ 1.4. This condition is achieved by placing a buffer 

layer, based on M2Te3, between the very thin layer of Cu and the 

surface of CdTe (where M = Sb, Bi, As)[129,130]. Two different 

phenomena are present: (i) the M atoms can bind the tellurium 

excess, forming a M2Te3 or CuxTe degenerate interface layer, 

confirming the fundamental role of a CdTe Te-rich surface. (ii) 

An air heat-treatment of the whole system, carried out at a 

temperature of 200 °C for 15 min, promotes the formation of an 
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oxide into the grain boundaries of the CdTe layer, which 

contributes to the passivation of the grain boundaries by 

removing their capacity to recombine the charge carriers. A 

similar result is obtained if a ZnTe film is used as a buffer layer 

[131].  

 

This is a general recipe; if respected, an efficient and durable 

solar cell is routinely realized, allowing the industrial production 

of CdTe-based large modules.  

 

The Industrial Production  
 

At present, an in-line, fully automated machine is able to 

produce large CdTe modules (≈1 m
2
) with a cycle time of about 

1 min. The mainly exploited technologies are CSS or CSVT for 

the deposition of the CdTe layer and sputtering for the remaining 

films. Exploiting the thin-film technology, the in-line production 

machine carries out the monolithical series-integration of solar 

cells, by selective laser scribing of constituent layers at different 

stages of the production steps. In this way, a soda-lime glass 

enters the machine at the first stage and a finished PV module 

comes out from its last section (Figure 11). A typical engineered 

process consists of the following main steps [80]: 

 

 
 
Figure 11: Flow diagram of a fully automated in-line process for the 

production of CdTe/CdS based PV modules. 

 

Substrate Cleaning: The first stage of the in-line production 

machine is a robotic loader connected with a washing machine. 

The substrate, typically iron-free SLG is washed by means of 

pressurized deionized water jet and then dried in a filtered hot air 

stream. 
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1
st
-Heating Tunnel: The SLG substrate moves on a rail in 

vertical or horizontal position according to the operations it 

needs. The glass enters evacuated chambers at a 10
−6

 mbar 

residual pressure to be heated up to the deposition temperature of 

the TCO layer. The heating must be very uniform to avoid 

thermal shocks, which could cause glass break. Considering that 

glass moves at a speed of 1 m/s and it cannot be heated with a 

rate greater than 25 °C/min, the heating tunnel must be at least 7 

m long if the deposition will take place at a temperature of 200 

°C or 14 m if the temperature should be 400 °C. The heating 

system is equipped with infrared (IR) lamps and a PID system 

controls the power supply through the temperature feedback.  

 

Sputtering TCO: In case TCO consists of the ITO + ZnO bi-

layer, the deposition takes place at 400 °C to guarantee the 

correct stability of the stacked films. The sputtering chambers 

are equipped with a number of targets sufficient to deposit 500 

nm of ITO and 150 nm of ZnO in the transit time of the SLG 

substrate. Typically, four ITO targets, and two for ZnO, are 

enough to accomplish this task. 

 

The targets, in a vertical position, are of the cylindrical-rotating 

type to efficiently use up to 95% of the starting material. ITO 

and ZnO targets are deposited by means of a DC- and RF-

sputtering power supply, respectively. If commercially TCO-

coated SLG substrates are used, this deposition step is not 

present in the first part of the production machine. 

 

1
st
 Cooling Tunnel: Since the next operation is the first laser 

scribing, temperature must be decreased up to 25 °C. The 

substrate, covered with the front contact, comes out from the 

sputtering chamber and enters into the cooling tunnel. The 

cooling rate is very similar to the heating one, and also, in this 

case, the tunnel is 14 m long.  

 

1
st
 Laser Scribing: In order to define how large a solar cell is, an 

IR or ultraviolet laser (UV), able to eliminate the TCO along 

parallel lines, at a distance of 1 cm one from each other, 40/60 

µm wide, is typically used (Figure 12). The industrial solution 

for this purpose is a Q-switched (ns regime) diode-pumped solid-



Surfaces, Interfaces and Coatings Technology 

39                                                                                www.videleaf.com 

state laser (DPSSL), working at wavelengths of 1064 or 266 nm 

(third harmonic) depending on the IR or UV cutting, 

respectively. The lasing medium for the DPSSLs is a 

neodymium-doped yttrium aluminum garnet (Nd:Y3Al5O12), the 

so-called Nd:YAG. For a CdTe-module with an area of 1 m
2
, a 

scribing length of about 100 m has to be done in 1 min. This is 

made possible only if the laser beam moves with a speed of 2 

m/s, which includes the time loss due to the motion inversion 

that must be carried out for cutting each cell [132]. 

 

 
 
Figure 12: Optical microscope pictures of P1-P2-P3 scribes taken with a 

magnification of 1000×; P1, P2 and P3 cut TCO, CdS/CdTe and back-contact 

layers, respectively. Substrate is a 3.3 mm thick SLG. 

 

2
nd

-Heating Tunnel: Before the deposition of the window layer, 

the temperature of the TCO-covered SLG must reach 200°C. 

This heating tunnel, 7 m long, is equipped as the previous one.  

 

Sputtering of CdS Layer: A planar RF sputtering equipped with 

at least three CdS ceramic targets, provides the deposition of the 

window layer. The typical deposition rate (DR) is more than 

2nm/s, supplied by a RF power density of 3.5 W/cm
2
. As an 

alternative to the sputtering technique, chemical bath deposition 

(CBD) could be implemented for the deposition of the CdS 

layer. Since CBD is carried out at very low temperatures (60/80) 

°C, the preceding heating tunnel is not necessary and the 

deposition occurs inside thermostatic baths containing the 

saturated solution.  
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3
rd

-Heating Tunnel: Deposition of the CdTe film by CSS or 

CSVT requires a temperature of about 500 °C; consequently, the 

SLG covered with TCO + CdS layers runs into a heating tunnel, 

while the temperature varies from 200 to 500 °C.  

 

CSS of the CdTe Layer: CSS requires a substrate temperature of 

500 °C and a crucible temperature of 600 °C if an Ar pressure of 

1 mbar is used as a process gas. The number of crucibles is 

congruent with respect to the DR. Fortunately, this technique 

allows a very high DR (8/10 µm/min), which enables the 

deposition of relatively thick CdTe films (6 µm) within the 

production cycle time.  

 

2
nd

 Cooling Tunnel: The next step is the so-called chlorine 

treatment, which is carried out at a temperature of about 400 °C. 

This tunnel, with a length of 4 m, can lower the temperature 

from 500 °C to the typical temperature of the Cl2-treatment, in 

the range of (360/400) °C.  

 

Chlorine Treatment: This is a special section of the in-line 

production machine, since Cl2 or Cl-radicals are very aggressive, 

especially at very high temperatures. If Cl–F-containing gases 

(Freon) are used, this step is performed in a vacuum chamber 

whose walls are internally coated with HCL-resistant ceramics. 

The final pressure of the Ar-Freon mixture is about 500 mbar 

and the total length of the treatment station is about 25 m. 

 

Chlorine could be also supplied by dipping the CdS/CdTe 

system into tanks containing the CdCl2-methanol solution. On 

the contrary, CdCl2 could be additionally deposited by simple 

sublimation; in that case, this treatment section is furnished by 

vacuum thermal evaporators. In this situation, CdCl2 is supplied 

at a low temperature and a cooling tunnel in front of this section, 

with a heating tunnel after the CdCl2 deposition is needed.  

 

3rd Cooling Tunnel: However, chlorine is supplied, the 

CdS/CdTe system, after having covered the entire cooling 

tunnel, lowering the temperature from 400 °C to room 

temperature, enters a washing machine in which splashes of 
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demineralized hot water remove any CdCl2 residue and/or oxides 

formed during the Cl-treatment.  

 

2
nd

 Laser Scribing: This patterning step selectively removes the 

active layers close to one edge of each cell delineated by the first 

scribing (Figure 11). The laser action only has to remove the 

CdS and CdTe semiconductors, leaving the unchanged, 

completely cleaned surface of the underneath TCO. The laser 

scribing of the CdS/CdTe layers could be done facing the film 

surface or from the glass side. These strategies are employed 

with opaque or transparent substrates, respectively. In both 

cases, a green laser (wavelength = 515 nm) is efficiently used. 

Cycle time imposes a cutting speed of 2 m/s to perform a 100 m-

long scribing in less than a minute.  

 

Sputtering of Back-Contact: Back-contact consists of Mo or Ni–

V films and the deposition is normally carried out at room 

temperature. The sputtering chamber is equipped with a 

sufficient number of cylindrical-rotating targets to perform the 

film deposition in the requested cycle time. The metallic films 

are deposited by a DC power density of 5 W/cm
2
, which is able 

to deposit the 500-nm-thick back-contact in less than 1 min (DR 

≥ 30 Å/s). Before the deposition of metallic films, buffer layers 

are added between the CdTe surface and the metallic films to 

achieve an ohmic contact. The M2Te3 and Cu films are deposited 

by means of a DC sputtering with a power density of about 3 

W/cm
2
for M2Te3 and 1.5 W/cm

2
, corresponding to a DR of about 

30 and 5 Å/s, respectively.  

 

3
rd

 Laser Scribing: This scribing removes the back-contact and 

the active stacked films close to the 2nd scribing keeping the 

underneath TCO layer as unchanged as possible (Figure 11). In 

this way, every cell is series-connected with its adjacent one. The 

main problem regarding this patterning, is to avoid the thermal 

damage of the CdS/CdTe films, which could form shunt paths in 

the junction region. This effect could be minimized if a very 

short pulse laser is used in order to avoid, as much as possible, 

the heat-affected zone (HAZ). This laser has the following 

characteristics: wavelength = 1064 nm, average max power = 

5W at 50 kHz, energy per pulse = 160 µJ at 30 kHz, pulse width 
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= 500 ps at 30 kHz. This laser ensures a cutting speed of 2 m/s, 

which is able to perform a 100 m-long scribing in less than a 

minute.  

 

Bus-Bar, Contact Box, Lamination: The production line ends 

with the installation of bus bars and a junction box with the 

external cables. Lastly the lamination operation, using a thin 

ethylene-vinyl acetate sheet (EVA) placed between two glasses. 

Lamination requires keeping the module at a temperature of 

about 165 °C for several minutes; this operation is effective in 

curing the diffusion/reaction of Cu with the M2Te3 material to 

form the desired CuxTe inside the back-contact. In this case, the 

upper glass, placed on the sunny side of the PV module, is 

normally a tempered glass, which makes the module particularly 

robust and hail-resistant. 

 

Final Flash-Test and Packaging: The finished PV module is 

subjected to the so-called flash test to learn the electrical output 

power and the characteristic photovoltaic parameters. The 

measurement is performed with a pulsed solar simulator under 

standard conditions (1000 W/m
2
, AM 1.5 G, 25 °C). The test 

results are printed on an adhesive label, which is automatically 

attached to the back of the panel, following the appropriate IEC 

standard. The tested modules are automatically divided into 5W 

output power classes and packaged in order to be shipped to their 

final destination. 

 

Recycling and Life Cycle Assessment  
 

Independent studies have shown that metallic cadmium is much 

more toxic compared to the CdTe compound, and massive doses 

of CdTe taken by oral inhalation have been shown to be about 

nine times lower than the toxicity of elemental cadmium[133]. 

 

Starting material processing, modules production, the operation 

of the PV plants and removal at their end of life, releases two 

orders of magnitude less cadmium emissions compared to the 

most modern thermoelectric power plants.  
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Concerning environmental issues, some of the main 

characteristics of CdTe are: (i) it is a non-flammable solid, (ii) it 

is insoluble in water, (iii) a melting point in air close to 1100 °C 

(higher than the typical temperature of an outdoor fire), (iv) at 

high temperature with oxygen (air), it forms an oxide, CdTeO3, 

which is even more stable than CdTe itself. Moreover, CdTe 

modules are of the glass–glass laminated type and CdS-CdTe 

materials are retained in the molten glass if exposed to 

temperature in excess of the softening point of the encapsulant 

glasses [134]. Encapsulating Cadmium in the form of CdTe 

inside photovoltaic modules represents a safe alternative for 

using cadmium with respect to the commonly practiced use. In 

other words, this is a safe way to sequester cadmium from the 

environment. Replacing fossil-fuel electricity with CdTe-based 

PV plants results in a reduction in all the life cycle impact 

categories. In fact, CdTe modules have the lowest environmental 

impact from the harmful emissions point of view, showing the 

smallest ecological footprint compared to the other thin-film and 

cost-competitive Si technologies[135]. Increasingly, efficient 

cells and modules decline the availability concern, which is 

common to all thin-film technologies. The ever-decreasing use 

of CdTe might have an impact on tellurium primary demand, 

which could decrease regardless of the growth of the CdTe-

technology market. Detractors of photovoltaic technologies 

assert that ground-mounted photovoltaic systems are very 

impactful from the soil transformation point of view. Since PV 

plants do not require extraction of fuel during their life cycle and 

the occupation of soil decreases with the increasing plant 

lifespan and PCE of modules, we can conclude that CdTe, 

among thin film technologies, is the best related to the land 

transformation impact.  

 

The large amount of water required in the production of 

electricity from fossil and nuclear sources poses a serious supply 

problem, especially in those areas of the planet where water is a 

very precious resource. PV technology needs significantly lower 

water consumption than the full life cycle of thermoelectric 

power plants [136]. The amount of water used to produce one 

MWh of electricity from a PV source is the third lowest after 

wind and hydroelectric. Among the PV sources, CdTe-based 
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technology shows a lower water consumption than the more 

common multi-Si technology, due to the production of ultra-pure 

Si. A common implication for all the PV technologies is the 

recycling of modules at the end of their useful life; this not only 

from the point of view of the environmental impact but also in 

terms of the efficient recovery of raw materials. Cadmium, being 

a toxic element, must be recovered regardless of the economic 

implications, while the recovery of tellurium is seen as an 

additional benefit.  

 

With a worldwide installed capacity close to 200 GW, recycling 

is mandatory for the future management of extensive PV waste 

volumes in order to safely recover costly materials. 

 

In general, thin film technology is a feasible, environmentally 

friendly way to produce electricity. In particular, CdTe 

production represents a safe way to remove Cd from the 

environment. 

 

Conclusion  
 

Ever since the first photovoltaic device was made in the 1950s, it 

was immediately clear that this technology could be used to 

produce electricity. The first devices were built for space 

applications, allowing the development of telecommunication 

satellites on an international scale. 

 

Since then, many different materials have been studied and 

related different technologies have been developed. Actually, the 

photovoltaic market, based on single and polycrystalline Si 

technology, has been developed since the 1980s. Quite quickly, 

very high-performance Si-based devices, with photovoltaic 

conversion efficiencies close to 25%, were realized. At the same 

time, other materials, made with epitaxial techniques, entered the 

world of PVs. Devices based on materials of the III-V family, 

such as GaAs, have given rise to even more efficient solar cells. 

At present, complex devices made with these materials, as well 

as multi-junction cells, exhibit an efficiency above 35% and up 

to 45% if sunlight concentrators are adopted. These technologies 
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are very expensive and are typically used to supply energy to 

space missions. 

 

At the same time, alternative technologies were developed with 

the aim of maximizing the cost–efficiency ratio to make 

photovoltaics truly competitive with traditional energy sources. 

 

Thin-film technology is well-suited to accomplishing this task, 

and devices based on different materials have been developed. 

Nowadays, sophisticated solar cells, in which the absorber layer 

is CuInGaSe2 or CdTe, achieved efficiencies of 23.35% and 

22.1%, respectively. These technologies, which are very 

competitive with respect to the Si-based one, will allow the 

development of PV at very low prices, reaching the so-called 

―Grid-Parity‖ in many countries, i.e., electricity is produced with 

photovoltaics at a lower price than the electricity produced by 

traditional fossil sources. 

 

CdTe technology, which has several advantages compared to its 

competitors, is particularly promising; in fact, CdTe has one of 

the lowest costs of all the finished modules per peak watt. The 

high scalability of the production process, as well as the low 

production cost and not-problematic recycling of modules at 

their end of life, allow an extremely low cost per watt, making 

this technology the most competitive on the PV market. Despite 

this, CdTe technology represents a very small portion of 

production on the global market scale, while Si is still the 

undisputed king of the market.  

 

CdTe production could receive a further boost if some still-open 

problems could be solved and easily implemented in the 

production process.  

 

A reduction in the CdTe layer thickness, grain boundaries 

passivation, back-contact quality and stability, CdTe doping, and 

control of interface defects are only few of the main problems 

that can be improved. In this direction, some remarkable steps 

concerning the recombination of the charge carriers and the 

engineering of the energy gap have been made. For example, the 

addition of selenium in the production process allows for the 
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realization of PV modules with a photovoltaic conversion 

efficiency greater than 18%, representing one of the best results 

among commercial thin-film technology. 
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