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Abstract: CdTe is a very robust and chemically stable material and for this reason its related solar cell
thin film photovoltaic technology is now the only thin film technology in the first 10 top producers
in the world. CdTe has an optimum band gap for the Schockley-Queisser limit and could deliver
very high efficiencies as single junction device of more than 32%, with an open circuit voltage of 1 V
and a short circuit current density exceeding 30 mA/cm2 . CdTe solar cells were introduced at the
beginning of the 70s and they have been studied and implemented particularly in the last 30 years.
The strong improvement in efficiency in the last 5 years was obtained by a new redesign of the CdTe
solar cell device reaching a single solar cell efficiency of 22.1% and a module efficiency of 19%. In this
paper we describe the fabrication process following the history of the solar cell as it was developed
in the early years up to the latest development and changes. Moreover the paper also presents future
possible alternative absorbers and discusses the only apparently controversial environmental impacts
of this fantastic technology.
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1. Introduction
CdTe solar cell thin film photovoltaic technology was introduced in the early seventies
of the last century [1] and it is now the only thin film technology in the first 10 top producers
in the world [2].
This is because CdTe is a very robust and highly chemically stable and, also for this
reason, can be deposited with a large variety of methods available making it very much
ideal for production in large area.
CdTe has an optimum band gap near 1.5 eV according to the Schockley-Queisser limit
so that it could deliver efficiencies around 32%, with an open circuit voltage of more than
1 V and a short circuit current density of more than 30 mA/cm2 [3].
CdTe solar cells were introduced for the first time in 1972, by Bonnet and Rabenhorst [1], with a CdS/CdTe heterojunction delivering a 6% efficiency. Since then, thin film
CdTe based solar cells have been fabricated with this type of heterojunction until it has
been radically changed in the recent years.
A series of improving steps introduced (among them: high substrate temperature
during CdTe deposition, CdCl2 activation treatment, copper doping) brought to high
conversion factors above 15%. Ferekides et al. [4] demonstrated an efficiency of 15.8%,
followed by the 16.5% record which was obtained at the National Renewable Energy
Laboratories (NREL) by Wu et al. [5].
The strong improvement in efficiency in the last 5 years was obtained by a new redesign of the CdTe solar cell device, removing CdS and considering new features such as
band gap grading, copper embedding, and more transparent n-layer. With these changes
First Solar have delivered a 21.5% efficiency device [6] later improved to 22.1% [7], the
stunning fact is that these results have been gained from materials obtained from the production line. This demonstrates the high potential in terms of scalability of this technology,
in fact a large area module of 19% has been delivered [7]. In the next sections both old and
new configuration of the CdTe solar cell will be described.
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2.1.1. Indium Tin Oxide
The most diffused type of TCO in the family of In2 O3 (IO) based thin films is the
indium tin oxide (ITO). Its band gap is, depending on the deposition parameters, ranging
from 3.55 to 3.75 eV, with a transparency from the visible to the near infrared regions exceeding 80% (see Figure 2). These layers grow in polycrystalline form with a cubic structure
and the grains size can range between 10 and 50 nm depending on the deposition technique
and substrate temperature. Generally IO films can be deposited by reactive R.F. sputtering,
activated reactive evaporation, chemical vapour deposition and also spray pyrolysis.
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2.1.2. Zinc Oxides
Zinc oxide, with a band gap of 3.2 eV, is mainly used as a high resistive layer between
ITO and CdS in order to increase the open circuit voltage. However ZnO can be doped
with indium or with aluminium obtaining a high conductive and transparent layer: in
particular aluminium doping is perfect to be applied for high conductivity [15,16]. Typically
ZnO layers are deposited by radio frequency sputtering. The films, polycrystalline, show
a wurtzite-type structure with grain size between 5 and 30 nm. However also chemical
vapour deposition (CVD: where thin film grow by a gas reaction driven by organic and/or
inorganic precursors) and chemical bath deposition (CBD: where precursors in a solution
reacts together and precipitate forming the nanostructured film) are used [17,18].
2.1.3. Tin Oxides
SnO2 (TO) has been very successful in optical and photovoltaic applications and now
it is widely employed. Typically tin oxide thin films are deposited by CVD [19]. Nowadays
it is possible to realize an “in line CVD” where the tin oxide is deposited directly on the
fresh fabricated float glass.
Again, tin oxide alone is not enough for solar cell application, since we need a highly
conductive layer. The n-type conductivity can be partially driven by O-vacancies, and both
SnO and SnO2 are present in the structure. The presence of oxygen vacancies together with
subsequent Sn2+ atoms make the layer slightly conductive. However this is not enough to
deliver a degenerate semiconductor so the layer needs to be doped with fluorine, forming
the previously mentioned FTO (see Figure 2). In this case, hydrogen fluoride is added in
the CVD process.
2.1.4. Tin Compounds
Tin-based compounds (i.e., Zn2 SnO4 and Cd2 SnO4 ) were grown by a reactive R.F.
sputtering process by mixing argon with oxygen. The advantage of these films is their
very high transparency, higher than 90% in the 400–850 nm wavelength range. While
Zn2 SnO4 films have high resistivity (105 –106 Ω/sq) and can be applied as high resistive
layer, Cd2 SnO4 thin films perform a conductivity in the range of 7–8 Ohm/sq, similar
to FTO layers but with much higher transparency [19]. At the NREL laboratories, the
latter was deposited at room temperature by RF-magnetron sputtering and subsequently
annealed at high temperature [20]. This two layers’ combination was one of the keys for a
record efficiency which was not overtaken for 10 years [5].
2.2. Buffer Layer
CdS, typically growing in hexagonal wurtzite structure, was earlier the most used
buffer layer (also called window layer) in CdTe cells. With a band gap of 2.4 eV, CdS
shows a parasitic absorbance for wavelengths below 400 nm. This is the reason why a large
variety of different alternative buffer layers were considered, for example Cd1−x Znx S [21].
Another way to reduce the abovementioned parasitic optical absorption is to reduce the
thickness of the CdS layer. Typical thickness for high efficiency needs to stay below 100
nm; by reducing it from 120 nm to 60 nm would result in a current improvement of about
10% [16].
CdS has been deposited with different techniques, but the highest efficiency was
obtained by chemical bath deposition [22], which allows to minimize the layer thickness.
Also techniques such as CSS (CdS:O) [23] or sputtering (CdS:F) [24] have given good
performance. With the reduction of CdS thickness was necessary to introduce a HRT layer
that reduces the formation of shunts.
2.2.1. Chemical Bath Deposition
CBD can be performed with very different recipes, one of the most used is based on
dissolution of thiourea and cadmium salts in an alkaline solution, as shown below:

Energies 2021, 14, 1684

5 of 24

Cd(NH3 )4 2+ + SC(NH2 )2 + 2OH− = CdS + CH2 N2 + 4NH3 + 2H2 O
The reaction is generated by thiourea, water and a variety of cadmium compounds,
such as CdSO4 , Cd(COOCH3 )2 , Cd(NO3 )2 or Cd(NH3 )4 .
Typically We Can Identify Three Different Steps
Nucleation phase: after the insertion of the chemicals in the bath, the particles start
to nucleate on the substrate surface, forming the first monolayers. Growth phase: on top
of the first monolayer subsequent condensation and CdS growth take place. Final phase:
Nucleation takes place in the bath generating agglomerates. These particles stick to the
substrate and can give place to pinholes.
In case of large scale CBD-CdS, the employment of ammonia in the solution is a
problem, since it is highly volatile, toxic and dangerous for the environment. For this
reason, some efforts have been spent to study ammonia-free recipes for CBD [25], for
example sodium citrate [26] or ethylenediaminetetraacetic acid (EDTA) [27] have been used
to replace ammonia as the complexing agent.
2.2.2. Close-Spaced Sublimation (CSS)
The deposition of CdS films by CSS method occurs by the sublimation of Cd and S at
high temperatures under high pressure of an inert gas (i.e., Ar). The CdS source dissociates
in the sublimation and recombines on the substrate. The growth rate is largely depending
on the source temperature and on the chamber’s inert gas pressure. Substrate temperature
is on the other hand also important for the CdS growth properties.
2.2.3. Sputtering
CdS can be deposited by sputtering in radio frequency; in particular Gupta et al.
demonstrated a device with all-sputtered layers where CdS was fabricated with a thickness
of 0.13 µm [15]. In this case an unbalanced magnetron was used, this technology will
be described in the CdTe section. CdS can also be deposited by balanced magnetron
RF sputtering. In this case the layer is grown at a substrate temperature of 220 ◦ C and
by mixing Argon with 3% of CHF3 . This increases the band gap and results in a more
crystallized and higher quality layer, but less conductive [24].
2.2.4. Vacuum Evaporation
CdS grains can also be deposited by thermal evaporation, in this case the substrate
temperature cannot exceed 200 ◦ C to avoid re-evaporation. The CdS source is usually kept
at a temperature in the 800–900 ◦ C range. It is preferable to anneal the CdS films after
deposition, in order to recrystallize the layer, enhancing grain growth and eliminating not
well bonded Cd and S atoms by re-evaporation [28,29]. After annealing the average grain
size can reach sizes up to 500 nm. Vacuum evaporation is not ideal for conformal coverage
of thin CdS layers, so generally the thicknesses are not below 100 nm, although in some
cases, also 60 nm thick CdS layers were successful [16].
2.3. CdTe Absorber
The CdTe layer is the most important part of the device and it is generally 4 to 8 µm
thick, to assure a complete absorption of the light. Its net carrier concentration as well as
its carrier lifetime are both affected by the crystal structure of the layer, so that both the
open circuit voltage and current density can change considerably.
The extraordinary stability and robustness of this material are also demonstrated by
the vastity of deposition methods. CSS is probably the most widely diffused technique
which assures a very fast deposition with high crystalline quality. The industrial scale
version of the CSS is vapour transport deposition (VTD).
The size of the grains is directly proportional to the substrate temperature, the larger
the grains the stronger will be the reduction of grain boundaries.
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This allows delivering a low-cost fabrication process (low temperature and atmospheric pressure) which has been carried forward by many companies, also nowadays.
In the 90s BP Solar had a fabrication line with modules of up to 11% efficiency with this
technique, which at that time was a record efficiency for large scale devices [43]. On a small
scale the best efficiency obtained is 14.2% [44].
2.3.3. Screen Printing
This is a simple and for this reason low cost process: at atmospheric pressure a CdTe
paste is mechanically laid on the substrate. The paste is prepared by crushing and blending
the Cd and Te powders into an organic dispersed paste (i.e., polyene glycol in water),
usually also CdCl2 is added in the paste. Subsequently the paste is mechanically spread on
the substrate and later annealed at high temperatures (around 700 ◦ C). In former times,

2.3.3. Screen Printing

Energies 2021, 14, 1684

This is a simple and for this reason low cost process: at atmospheric pressure a CdTe
paste is mechanically laid on the substrate. The paste is prepared by crushing and blending the Cd and Te powders into an organic dispersed paste (i.e., polyene glycol in water),
7 of 24
usually also CdCl2 is added in the paste. Subsequently the paste is mechanically spread
on the substrate and later annealed at high temperatures (around 700 °C). In former times,
very promising efficiencies around 11–12% were obtained by a Japanese group, however
the
large
thickness
is a strongaround
limitation
for this
technology
[45].
very
promising
efficiencies
11–12%
were
obtained
by a Japanese group, however
the large thickness is a strong limitation for this technology [45].
2.3.4. Metal-Organic Chemical Vapor Deposition
2.3.4.
Metal-Organic
Vapor
Also
MOCVD is aChemical
technique
basedDeposition
on precursors that are moved by carrier gases.

MOCVD
is a technique
based
on precursors
that are moved
by carrier
Due toAlso
the high
substrate
temperature,
precursors
in a controlled
atmosphere
(up togases.
1 bar)Due
to theonhigh
substrate forming
temperature,
precursors
react
the substrate
the CdTe
layer. in a controlled atmosphere (up to 1 bar) react
on the
substrate
forming
the CdTe layer.
This
process is
more sophisticated
and expensive, but at the same time it allows very
precise
control
of the
stoichiometry
and ofand
theexpensive,
impurities but
thatat
could
be incorporated.
Forvery
This
process
is more
sophisticated
the same
time it allows
this
reason
it is particularly
suitable for
CdTe
doping,
which that
is a very
important
issue for For
precise
control
of the stoichiometry
and
of the
impurities
could
be incorporated.
the
generation
of solar cells
[46]. for CdTe doping, which is a very important issue for
thisnext
reason
it is particularly
suitable
Earlygeneration
works haveofshown
the possibility
of doping the absorber by incorporating As:
the next
solar cells
[46].
for example
Kartopu
et shown
al. havethe
delivered
a device
of 13.6%
efficiencybywith
dimethylcadEarly works
have
possibility
of doping
the absorber
incorporating
As: for
mium,
diisopropyltellurium
and
trisdimethylaminoarsenic
as
organometallics
precursors
example Kartopu et al. have delivered a device of 13.6% efficiency with dimethylcadmium,
[21].
diisopropyltellurium and trisdimethylaminoarsenic as organometallics precursors [21].
2.3.5.
2.3.5.Sputtering
Sputtering
In
is is
formed
byby
thethe
discharge
of an
gasgas
(i.e.,(i.e.,
Argon),
thenthen
the the
Inthis
thiscase,
case,a aplasma
plasma
formed
discharge
of inert
an inert
Argon),
generated
toto
a target
material
by by
an an
electrical
potential
difference
either
generatedions
ionsare
areattracted
attracted
a target
material
electrical
potential
difference
either
in
direct
or
in
radiofrequency.
The
energy
of
the
ions
are
transferred
by
collisions
to
the
in direct or in radiofrequency. The energy of the ions are transferred by collisions to the
material
this
is is
able
to to
deposit
onon
thethe
substrate
(see(see
Figure
4). 4).
materialofofthe
thetarget
targetsosothat
that
this
able
deposit
substrate
Figure

Figure4.4.Schema
Schemaofofa RF-sputtering
a RF-sputtering
chamber.
Figure
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In radio frequency (RF) the accelerating voltage is switching with a frequency of some
kHz, while in DC is fixed. For intrinsic semiconductors and for insulators RF sputtering is
necessary to avoid electrical charging on the target. DC pulsed technique is another way to
avoid charging and arcing [39].
RF sputtering techniques have shown remarkable results: already in 2004 cells with
14% conversion efficiency were fabricated by optimizing the magnetron [15]. The magnetic
field is designed in a way to be unbalanced, so that the field lines are not closed but
completed through the side and back walls of the sputtering, this delivers 10 times higher
magnetic field than the standard configuration [47].
2.3.6. Close Spaced Sublimation
By CSS the CdTe is deposited at a pressure between 1 and 100 mbar in argon or
nitrogen. The transport of the material is allowed by keeping substrate and crucible at few
centimetres (see Figure 5). High pressure is useful to avoid re-evaporation of the material
as the substrate temperature is kept in the range of 450 ◦ C to 600 ◦ C, and at the same time
the high energy involved allows an excellent crystallization [48], see Figure 3.
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as the sources are well away from the deposition area. This process has been introduced for
industrial processes by Solar Cell Inc. (now First Solar) in collaboration with NREL [49].
The process of CdTe deposition is made of three different stages [49]:
(1) CdTe heating from a feeder and bringing it into a gas phase by a vaporizer, (2) transportation of the Cd-Te atoms in the main chamber by gas carriers through a special tube,
(3) coalescence and crystal growth on the substrate.
Up to now, this process has allowed the record efficiency of 22.1% [7] obtained from a
batch at the First Solar production line.
2.4. Back Contact
The back contact has the task of collecting the charge carriers at the absorber’s side
and contact the cell with the external circuit. Usually with other technologies, as in the case
of CuInGaSe2 or Cu2 ZnSnSe4 , a simple molybdenum layer gives a good performance, for
CdTe the things are more complicated due to its high electron affinity which requires not
available metals with work functions higher than 5.7 eV.
Generally, with the available metals a Schottky contact is formed, which of course
presents a barrier, which can be limited if the absorber surface is highly doped [50], in this
way the energy bands are curved to the metal conduction band and a so called “quasiohmic” contact is produced (see Figure 7).
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only
etching
but also
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Cu1 .4 Te have been produced [52]. Even a very successful back contact like MoOx , which
has the great advantage of having a high work function [9] is not performing very well
(around 10%) without copper.
A large variety of copper combinations were developed, among them also Cu/graphite [53]
or Hg and Cu-doped graphite paste. On the other hand, a different kind of back contact
fabrication is to apply copper on a layer that acts as diffusion barrier, followed by a layer
of molybdenum. Different successful combinations were realised with this philosophy:
ZnTe:Cu [54–56], As2 Te3 :Cu, Bi2 Te3 :Au [57]; ZnTe is the most reliable configuration and
has been widely applied.
The ZnTe layer is able to limit the recombination loss of the minority carriers [58,59].
However the effectiveness of assuring the stability of the device is still depending on the
copper quantity [60]. In Figure 8 (top) current-voltage characteristics, two high efficiency
CdTe cells made with different amount of copper are shown. A larger amount of copper
allows for a better performing back contact as clearly demonstrated by the total lack of the
roll-over in the fourth quadrant. On the other hand a larger amount of copper results in a
higher degradability as shown in Figure 7 (bottom).
More recently, an innovative wet deposition method is introduced by applying a
solution of CuCl2 on CdTe surface. This strategy allows to insert a small optimized amount
of Cu on the surface, leading to an improved stability of the devices [61].
A radical solution is, on the other hand, to avoid copper in the device. Cu-free back contacts have been introduced in the past with reasonable success, among them Ni:P, Au [62],
Sb/Mo, Sb2 Te3 /Ni [63,64] or Sb2 Te3 /Mo [65]. Some of these have performed satisfying
efficiency, however anytime copper is missing, solar cells perform lower efficiencies.
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Figure 8. Comparison of CdTe solar cells with minimum amount and large amount of copper:
(top) current-voltage characteristics, (bottom) efficiency versus time under 80 ◦ C and one sun
illumination [63].

Copper has been initially introduced to improve the performance of the back contact,
as discussed at the beginning of this chapter, however it is now clear that Cu is also
necessary for its capability in doping the CdTe bulk [9,66].
2.5. CdTe Activation Treatment
Post deposition treatment of CdTe is necessary to obtain high efficiencies, irrespective
of the deposition method or the configuration of the solar cells. The crucial point is the
effect of chlorine on the CdTe properties in a reaction at high temperature. Chlorine is
delivered on CdTe in a wide variety of different ways: the most common procedure is
CdCl2 deposition on CdTe and subsequent annealing (CdCl2 treatment), but in recent times
other techniques such as MgCl2 or difluorochloromethane have also given very interesting
results.
2.5.1. CdCl2 Treatment
The CdCl2 layer deposition on the CdTe is made by either physical vapour deposition
or dipping in a CdCl2 -methanol solution (see Figure 9). Subsequently annealing can be
applied in air or in controlled atmosphere at a temperature in the range of 350–440 ◦ C.
Handling of CdCl2 is an issue at laboratory scale since it is a volatile and at the same time
carcinogen material. In any case in large-scale fabrication lines wet deposition is mainly
applied in order to avoid contamination and ease the cleaning of the chambers.
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The CdCl2 layer deposition on the CdTe is made by either physical vapour deposition
or dipping in a CdCl2-methanol solution (see Figure 9). Subsequently annealing can be
applied in air or in controlled atmosphere at a temperature in the range of 350–440 °C.
Handling of CdCl2 is an issue at laboratory scale since it is a volatile and at the same time
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Figure9.9.
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The material
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and
a mixture of argon with non-toxic chlorine containing gas (both chloro-fluorocarbons and
hydro-chloro-fluorocarbons can be used) is introduced. The following reaction takes place
when the system is brought at 400 ◦ C [67]:
CdTe (s) + 2Cl2 (g)< = > CdCl2 (g) + TeCl2 (g)
This process does not need a post-treatment surface etching, because the chlorine
residues are removed by evacuating the chamber after the reaction has taken place keeping
the same substrate temperature. Moreover it has been demonstrated that after treatment a
Te rich layer is formed on the surface [68].
2.5.3. MgCl2 Treatment
Major et al. [69] tested different chloride compounds (MgCl2 , NaCl, KCl and MnCl2 ) as
possible substitutes to CdCl2 . The best results were obtained with MgCl2, comparable with
the standard CdCl2 treatment, performing an efficiency of 13.5%, comparable with coeval
devices fabricated with CdCl2 . MgCl2 can be deposited by physical vapour deposition or
by solution in methanol [69,70]. Irrespective of the way chlorine is carried on the CdTe
surface, the effects of activation treatment are the followings:
2.5.4. Recrystallization
The main effect of chlorine treatment is the recrystallization of the layers. As presented
before the chlorine reacts with the compound bringing this to gas form and enhancing the
atom mobility.
The recrystallization of the structure is demonstrated by the change in preferred
orientation of the grains, in the different shape and size and in the different structure of
the grain boundaries. Cd and Te atoms reorganize so that thecrystal structure is drastically
changed. The reaction, described by Mc Candless et al. [11], is the following:
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entation of the grains, in the different shape and size and in the different structure of the
grain boundaries. Cd and Te atoms reorganize so that thecrystal structure is drastically
changed. The reaction, described by Mc Candless et al. [11], is the following:
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2.6.5. Intermixing
Chlorine predominantly diffuses through the grain boundaries, since its solubility in
the CdTe is very limited for temperatures below 520 °C. When chlorine reaches the junction, it enhances intermixing of CdS with CdTe. This generates CdSxTe1−x layer (solid so-
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2.5.5. Intermixing
Chlorine predominantly diffuses through the grain boundaries, since its solubility in
the CdTe is very limited for temperatures below 520 ◦ C. When chlorine reaches the junction,
it enhances intermixing of CdS with CdTe. This generates CdSx Te1−x layer (solid solution),
which is useful for limiting stacking faults and relaxing the layers. The solid solution has
a reduced lattice parameter [80,81]. It has been observed that the lattice parameter of the
CdTe on CdS reduces from 6.499 to 6.446 Å when is CdCl2 treated, due to the relaxation
of the compressive stress generated by the CdTe/CdS lattice mismatch [29,68]. However
intermixing is stronger for low temperature deposited CdTe since in this case the layers are
unstable to high temperature processes.
3. The New CdTe Solar Cell Structure
For a very long period, CdTe record efficiency had been kept constant at 16.7%, until
recently, when conversion efficiency overcame 22%. The open circuit voltage is still well
below the top values, this breakthrough depends on the large improvement of the Jsc which
exceeds 30 mA/cm2 [82]. This was obtained by a specific engineering of the junction that
can be divided in two very strong innovations that have revolutionised the CdTe solar cell
device (see Figure 12):
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CdTe, therefore residues of it must be avoided in the finished device. Poplawsky etetal.
proved that a CdSe layer up to 100 nm thick, deposited by sputtering, can be mixed with
a subsequent CdTe layer deposited by CSS. On the other hand, a thicker CdSe layer implies residues in the finished device and consequent loss of photons in the short wavelength region. Baines et al. [87], by depositing a 100 nm thick CdSe layer by sputtering
followed by CdTe by CSS, also achieved a suitable CdSexTe1−x layer, reaching a current
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proved that a CdSe layer up to 100 nm thick, deposited by sputtering, can be mixed with a
subsequent CdTe layer deposited by CSS. On the other hand, a thicker CdSe layer implies
residues in the finished device and consequent loss of photons in the short wavelength
region. Baines et al. [87], by depositing a 100 nm thick CdSe layer by sputtering followed
by CdTe by CSS, also achieved a suitable CdSex Te1−x layer, reaching a current density of
29.8 mA/cm2 .
Swanson et al. prevented the residual CdSe by directly depositing a CdSex Te1−x
compound by CSS prior to CdTe growth [88]. However, with this technique some optimization work was required to obtain a strong EQE gain in the long wavelength region [89].
This would suggest possible intermixing problems between CdSex Te1−x and CdTe both
deposited at high temperature. Actually, with the deposition of both CdSe and CdTe layers
by thermal evaporation, NREL reported the highest current density for a research institute: 31 mA/cm2 , with a device efficiency of 19.2% [90]. Recently, Artegiani et al. have
demonstrated that the selenization of a first thin CdTe layer is successful in favouring the
mixing by activation treatment with a subsequent thicker CdTe layer, obtaining the desired
CdSex Te1−x compound at the junction [91]. In Figure 11 the external quantum efficiency
Energies 2021, 14, x FOR PEER REVIEW
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(electrons generated for each photons) of a device fabricated with this last mentioned
process is compared with devices without CdSex Te1−x . The enahncement in response at
large wavelength regions is clearly observed.
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It is crucial, for an optimized tandem device, to align and tune the two different
absorber band gaps. Perovskites are perfect in this sense since their band gap can be
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tuned accordingly, from 2.4 eV down to 1.5 eV, as we can change the absorber from
Methylammonium lead bromide ((CH3NH3)PbBr3; MAPBr) −2.3 eV to MAPbI3 with
1.55 eV, similarly CsPbBr3 with 2.35 eV goes to 1.7 eV with CsPbI3 [113]. Calculations have
shown that a tandem cell fabricated with 1.42 eV CdSex Te1−x would be ideal with a top
cell where the absorber is a wide bandgap compound of 2/2.3 eV [114].
Analogously it is possible to pursue tandem devices from CdTe by applying a silicon
based crystalline solar cell. In this case, silicon is the material with the lower band gap
(1.1 eV) and needs to be put as bottom cell. So for this configuration a wider band gap CdTe
device would be needed, and a pure CdTe absorber is possibly preferable. At the moment
only calculation and simulations with AMPS-1D and SCAPS software have been made,
attesting that an efficiency just below 30% can be reached with this configuration [115,116].
5. Alternative Absorbers
In recent years the research has also been concentrating on the development of new
absorbers. There is no scientific necessity to actually replace CdTe, however two main
issues might result from using CdTe:
(1)
(2)

Te scarcity
Perception of CdTe due to the presence of cadmium.

Questionable availability of elemental Te has been demonstrated to be a matter of
concern if the production levels would overcome 20 GW per year [117]; in this case it
would be necessary to go below 1.5 µm [118]. On the other hand cadmium presence as
possible harmful material is very much limited problem for the reasons explained in the
next section. However Cd presence has limited the investments in Europe and it can be a
limitation for product integrated PV where the devices need to fulfil the Rohs directive.
Two possible alternative absorbers that have been considered are SnS and Sb2 Se3 .
Both because of their extraordinary high absorption coefficient, their binary nature which
keeps the deposition and growth of the absorber simple.
SnS thin film layers have been fabricated with a large variety of technologies: (1) physical like thermal evaporation [119] and sputtering method [120] and (2) chemical, for
example spray pyrolysis method [121], Atomic layer deposition (ALD) [122,123]). A cell
efficiency of 2.9% was obtained with a glass/Mo/SnS/Zn(O,S)/ZnO/ITO structure where
SnS layer (450 nm) is deposited by pulsed chemical vapor deposition and Zn(O,S) buffer layer
is deposited by ALD [124]. By depositing the SnS absorber via ALD the same authors
achieved the 4.36% record efficiency [125]. The same group has obtained an efficiency of
3,88% by vacuum evaporation [126,127]. However the irreproducibility of the SnS growth
is one of the main limitations, at the moment, to the development of SnS devices [128].
Antimony selenide (Sb2 Se3 ) is a compound made of with abundant elements. It
has interesting optoelectronic properties: a band gap of (1.1–1.2) eV, a carrier mobility
of (~10 cm2 V−1 s−1 for minority carriers), absorption coefficient of (>105 cm−1 at short
wavelengths) and carrier lifetime of (~60 ns). Moreover Sb2 Se3 has a one-dimensional
(1D) ribbon crystal structure, with covalent bonds only along the ribbon [129,130]. Antimony selenide has an evaporation temperature of 423 ◦ C and a melting temperature of
608 ◦ C [131].
At the moment the record efficiency for Sb2 Se3 based solar cells, fabricated by VTD, is
7.6% by Wen et al. [132]. A similar high substrate temperature deposition by CSS has also
shown good conversion efficiency [133]. On the other hand by vacuum evaporation the
efficiency are generally lower, around 2% [131,134].
Recently the addition of sulfur element into the antimony selenide matrix, so to form
Sb2 (S, Se)3 which delivers a remarkable efficiency of more than 10%. Even more interesting
is the fact that this result has been obtained with a non-vacuum technique [135].
6. Environmental Aspects
Despite the great success in terms of scalability of CdTe cells, the negative perception
of cadmium has erroneously limited the widespread of this technology. Cadmium, in
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its elemental form, results to be carcinogenic and it is banned for the electrical devices
that have to respond to the RoHs directive. These arguments have been used as a strong
weapon against this very effective photovoltaic technology.
But the truth is a bit more complicated and the environmental impact of CdTe is
actually very much different than what one might think, this has been reported and proved
by a large number of studies from different laboratories [118,136–142]. CdTe is actually
not registered as a carcinogenic compound and it results to be 100 times less toxic than
elemental cadmium [141].
The difference between CdTe compound and elemental Cd was also highlighted by
analysis on rats where the lethal concentration of CdTe by inhalation is 9 times higher
than Cd [142]. Again, in rats no adverse reproductive effects where found [143]. So, once is
clarified that CdTe is not toxic, the next question would be when and how CdTe would
release elemental cadmium.
There have been analysis on the release of cadmium on cracked modules under
rainwater as well as in the soil showing that its concentration was always below the
concentration limits [141].
More recent studies were made in a research lab at the University of Arizona. A first
study was made on CdTe meshes (63–125 µm) which showed that CdTe can partly dissolve
in acetic acid, sodium hydroxide (pH 14 4.93 ± 0.05) (Toxicity Characteristic Leaching
Procedure (TCLP) test) and in citric acid, and sodium hydroxide (pH 14 5.00 ± 0.05) (Waste
Extraction Test, WET) [144].
However, later the same group presented a work on non-encapsulated CdTe, where
1.5 g of crushed pieces of CdTe film mixed with 300 g of crushed glass (to maintain the
proportion between active material and encapsulant) are put in acidic and methanogenic
column. This in order to test the possible leaching generated during the acidic phase (young
landfill) and during the methanogenic phase (mature landfill). In this case a more realistic
situation, since we are not dealing with micro powder, even if still a non encapsulated
module was considered, so again a bit far from the real conditions. However the results
showed that the Cd concentration was 6.7-times and 4.6-times below the limit defined
respectively in the TCLP test and in the WET test [145].
An additional risk in releasing elemental cadmium that has to be considered is in fires.
However the CdTe melting point is exceeding 1000 ◦ C which is generally never reached in
case of fires in typical residential buildings.
Only in case of fires in industrial buildings higher temperatures can be reached but
it has been registered that the melting encapsulating glass was able to fix the cadmium
telluride and to avoid its release in the atmosphere [139].
7. Conclusions
CdTe solar cells have shown an extraordinary efficiency improvement in recent years.
This was obtained by a complete redesign of the device with the (1) development of a
stable and efficient back contact that works as well as back reflector, (2) band gap tuning
by introduction of CdSex Te1−x in the CdTe absorber, (3) substitution of CdS with MZO
transparent buffer layer.
The final result is an efficiency of 22.1%, this value is in line with other technologies
but with a higher scalability and the possibility of new BIPV structures.
These exceptional results have brought to a module installation of more than 17 GW
globally [146] with efficiencies on large areas up to 19% in commercial modules. However open circuit voltage needs still additional improvement to reach the nominal value
of 1000 mV, for this reason the research is now concentrating on the systematic doping
of CdTe.
If a suitable doping would be obtained it is plausible to expect efficiencies in the range
of 25% in the next years, with a further cut of the costs by the reduction of materials usage
and optimization of the production processes.
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Usually, conversion efficiencies of photovoltaic devices decrease with increasing
temperatures, in particular open circuit voltage reduces consistently and short circuit
current slightly improves [147]. For CdTe it has been observed that the decrease in opencircuit voltage is remarkably less than for CIGS and silicon based solar cells, resulting in
20% more overall power generation in high temperature environment [146].
Finally, a large number of scientific articles prove the extremely low environmental
impact of this technology. Even non-friendly reports show that the possibility for broken
modules to have high cadmium leakage in the soil is very unlikely. As well as no emission
of cadmium can occur in case of residential fires. In addition, the complete recyclability of
the CdTe modules makes this great technology absolutely clean.
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