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Résumé

Les cellules solaires en couches minces de tellurure de cadmium (CdTe) ont démontré
une efficacité élevée et une rentabilité dans la production d'électricité propre. Cependant, la
couche tampon de CdS couramment utilisée dans ces cellules pose des problemes
environnementaux et sanitaires en raison de sa teneur en cadmium. Cette étude examine les
performances des cellules solaires CdTe avec diverses couches tampons a base de
chalcogénures de zinc sans Cd (ZnO, ZnSe, ZnS) en utilisant des simulations numériques avec
le logiciel Silvaco-Atlas. La structure de base de la cellule solaire CdS/CdTe a d'abord été
validée, donnant un rendement de conversion de 22,14%, en accord avec les réesultats
expérimentaux et théoriques précédents. Le remplacement de la couche tampon CdS par ZnO,
ZnSe et ZnS a permis d'ameéliorer le rendement de 23,04%, 23,13% et 24,48% respectivement.
Une optimisation supplémentaire des épaisseurs et des densités de dopage de la couche
absorbante et de la couche tampon a permis d'atteindre les meilleurs rendements de 25,23% et
25,04% pour les couches tampons ZnS et ZnSe. Les performances supérieures des couches
tampons a base de Zn sont attribuées a leurs plus grands gaps par rapport a CdS, permettant a
plus de photons d'atteindre la couche absorbante CdTe, et a leur susceptibilité réduite aux
interactions néfastes avec le chlore pendant la fabrication des cellules. Ces résultats
démontrent le potentiel des couches tampons de chalcogénure de zinc sans Cd, en tant
qu'alternatives a haut rendement et respectueuses de I'environnement au CdS dans les cellules
solaires en couches minces de CdTe. Les résultats motivent d'autres études expérimentales
pour valider les résultats de simulation et accélérer le développement de dispositifs
photovoltaiques CdTe sans Cd pour une production d'énergie propre et durable.

Mots clés: Modélisation et Simulation, Cellule Solaire en Couches Minces, CdTe,

Chalcogénure de Zinc, SILVACO, Couche tampon, Efficacité.



Abstract

Cadmium Telluride (CdTe) thin film solar cells have demonstrated high efficiency and
cost-effectiveness in generating clean electricity. However, the commonly used CdS buffer
layer in these cells poses environmental and health concerns due to its cadmium content. This
study investigates the performance of CdTe solar cells with various Cd-free zinc
chalcogenide-based buffer layers (ZnO, ZnSe, ZnS) using numerical simulations with the
Silvaco-Atlas software. The baseline CdS/CdTe solar cell structure was first validated,
yielding a conversion efficiency of 22.14%, in good agreement with previous experimental
and theoretical results. Replacing the CdS buffer layer with ZnO, ZnSe, and ZnS, resulted in
improved efficiencies of 23.04%, 23.13%, and 24.48%, respectively. Further optimization of
the absorber and buffer layer thicknesses and doping densities enabled achieving best
efficiencies of 25.23% and 25.04% for the ZnS and ZnSe buffer layers. The superior
performance of the Zn-based buffers is attributed to their larger bandgaps compared to CdS,
allowing more photons to reach the CdTe absorber layer, and their reduced susceptibility to
detrimental interactions with chlorine during cell fabrication. These findings demonstrate the
potential of Cd-free zinc chalcogenide buffer layers, as high-efficiency and environmentally
friendly alternatives to CdS in CdTe thin film solar cells. The results motivate further
experimental studies to validate the simulation outcomes and accelerate the development of
Cd-free CdTe photovoltaic devices for sustainable clean energy generation.

Key words: Modeling and Simulation, Thin film Solar Cell, CdTe, Zinc Chalcogenide, SILVACO,
Buffer layer, Efficiency.
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General Introduction

Amidst escalating global energy demands driven by population expansion and the
economic ascension of developing nations, the prevailing reliance on non-renewable energy
sources, including oil, natural gas, coal, and uranium, poses substantial environmental and
geopolitical challenges. These traditional energy vectors are substantial contributors to
anthropogenic greenhouse gas emissions, exacerbating global climate change. Furthermore,
the finite nature of fossil fuel reserves fails to align with the surging global energy
requirements, while the heterogeneous distribution of these resources fosters geopolitical
instability and conflicts. Such dynamics underscore the imperative for a transition to cleaner,
more sustainable energy alternatives to fossil and nuclear sources. In this context, photovoltaic
solar energy emerges as a paramount solution amidst the spectrum of renewable energy
technologies. Photovoltaic technology, characterized by its non-polluting and silent
operational nature, enables the direct conversion of solar radiation into electrical energy
through a mechanism known as the "Photovoltaic Effect”, facilitated by devices termed "Solar
Cells". This approach not only offers a viable pathway to mitigate the environmental footprint
of energy production but also holds the potential to address the energy security concerns
presented by the dwindling and unevenly distributed reserves of conventional energy sources.
One of the main obstacles for photovoltaic panels to become more popular is the cost per watt
of electricity produced by them, which in most cases is non-competitive with that produced by
conventional methods. Solar cells are currently the subject of multiple research efforts aimed
at achieving the best balance between energy efficiency and cost. Despite crystalline silicon
forming the basis of over 80% of commercial photovoltaic (PV) modules, they exhibit
limitations such as substantial material consumption and reduced cost-effectiveness [1]. Thin-
film PV technologies have significantly mitigated active material consumption in solar cells,
consequently enhancing cost-effectiveness. Additionally, these technologies have achieved
higher efficiencies compared to conventional silicon cells [2]. Consequently, thin-film cells
have become the preferred alternative in contemporary solar cell development initiatives,
given their notable advantages over their bulky and more expensive silicon counterparts. The
primary thin-film technologies deployed in photovoltaic systems encompass CIGS, a-Si, and
CdTe as absorber layers, all of which have currently reached the commercialization stage [1].
Among these technologies, CdTe photovoltaic stands out as the most cost-effective option
[1,3]. CdTe technology not only offers superior cost-efficiency but also commands a
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significant market share in comparison to a-Si and CIGS technologies. The efficiency of CdTe
surpasses that of a-Si and closely approaches that of CIGS [2]. Furthermore, CdTe cells
present an array of advantages, including reliability [3], flexibility [4], long-term stability
[5,6], simplicity, and cost-effectiveness [6,7]. As an absorber material, CdTe emerges as a
highly promising choice, characterized by its straightforward binary compound structure
featuring wurtzite and zinc blende structures [5]. Notably, CdTe exhibits a high absorption
coefficient (exceeding 10° cm™), boasts a direct band gap (Eg) of 1.5 eV which is very close to
the ideal band gap for solar cells, and p-type conductivity [5,8-12]. Recent advancements in
CdTe solar cells have garnered considerable attention. Over the last few years, significant
efficiency enhancements have been achieved. A notable redesign led to a CdS/CdTe solar cell
achieving a 22.1% conversion efficiency [13]. Similarly, Mrinmoy et al. (2017) reached a
22.51% efficiency by integrating a BSF (back surface field: Copper Telluride (Cu.Te))
beneath the absorber layer, effectively mitigating recombination losses [14]. Furthermore,
numerical studies by Shah et al. reported a conversion efficiency of 19.18% [15]. Another
study by Tinedert et al. reported a theoretical efficiency of 23.01% for a CdS/CdTe solar cell
design [16].

CdS is commonly used as a buffer layer in CdTe thin-film solar cells. However, its band
gap, approximately 2.4-2.5 eV, does not ideally suit solar cell performance, especially within
the 400 nm to 500 nm short wavelength range, due to optical absorption losses. Moreover, the
toxicity of Cd and the classification of CdS as a carcinogen pose significant health and
environmental concerns [17,18]. Consequently, ongoing intensive research focuses on
alternative buffer layers, concentrating on wide band gap materials such as ZnO, ZnS, and
ZnSe. These materials, being n-type semiconductors, are capable of forming a p—n junction
with the CdTe absorber layer [19]. Their larger band gaps compared to CdS potentially allow
for enhanced photon transmission to the absorber layer.

Chlorine-based treatments used during the fabrication process can improve the
electronic and doping properties of CdTe cells. However, their interaction with CdS may
result in the formation of insulating CdCl> precipitates [20]. Zinc chalcogenides, being less

reactive with chlorine, can effectively prevent the formation of cadmium chloride and may
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also mitigate interface diffusion issues into the CdTe/CdS layer, hence potentially reducing
long-term solar cell degradation.

The exploration of alternative buffer materials for CdTe solar cells has yielded varying
efficiencies. Jannatun et al. reported a conversion efficiency of 17.29% utilizing 3C-SiC as a
non-toxic buffer layer [21]. Other studies have documented efficiency improvements to 18.7%
with the replacement of CdS by MgxZn1.xO (MZO) [22]. An optimized CdZnS layer enhanced
simulated efficiency from 15.42% to 17.71%, in comparison to the sole use of CdS [23].

This thesis investigates the performance of CdTe solar cells with various Cd-free zinc
chalcogenide-based buffer layers (ZnO, ZnSe, ZnS) using numerical simulations with the

Silvaco-Atlas software.

This manuscript consists of four chapters. It begins with a general introduction in which

the problem and its origin are presented.

Chapter | discusses the concept of semiconductors, the characteristics of solar radiation,
the description of photovoltaic conversion, solar cells, and their four generations, as well as

their photovoltaic parameters.

In the second chapter, we present the CdTe thin-film solar cell and its many advantages
that led us to choose this cell. Understanding the materials composing the CdTe thin-film solar
cell is necessary to improve this cell. That is why the layers and material components of this

solar cell are detailed.

In the third chapter, we will present the physical models of the CdTe solar cell and the

TCAD-Silvaco used for simulation.

In the fourth chapter, we will present in detail the simulation and discussion of the
results of our simulated CdTe solar cell. First, a basic CdTe solar cell is simulated at a room
temperature of 300 K using the Atlas-Silvaco simulation software. We validate the model and
the parameters used for our CdTe solar cell by comparing the main photovoltaic performance
parameters, such as short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor
(FF), and conversion efficiency (1), of our basic CdTe solar cell with those of recent
experimental and theoretical studies. Our study is a contribution where we examined the effect

of the alternative Cd-free zinc chalcogenide-based (Zn(O,S,Se)) buffer layers, not or less
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studied, on the performance of the CdTe-based thin-film solar cells. Finally, we optimize the
temperature of our CdTe solar cell by varying the temperature between 260 K and 340 K to
see its effects on the photovoltaic performance of the cell. The key findings obtained are

summarized in the general conclusion.
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1.1 Introduction

Photovoltaic solar energy is electric power produced from solar radiation through
panels; the solar cell is the fundamental electronic component. Suitable materials for
photovoltaics include semiconductors. Incident photons from solar radiation are absorbed by
the semiconductor, creating electron-hole pairs that contribute to the generation of electric

current.

In this chapter, we introduce the concept of semiconductors and the characteristics of
solar radiation, the description of photovoltaic conversion, and the study of the physical
phenomena occurring, such as the generation of photo-carriers and their recombination in a
semiconductor. We also describe the operating principles and the current-voltage
characteristics of solar cells, as well as their photovoltaic parameters.

1.2 Introduction to Material Environments

Based on electrical properties, materials are classified into three categories:

conductors, insulators, and semiconductors, see Figure I.1.

1.2.1 Conductors

Metals such as iron (Fe), copper (Cu), gold (Au), silver (Ag), and aluminum (Al) are
electrical conductors. The presence of free electrons in the peripheral layer (density n ~ 10% to
10% e/cm?3) is the origin of electrical conductivity. At room temperature, the resistivity p of
conductors is very low (p <108 Q. cm).

A

Ef—- ------------------------------------------------------------------------ IEg

Metal Semiconductor

l:] Conduction band |:\ Valence band

Insulato

Figure 1.1: Energy band structure of materials: Insulators, Semiconductors, and Metals.
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1.2.2 Insulators

Materials that have a resistivity p higher than 108 Q. cm are insulators (non-conducting
materials of electric current). Among these materials: glass, mica, silica (SiO), and carbon

(Diamond). Therefore, the conductivity of insulators is very low (o = 1/p).

1.2.3 Semiconductors

This class of materials is between metals (conductors) and insulators (non-conductors).
The resistivity p varies from 107 to 10* Electrical conduction is done by electrons and holes,
or preferably by one or the other type of carrier. A semiconductor can either be pure (intrinsic)
or doped with impurities (extrinsic) that allow to control its resistivity. If we take, for example,
pure enough Silicon and add a Boron or Phosphorus atom for every 10° atoms of Silicon, its
resistivity goes from 10% to about 102 Q. cm. The Figure 1.1 represents the energy band

structures of the insulator, the semiconductor, and the metal.

1.3 Intrinsic Semiconductors

These are very pure and well-crystallized semiconductors (displaying a periodic
crystalline network) with a very low impurity rate (less than one impurity atom for 10*3 atoms
of the semiconductor element). They behave like insulators at very low temperatures and their
conductivities increase with temperature. At constant temperature, a balance is established
(Figure.l.2) between the phenomena of thermal ionization and recombination, free electrons
and silicon ions appear in equal quantities. The concentration of free electrons n and free holes

p are equal to n;, the intrinsic concentration [1].

The total densities (n electrons. cm™ in the conduction band and p holes. cm in the valence

band are expressed according to the laws:

AE
n=N.exp(——" 1.1
c exp( KT) (1.1)
AE
=N, exp(——=* 1.2
p=N, exp( KT) (1.2)

Where Nc and Nv are respectively the effective density of electron states in the conduction
band and the effective density of hole states in the valence band. These two coefficients evolve

with temperature according to a T%? law.
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Population of electrons in the CB.

= exp(_2Ez)
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Conduction band % ‘ KT
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E Eg=1.12 eV
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) ¢

Population of holes in the VB.

Figure 1.2: Populations of carriers in the intrinsic semiconductor and Fermi level.

AEn and AEn represent two energy differences related to a so-called Fermi level that indicates

the population differences between electrons and holes.

The intrinsic concentration of free electrons and free holes per cm?® depends on the height of
the forbidden band and the temperature T according to the law:

3

2 E
n:p:ni:ATz.exp(—ZK"T) (1.3)

A: material constant
Eg: Height of the forbidden band (eV)

K: Boltzmann constant 8.6x10° eV K1
T: absolute temperature (K)

1.4, Extrinsic Semiconductors

To enhance the conductivity of semiconductors and make them functional, several
impurities (foreign atoms) are introduced into the crystalline structure. The process of
impurity introduction (through diffusion, epitaxy, or ionic implantation) is termed doping,

which leads to the creation of doped or extrinsic semiconductors. The usual ratio for doping is
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one impurity atom for every 10° to 10° semiconductor atoms. This represents an impurity
density in the order of 10'° to 10%2 cm™. Consequently, the conductivity of the doped
semiconductor is determined by the nature and concentration of impurity atoms. The impurity
atoms are chemical elements from either the third column (Group 11l B, Boron; In, Indium),

or the fifth column (Group V: P, Phosphorus; As, Arsenic; Sb, Antimony).

a. N-Type Semiconductors

An N-type semiconductor is obtained by injecting atoms that possess 5 electrons in

their outer shell (phosphorus or arsenic) into the silicon crystal (Figure 1.3).

At ordinary temperatures, almost all donor atoms are ionized. If Np is the concentration of
donor atoms, they will release n= Np free electrons. The concentrations of free electrons (n)
and free holes (p) are connected by the law of mass action :

n.p=n’ (1.)4

Electrons are the majority carriers and the holes are the minority carriers. The Fermi-level
indicator EFn therefore moves from the middle of the bandgap (Eri) to the conduction band in

such a way that:

AE, = KT.In(%) —E, —E, (1.5)

Majority electron
populations in the CB

Conduction band
Ern : Fermi level

w

----------- En —Eg = KT I L’-)
n.

AN

Minority populations of
holes in the VB

Figure 1.3: Release of an electron by the phosphorus atom and band diagram.

12



Chapter | Generalities on photovoltaic cells

b. P-type semiconductors

A P-doped semiconductor is obtained by injecting atoms from the 3rd column (boron,

indium) which have three peripheral electrons into the silicon (Figure 1.4).

At ordinary temperatures, almost all acceptor atoms are ionized. If Na is the concentration per
cm?® of acceptor atoms, these will release: p=Na free holes. The concentrations of free

electrons (n) and free holes (p) are linked by the law of mass action:
n.p= ni2 (1.6)

Holes are the majority carriers and the electrons are the minority carriers. The Fermi level

indicator Erp moves from the intrinsic level Eri towards the valence band in such a way that:

N
AE, = KT.ln(n—_A) =E,-E;, (1.7)

Minority populations of
electrons in the CB

N

a
n,

E, -Ep = KT In(

)

p Erp: Fermi level

p=N,

Majority holes
populations in the VB

Figure 1.4: Hole release by the boron atom and band diagram.

1.5 PN junction

When two P-type and N-type semiconductors are put in contact, a flow of electrons
and holes diffuse respectively towards the P and N zones, to equalize the distribution of carrier
concentrations in the structure. The holes from the P region will diffuse towards the N region

leaving behind ionized atoms, which constitute as many fixed negative charges. The same
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happens for the electrons from the N region which diffuse towards the P region leaving behind
positive charges. The initially N-doped zone becomes positively charged, and the initially P-
doped zone negatively charged. A depletion area also known as 'space charge zone' (SCZ) is
formed on each side of the interface. An electric field is created in the depletion area, directed
from the N-type region towards the P-type region. This field will create a potential barrier,
which will prevent the electron and hole carriers from respectively diffusing towards the P and
N regions [2,3]. The junctions constituted by bringing into contact two differently doped
regions of the same semiconductor, are called ‘homojunctions'. However, junctions realized by

juxtaposing two different materials are called 'heterojunctions'.

SCzZ
+——>

N P

:}3

1-4p+
I

4 =4

\ |
L

- -

Figure 1.5: Structure of a PN junction (on the left), its band diagram (on the right) [1].

1.5.1 Heterojunction

Heterojunctions are formed by adjoining two different semiconductor materials with
varying bandgap energies. This results in a junction where the properties of each
semiconductor influence the overall behavior of the device, such as its electronic and
optoelectronic characteristics. Common materials used to form heterojunctions include
combinations of I11-V semiconductors (such as GaAs/AlGaAs), 11-VI semiconductors (such as
CdTe/CdS), and group 1V semiconductors (such as Si/Ge). The choice of materials depends on

the desired properties and applications.

14



Chapter | Generalities on photovoltaic cells

1.6 Solar Energy

Similar to a nuclear reactor, the sun derives its energy from the fusion of the hydrogen
nucleus to form a helium nucleus. This reaction produces an immeasurable amount of energy
(to such an extent that the small fraction that we receive each day on Earth, from over 150
million kilometers away, would suffice to meet the energy needs of all humanity for about 30
years). But capturing this energy, as we will see, is not easy. Humans have developed two

techniques to harness the sun's energy:

Solar thermal: which involves heating a liquid or gas to store the energy for later use

(sanitary water, crop drying, etc.).

Photovoltaic solar: Which uses the ability of semiconductors to convert light energy into
electrical energy. Although this conversion is not without losses (the efficiency of
photovoltaic is about three times less than that of thermal), it allows for a wider range of

applications (transport, powering small devices, etc.).

Solar energy, in particular, seems, at first glance, to be an effective solution for replacing oil.
Barrel production is currently peaking and experts believe it will decrease over the next ten
years. The European Union has set a target for renewable energies to make up 23% by 2022,
and 45% by 2030 [2]. Solar energy production should be one of the most significant, as it has

many advantages:

The sun sends to Earth more than 40,000 times the annual fossil energy needs of humanity.
That means an inexhaustible energy source that is free and omnipresent. Solar energy can

produce both heat (solar thermal) and electricity (photovoltaic solar).

Once the solar panel is installed, the energy costs nothing, even if investment and
maintenance represent certain expenditures. Unlike other energy resources, solar energy is

decentralized. This also explains why many isolated places already have access to it.

1.7 Solar Radiation

The solar energy harnessed by solar cells exhibits an emission spectrum comparable to

a black body at 5800K. Outside the atmosphere, solar radiation has an average power of 1.37
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kW/mz2, However, as it passes through the atmosphere, some of this energy is absorbed by
various molecules in the atmosphere, such as oxygen, ozone, and carbon dioxide. At the
Earth's surface, solar radiation has a maximum power of about 1 kW/mz2. Consequently, the
solar spectrum obtained at the Earth's surface depends on the atmospheric composition, and

particularly on the thickness of the atmosphere the radiation traverses.

To characterize the different incident solar spectra, the AM (Air Mass) parameter has
been defined, which characterizes the atmospheric layer traversed by the radiation. Outside of
the atmosphere, the AMO spectrum is used for space applications. At the equator, the radiation
crosses a layer of the atmosphere, resulting in the AM1 spectrum. When the radiation makes
an angle of 60° with the equator, the AM2 spectrum is observed. The AM1.5 spectrum is
defined for radiation making an angle of 41.8° with respect to the equator, which corresponds
to radiation traversing 1.5 times the thickness of the atmospheric layer [3]. In these conditions,
the intensity of the radiation is normally less than 1000W/m? (approximately 827W/m?). The
AML.5 spectrum has become the standard for the standardized testing of solar cells and is thus

used in this doctoral thesis. The AMO and AM1.5G spectra are compared in Figure 1-6.
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Figure 1.6: Solar irradiance spectrum above atmosphere and at Earth surface [3].
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1.8 History of Photovoltaics

The photovoltaic effect (or photoelectric effect) is the direct transformation of light
energy into electrical energy through the process of absorption of light by matter. In 1839,
physicist Antoine Becquerel discovered the photovoltaic effect by demonstrating the
appearance of a voltage across two electrodes immersed in a solution electrolytic when
exposed to natural light [4]. The term 'photovoltaic’ comes from the Greek words ‘photos'

meaning light and 'volta' after Alessandro Volta, who in 1800 discovered the first battery [5].

In 1875, Werner von Siemens presented an article on the photovoltaic effect in
semiconductors before the Berlin Academy of Sciences, but it remained a laboratory curiosity
until the Second World War [6].

Charles Fritts developed the first solar cell in 1883 by illuminating a selenium crystal
coated with a thin layer of gold with a conversion efficiency of around 1-2%. However, this

discovery remained a laboratory curiosity until the Second World War [7].

The photovoltaic effect was not fully understood until 1905 when Einstein and Planck
presented the principle of the photon [8]. However, a reasonably efficient solar cell generating
a decent amount of power was not developed until 1954, when three American scientists at
Bell Labs, Chapin, Pearson, and Prince, developed a silicon-based solar cell with an energy
efficiency of 6% [4]. In 1959, the Americans launched a satellite called VVanguard, which was
powered by photovoltaic batteries. All major laboratories became interested in this new
technology, and in 1960, M. Rodot and H. Valdman developed the first photovoltaic cell at the
French National Center for Scientific Research [9].

Following the economic crisis of the 1970s, the sharp increase in oil prices in 1973 and the
nuclear accidents at Three Mile Island (USA, 1979) and Chernobyl (USSR, 1986), which
reinforced the public's interest in renewable energy sources, programs for connecting solar
roofs to the grid were launched in Japan and Germany, and have been rolled out in many
countries since then [10]. Since 2001, there has been a rapid growth in the photovoltaic
industry, with the installed capacity of the global photovoltaic park being multiplied by six
times between the end of 2010 (50 GW) and the end of 2016 (305 GW) [11]. Currently,

concentrated solar power, thin-film modules, organic photovoltaics, and perovskite solar cells.
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1.9 Principle of Photovoltaic Conversion

The conversion of solar energy into electrical energy is based on the photoelectric
effect that is, the ability of photons to create charge carriers (electrons and holes) in a material.
When a semiconductor is illuminated with light of the appropriate wavelength, the energy of
the photons must be at least equal to the energy gap of the material. The energy of the
absorbed photons enables electronic transitions from the valence band to the conduction band
of the semiconductor, thereby creating electron-hole pairs. These pairs can contribute to

current transport (photoconductivity) through the material when it is biased.

If we illuminate a PN junction, the electron-hole pairs created in the junction's space-
charge region are immediately separated by the electric field present in that region and driven
into the neutral zones on each side of the junction. If the device is isolated, a potential
difference appears across the junction, creating a photovoltage. If it is connected to an external
electrical load, a current will flow, even if no voltage is applied to the device depicted in

Figure 1.7. This is the basic principle of a photovoltaic cell.

If each incident photon could inject an electron into the electrical circuit, photovoltaic
devices would be extremely efficient. However, in practice, several factors limit
photoconversion. The first limitation comes from the wavelength of the incident radiation; the
wavelength must be short enough that the photon's energy is greater than that of the gap so it
can be absorbed. With a gap of 1.14 eV, monocrystalline silicon absorbs only photons with
wavelengths shorter than 1100 nm, with optimal absorption occurring around the gap energy.
Given that the solar emission spectrum ranges from 250 to 2000 nm, with an emission peak in
the visible range between 500 and 700 nm, only a portion of the radiation is useful for creating

charge carriers.

A second limitation arises from the fact that not all photogenerated carriers are collected.
After their separation in the space-charge region, electrons and holes must diffuse into the
neutral areas of the semiconductor. It is not possible to prevent a certain proportion of these
carriers from recombining before they reach the device's contacts, thus affecting the energy
conversion efficiency. The recombination rate is higher if the material has structural defects,

such as in multicrystalline or amorphous semiconductors, or impurities, like heavily doped or
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chemically impure silicon. Besides these fundamental limitations, many other loss factors
must also be considered, such as reflected photons, resistive losses, and metallic contacts.
Shockley and Queisser have demonstrated that a PN junction solar cell cannot theoretically
exceed an efficiency of 31%, corresponding to an electrical power of 190 W/m2 [12]. The best
laboratory prototypes of single-junction cells have not surpassed an efficiency of 26.8% to
date [13].

Electron flow e — Electron
— ©—Photon
Photon e — Hole

o | ‘% [ |—Front Electrical Contact

0V
E N-type
—Depletion layer
° — Back Electrical Contact

electron-hole recombination

Figure 1.7: Schematic of the Principle of Photovoltaic Conversion.

1.10 Photovoltaic Cell Technologies

Over the last ten years, photovoltaics has emerged as a key player in the transition
towards alternative energy sources. This progress has been largely due to innovations in both
materials and production techniques. Despite these advances, significant obstacles remain in
achieving both cleaner and more cost-effective energy from photovoltaics. Current research
efforts are concentrated on high-efficiency photovoltaic structures, including multi-junction
cells, graphene or intermediate band gap cells, and materials amenable to printing technologies
such as quantum dots [14]. The production of photovoltaic cells involves a range of
technologies that tailor material properties to enhance the photoelectric conversion efficiency

within the various components of the cell.
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The development and implementation of novel, non-traditional methods for constructing
operational solar cells have resulted in a categorical division of photovoltaic technologies into

four principal generations, as depicted in Figure 1.8[15].

Photovoltaic cell |
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[ I ,
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Figure 1.8: Different generations of Photovoltaic cells [15]

The categorization of photovoltaic cell technologies into generations narrates the
historical development of these cells since their inception. Over the past several decades, four

primary generations have been identified:

1.10.1 First Generation

Encompassing technologies based on monocrystalline and polycrystalline silicon as
well as gallium arsenide (GaAs). This comprises single-junction or multi-junction cells made

of inorganic semiconductors. The most common cells are obtained by cooling molten silicon,
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which leads to monocrystalline or polycrystalline silicon solar cells. This monocrystalline
silicon cell is composed of a single crystal divided into two layers (see Figure 1.9). The base
materials for such cells are huge silicon crystals specially produced for this purpose, with a
size of about 10 cm. These crystals are then cut into wafers, doped, and connected. These cells

have energy conversion efficiencies of up to 27.6% in the laboratory [16].
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<«—— P-type silicon layer (Si-p)

¥

I« Back contact (Ag)
Figure 1.9: Crystalline silicon cell

Their advantages include long-term stability, high mobility of charge carriers, and strong
spectral absorption, which enables relatively good conversion efficiencies. They currently
represent around 85% of the global photovoltaic market [17]. Their drawbacks include costly
and energy-intensive production, high weight, and rigidity. Furthermore, the heating
phenomena that occur during their operation cause a slight decrease in their energy conversion
efficiency.

1.10.2 Second Generation

To reduce material costs and facilitate new applications, a second generation of cells
based on thin-film materials was developed. Thin-film cells operate on the principle of using
an absorber material with a higher optical absorption coefficient than that of crystalline Si. For
this reason, materials with a direct bandgap are typically used (see Figure 1.10), as opposed to

Si, which has an indirect bandgap.
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Figure 1.10: Absorption of a photon in a semiconductor material; (a): direct band gap structure

and (b): indirect band gap structure.

This allows the use of much thinner absorber materials, approximately 2 um in thickness
(100 times thinner than crystalline Si), thereby reducing the amount of raw material required.
The main materials used as thin-film absorbers are amorphous Si (a-Si), CdTe, and Cu(In;-
xGax)Se2 (CIGS) and CZTS (Cu2ZnSn(S,Se)s. Thin films consist of a deposit of semiconductor
materials on either a rigid or a flexible substrate.

a) Thin-film silicon cell
The combination of silicon and hydrogen has led to the discovery of amorphous silicon

(a-Si), a material that is both a semiconductor and disordered, endowed with poor electronic
properties but excellent optical ones. Indeed, despite electron mobility within it being much
lower than in crystalline silicon, a thickness of less than one micron suffices to absorb the
solar spectrum. Although module yields are lower than those of crystalline silicon, this sector
tends to develop amid high demand and positions itself after crystalline silicon sectors. The
cells based on this type of material are composed of a glass or synthetic material support onto
which a thin layer of silicon is deposited (see Figure 1.11), a process requiring very little
energy. The efficiency of such cells is lower than that of crystalline cells due to the low
mobility of charge carriers within these materials. Amorphous cells with efficiencies
exceeding 14% have been achieved [16]. This type of cell finds its main applications in small

devices, such as calculators and watches.
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Figure 1.11: Amorphous silicon solar cell.
b) Non-silicon thin-film cell
The non-silicon thin-film technology, which uses other materials such as CIGS, CdTe,
and CZTS..., involves vaporizing a uniform thin layer of powdered semiconductor materials
onto a substrate, such as glass or metal. Other technologies are at the research and
development stage. These technological sectors are characterized by the materials used or their
underlying principles. The manufacturing processes for these different technologies vary in

their environmental impact.
There are generally six main layers in a thin-film solar cell (Figure 1-12):

e The substrate: glass is common, but flexible or metallic substrates can also be used.

e The bottom contact: typically an ohmic contact, usually made of Mo or ITO.

e The absorber layer: p-type conduction and is often made of CdTe, CulnSe,
Cu(InGa)Se2, or Cu2ZnSnSes.

e The buffer layer: n-type conduction and is often made of CdS, ZnS, etc.
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Figure 1.12: Schematic representation of a typical thin-film-based solar cell.

1.10.3 Third Generation

This Current advancements in solar cell technology that aspire to surpass the Shockley-
Queisser (SQ) threshold are classified as third-generation solar cells. These cells endeavor to
realize the uppermost theoretical efficiency limits, estimated between 31% and 41%. The

third-generation solar cells comprise:

e Quantum dot solar cells

Dye-sensitized solar cells

Polymer-based solar cells

Perovskite solar cells

o]

. Quantum dot solar cells
In quantum dot (QD) solar cells, quantum dots, which are zero-dimensional

nanomaterials, serve as the photoactive layer. These quantum dots, comprised of transition
metal elements, are dispersed in a solution and then deposited onto a silicon substrate. Incident
photons stimulate the creation of electron-hole pairs in the quantum dot layer, leading to
electrical current flow. Notably, certain quantum dot varieties have the capability to generate
multiple electron-hole pairs from a single photon.
b. Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs) operate based on the principles of synthetic
photosynthesis and were initially introduced in the 1990s. DSSCs employ a dye molecule
situated amongst transparent electrodes. The absorption of light by the dye molecules activates

electrons, which then migrate to the opposite electrode and ultimately to an external circuit.
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These cells are known for their affordability and their ability to function effectively across

varied temperature ranges, reaching efficiencies up to approximately 13%.

c. Polymer-based solar cells
Polymer solar cells utilize a polymer or plastic substrate, conferring them with

exceptional flexibility. These cells operate through a donor-acceptor mechanism, typically
involving a polymer as the donor and fullerene as the acceptor. The diverse range of optically
active polymers available allows for extensive material selection. Notable too is the potential

integration of these cells into textiles, indicating a novel application for solar technology.

d. Perovskite solar cells
The development of perovskite materials marks the latest innovation within the sector.

Perovskite solar cells have demonstrated peak efficiencies of up to 26.1% [18], presenting
significant promise for the future evolution of solar energy systems. However, as of now, their
application remains restricted primarily to laboratory settings due to their limited stability.
Currently, silicon solar cell technology is the primary driver in the solar photovoltaic energy
sector. Thin-film technology, however, is making inroads because it provides high-efficiency,

low-cost solar cells.

1.10.4. Fourth Generation

Characterizing the latest advancements, this generation combines the adaptability and
cost-effectiveness of thin film polymers with the robustness of cutting-edge inorganic
nanostructures, which include metal oxides, metal nanoparticles, and organic-based

nanomaterials such as graphene, carbon nanotubes, and variants of graphene.

Enhancement of photovoltaic cell performance is contingent upon the minimization of
diverse loss mechanisms that impinge upon the overall cell efficiency. The National
Renewable Energy Laboratory (NREL) maintains an authoritative record of peak laboratory-
confirmed research cell efficiencies spanning various photovoltaic modalities, chronicled
continuously from 1976 to date (Figure 1.13). This catalog presents efficiency metrics for an
array of semiconductor categories including, but not limited to, multi-junction cells, single-
junction gallium arsenide cells, crystalline silicon cells, thin-film cells, and nascent

photovoltaic technologies.
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.11 Physical Parameters of a Solar Cell

The 1-V characteristic represents the current versus voltage behavior of a given solar
cell, array, or module. This characteristic is instrumental in assessing the cell’s efficiency and
its capability to convert energy. Determining the maximum power output (Pmax) of a solar cell
or panel allows for an evaluation of the device's performance and solar conversion efficiency,
as cited in reference [8]. The current generated by a solar cell exhibits a direct proportionality
to the incident light intensity, in accordance with the photoelectric effect, meaning that the
current escalates with increasing light intensity. Conversely, the voltage of a solar cell
diminishes with rising operating temperature. The I-V curve, which illustrates the relationship
between the current and voltage under specific thermal and photonic conditions, furnishes
vital data on the operational parameters at which a solar panel can achieve its maximum power

point (Pm), the point of optimal performance.

The recording of the 1(\V) characteristic curve of a solar cell represents the variation of
the current it produces as a function of the voltage across the cell for a given illumination (see
Figure 1.14). This measurement is carried out under a solar simulator whose illumination
spectrum closely approximates the AM1.5 spectrum and under ambient operating conditions;
that is, at a given ambient air temperature and speed. Each current-voltage characteristic of a
cell corresponds to specific operating conditions. In the laboratory, the standard test conditions

are as follows:

e The distribution of solar radiation is of the AM 1.5 type;

e The incident radiation is normal to the cell surface;

e The cell temperature is equal to (25  2) °C;

e The speed of the air circulating around the cell is approximately 2 m s
The typical characteristic of a solar cell is shown in Figure 1.15. An ideal photovoltaic cell
would present, for given illumination, temperature, and ambient air circulation speed, a
staircase-shaped curve: the current remains constant up to the open-circuit voltage, then the
voltage remains constant up to zero current; the current abruptly transitions from the short-

circuit current Isc to 0.
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From the current-voltage characteristic of the photovoltaic cell, one can determine its
physical parameters namely: the open-circuit voltage, the short-circuit current, the
characteristic power, the maximum power, the peak power, the fill factor, and the efficiency.
Brief definitions of these parameters, as well as their determination from the characteristic, are

given hereinafter.

Current (A)

mp

s

Voltage (V)

Figure 1.14. 1-V characteristics of a solar cell

a. Open-Circuit Voltage Voc
The value Voc corresponds to the open-circuit voltage; that is to say, 1=0. It depends on

the characteristics of the electronic junction and the materials. For a given cell, it varies very
little with luminous intensity. It is obtained by directly connecting a voltmeter across the cell.
b. Short-Circuit Current Isc
The Isc value corresponds to the intensity of the short-circuit current; that is V=0. It is
directly proportional to the received radiant energy, the ambient temperature, the speed of the
ambient air flow, and the surface area of the cell. Its value is obtained by connecting an

ammeter across the cell.

c. Characteristic Power of a Cell P
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Under fixed ambient operating conditions; illumination, temperature, speed of
circulating ambient air, etc., the electrical power P(W) available at the terminals of a
photovoltaic cell is equal to the product of the supplied direct current | by a continuous voltage
V.

P=VxlI (1.8)
P: power measured at the terminals of the photovoltaic cell in Watts;
V: voltage measured at the terminals of the photovoltaic cell in Volts;
I: current intensity measured at the terminals of the photovoltaic cell in Amperes.

d. Maximum Power Pmax
The maximum power Pmax Of a cell corresponds to the point at which the product of the

voltage and current intensity is at its maximum. In the case of an ideal cell, the maximum
power would correspond to the open-circuit voltage Voc multiplied by the short-circuit current

Isc.

Prax icea = Voc X lsc (1.9)
Pmax_ideal: POWer measured at the terminals of the photovoltaic cell in Watts;
Voc: open-circuit voltage measured at the terminals of the photovoltaic cell in Volts;

Isc: short-circuit current measured at the terminals of the photovoltaic cell in Amperes.

e. Maximum Power Point
The maximum electrical power one solar cell can deliver at its standard test condition. If

we draw the I-V characteristics of a solar cell maximum power will occur at the bend point of

the characteristic curve. It is shown in the 1-V characteristics of solar cell by Pm.
P =Vip X I (1.10)

f. Fill Factor
The ratio between product of current and voltage at maximum power point to the

product of short circuit current and open circuit voltage of the solar cell.
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FFo—Tn (1.11)
Voc x Isc
g. Efficiency

It is defined as the ratio of maximum electrical power output to the radiation power input
to the cell, and it is expressed in percentage. It is considered that the radiation power on the
earth is about 100 mW cm for AM1.5 spectrum.

vV I FF
n=-—"2— st (1.12)

in

The efficiency of solar panels depends on the geographic location, cloud coverage, day of the
year, etc.

1.12 Conclusion

In this chapter, we have presented the essential basics for understanding the subject. We
have reviewed some concepts about semiconductors, solar radiation, and its application in the
photovoltaic field. Subsequently, we have explained the operation of photovoltaic cells, and
we have addressed thin-film photovoltaic cells and those made of silicon. Then, their main
characteristics, as well as the parameters limiting their efficiency and cost.
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I11.1 Introduction

Numerous Global research labs are intensively studying the properties of chalcopyrite
semiconductor materials. The exceptionally high absorption coefficient, direct bandgap, and
distinctive electronic, electrical, and optical character traits of these materials, particularly
CdTe in the chalcopyrite family, are intriguing. These prominent qualities justify their crucial

inclusion in optoelectronic and photovoltaic developments, notably in solar cells.

The fabrication methodology of CdTe thin film solar cells necessitates a tiered
deposition of several materials in thin layers on a substrate. A proper understanding of the
layers and component materials of the CdTe solar cell is necessary for the improvement of the
cell's photovoltaic performance. Therefore, the layers, materials, and their properties of the
CdTe cell are presented in detail in this chapter.

11.2 CdTe-based thin film solar cells

Table 11.1 presents a summary of select optical, physical, and electrical characteristics
of the cadmium telluride (CdTe) layer; these characteristics should be considered approximate
due to significant variability stemming from the deposition technique, substrate temperature,

and substrate material.

Despite cadmium's high toxicity and tellurium's relative rarity, Cadmium Telluride
(CdTe) emerges as the preferable material for the development of cost-effective photovoltaic
devices. Cadmium and tellurium, belonging to group 12 and group 16 of the periodic table
respectively, exhibit high optical absorption and chemical stability [3]. Therefore, these

elements are most suited for the fabrication of thin film solar cells.

The prototypical crystal structure of CdTe is the cubic zincblende (sphalerite)
configuration is depicted in Figure I1.1 [4]. Nonetheless, in its thin-film form, CdTe may
exhibit two additional phases: either cubic or hexagonal structures [5]. The crystallographic
form of CdTe markedly impacts its optical and electrical behaviors: a single-crystal formation
is associated with a smaller band gap and an extended carrier lifetime relative to its
polycrystalline thin-film counterpart [6]. Furthermore, identical macrostructures can display

divergent properties if the thin film is deposited at different substrate temperatures [7].

33



Chapter Il Properties of thin-film solar cell materials based on CdTe

Additionally, the selection of substrate material whether molybdenum, glass, or stainless steel
or the application of post-deposition treatments, such as CdCl, deposition followed by air

annealing, can influence the band-gap and lattice parameters [8].

Table 11.1 Material properties of CdTe [1,2]

Property CdTe

Absorption coefficient at 600 nm (cm™) 6 x 10*

Electron affinity (eV) 4.28-4.5

Band gap Eg (300 K) Polycrystalline (eV) 1.45

Band gap Eg (300 K) Single crystal (eV) 15

Melting point (K) 1365

Lattice parameter 6.481 Angstrom

Hole mobility (cm? V1s™) 50-80

Electron mobility (cm?Vs™) 1000-1200

Effective density of states (cm™) Nc =7.91017, Ny=1.31019
Molecular mass (g mol ) 240.01

Density (g cm™) 5.85

Refractive index 3.106 (550 nm)—2.996 (850 nm)

J

™~ (Cd atom

= Te atom

Figure I1.1 Crystal structure (zinc blend cubic) of CdTe
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CdTe is widely acknowledged as an exceptional material for the absorber layer in solar
cells due to its direct bandgap of 1.45 eV, which is optimal for photovoltaic energy conversion
and matches the peak of the solar irradiation spectrum. Its substantial optical absorption
coefficient ensures that incident photons with energies exceeding the material's bandgap are
completely absorbed within just one micron of the surface. Solar cells incorporating CdTe
have demonstrated a potential photocurrent of 30.5 mA/cm? under illumination of 100
mW/cm? of sunlight, suggesting a theoretical efficiency ceiling approaching 27% [9].
Historically, peak cell performance was attained using heterojunctions with cadmium sulfide
(CdS) as the n-type counterpart. Alternative efforts employing p-type CdTe single crystals in
conjunction with indium oxide (In203z), zinc oxide (ZnO), or a thin n-type CdTe layer yielded
maximum efficiencies of up to 13.8% [10-12]. The breakthrough for CdTe did not arise from
the use of single crystals; instead, leveraging one of its strongest attributes the capability for
thin-film solar cell creation was key. Thin-film CdTe/CdS heterojunctions initially achieved
6% efficiency, a landmark dating back to 1972 [13]. The efficiency later surpassed the 10%
threshold in the 1980s following post-deposition heat treatment of CdTe/CdS layers in a
chlorine atmosphere [13]. By refining the front and back contacts, efficiencies nearly reaching
17% were accomplished in the subsequent decade [14,15]. However, a period of stagnation
ensued, hindered by challenges such as the inability to extrinsically dope polycrystalline CdTe
thin films and a shift in research focus towards the industrial scale-up of production

techniques.

Efficiency rates began to climb once more around 2010, swiftly approaching 20%.
This growth is mainly attributable to meticulous optimization of anti-reflective coatings,
transparent electrical contacts, and window layers, along with strategic glass substrate
selection. These improvements raised the photocurrent from 26.1 mA/cm? in 17.6% efficient
cells [15] to 28.59 mA/cm?in 19.6% efficient cells, alongside a modest photovoltage increase
[16]. Despite the lack of extensive literature details regarding these advancements, it is
apparent that the photocurrent gains resulted not only from refined light harvesting but also
from the shrewd adjustment of the CdTe bandgap to extend absorption into longer
wavelengths. CdTeu—x) (S, Se)x alloys, particularly with x < 0.05, exhibit a reduced bandgap
compared to pure CdTe, allowing for a 15 nm increase in the cutoff wavelength. This

translated into a photocurrent increment of 1 mA/cm?. The introduction of the CdTeq—x)(S,
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Se)x mixed material also lessens lattice mismatch at the junction, thus promoting better charge
transport. In 2015, a thin-film solar cell composed of CdTeu-x (S, Se)x set a world record
efficiency of (22.1 + 0.5)%, achieving an open-circuit voltage (\Voc) of 0.8872 volts, a short-
circuit current (Isc) of 31.69 1 mA/cm2, and a fill factor of 78.5% over a 0.4798 0.4798 cm?
area under the global AM 1.5 spectrum at 25 °C [16,17].

Moreover, the production process of these solar cells is especially suited to large-scale,
automated, in-line fabrication, which includes electrical series integration of cells during
manufacturing through robotic laser scribing. Employing electrodeposition for the CdTe film
application, an 11% efficiency module was produced in 2002 [18]. By the 2010-2011 period,
there were ten manufacturers globally capable of producing tens of megawatts per year of
CdTe modules, relying on close-spaced sublimation (CSS) or close-spaced vapor transport
(CSVT) for the CdTe layer deposition, with reported average module efficiencies between
10% and 12% [19]. By the end of 2012, a 14.4% efficiency was reported, improving to 16.1%
by early 2013. March 2014 saw the creation of a 17.5% efficient module, followed by a world
record (18.6 + 0.5)% efficiency in 2015. This module presented photovoltaic parameters
including a Voc of 110.6 V, an Isc of 1.533 A, and a fill factor of 74.2% across an illuminated
area of 7038 cm? under the global AM 1.5 spectrum at a cell temperature of 25 °C [17]. Today,
commercial modules with an 18.2% efficiency are accessible on the market. As of the last
report, First Solar, boasting an annual production capacity of 2.4 gigawatts peak (GWp),

accounts for a market share of 2.3%.

11.3 Different components of a CdTe-based thin film solar cells

In a solar cell utilizing a CdTe structure, the device is fabricated using extremely thin,
sequentially deposited layers designed to create a superior heterojunction. Fabrication
techniques such as CSS or CSVT lead to the intrinsic formation of p-type CdTe thin films,
necessitating the selection of an n-type material to complete the p-n junction. This
heterojunction is structured in such a way that it allows the incident solar radiation to penetrate
the n-type layer and engage photogeneration within the CdTe layer. The most efficient
arrangement uncovered thus far employs a CdS/CdTe combination, with CdS serving as the
light-permeable 'window' and CdTe as the light-absorbing 'absorber' medium.
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Limiting the CdS layer’s thickness to no more than 100 nm is critical for maintaining
high levels of transparency. The design ensures that the electrical field is mainly established
within the absorber layer, thus maximizing separation and direction of the photogenerated
charge carriers toward the external contacts. Supplementary layers finalize the solar cell,
facilitating the movement of the generated photocurrent. High-performance CdS/CdTe solar
cells are constructed in a superstrate configuration, wherein illumination traverses the
substrate first, necessitating a front contact that is both transparent and efficient in electrical
conduction. Conversely, the rear contact must form an ohmic connection with the p-type CdTe
to optimize photocurrent collection. The main layers of a thin-film-based solar cell are shown
in Figure 11.2:

Substrat

Figure 11.2: The CdTe/CdS solar cell

In the alternative substrate configuration, the production process initiates with the rear
contact, builds up through the deposition of the CdTe and CdS layers, and concludes with the
application of the transparent front contact. This approach is compelling as it permits the use
of opaque substrates like metals or polymers, leading to the potential development of flexible
solar modules that are lighter, cost-effective, and compatible with roll-to-roll production

processes favorable for integration into vehicles and buildings (VIPV and BIPV). A distinct
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advantage of this configuration is the separate optimization of CdTe doping and the CdTe/CdS

junction formation processes.

The functional performance of CdTe-based solar cells is significantly influenced by the
interplay between the component layers, which is contingent upon the sequence of layer
deposition an aspect pivotal to the cell’s efficacy. Substrate configuration in CdTe/CdS solar
cells is relatively nascent, warranting extensive research into layer interactions, material

diffusion, interfacial dynamics, back-contact quality, and doping processes.
Concerning the manufacturing process, the primary objectives include:

e depositing the cadmium and tellurium layers cost-effectively;

e activating the structure in a chlorine-rich environment at elevated temperatures;

e pairing the window and absorber layers to establish an efficient heterojunction.
Additional routine steps in thin-film solar cell production encompass the selection of electrical
contacts, which must ideally exhibit high conductivity and transparency to solar radiation,
particularly for the front contact. In the context of superstrate configurations, the choice of
substrate material is critical, requiring it to be maximally transparent to ensure the solar cell's
operational longevity. We will now proceed to analyze each of the manufacturing steps, as

well as the principal characteristics requisite for the individual materials.

11.3.1 The substrate

In the creation of highly efficient solar cells and modules under a superstrate
configuration, transparent rigid glass serves as the substrate, a critical feature since solar
radiation must pass through with minimal absorption losses. Soda-lime glass (SLG) is the
prevalent commercial glass utilized for this purpose. Composed predominantly of silica (Si02)
at proportions of 75% to 76%, it offers considerable resistance to thermal stress, though the
high melting point and viscosity of silica present challenges in processing. To address this,
substances like sodium oxide (Na20), commonly referred to as "soda™ are integrated at about
14% to reduce the glass transition temperature. However, soda's presence increases the glass's
solubility in water. To improve chemical stability, calcium oxide (CaO), known as "lime" at
9%, along with magnesium oxide (MgO) and alumina (Al2Oz3), are incorporated to enhance the

glass's durability.
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Cost efficiency is achieved by substituting pure chemicals with inexpensive minerals
like trona, sand, and feldspar. However, this substitution can introduce impurities, such as iron
oxide (Fe203) and manganese dioxide (MnQOz2), which diminish transparency within the visible
solar spectrum. Consequently, iron-free glass variants are employed in CdTe cell production,

which affords an 8% improvement in transparency for wavelengths below 300 nm [3].

Flexible substrates, such as DuPont's polyimide, have been explored owing to their
compatibility with high-rate roll-to-roll processes, allowing for the fabrication of extensive,
lightweight photovoltaic devices at a reduced cost. While the optical transparency of
polyimide aligns with standard SLG at longer wavelengths (Figure 11.3), it falls short below
530 nm in terms of suitability for photovoltaic applications even when utilizing thin foils
resulting in a minimum photocurrent deficit of 3 mA/cm2. This limitation, coupled with the
material's thermal constraints, restricts the efficiency of solar cells crafted from this polymer to
not exceed 14% [20].
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Figure 11.3: Transmittance spectra of commonly used substrates such as soda-lime glass (SLG)

and polyimide in CdTe-based solar cells [16].
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11.2.2 The front contacts

For the optimal operation of thin-film solar cells, the front contact requires a
semiconductor that exhibits high conductivity while simultaneously allowing light to traverse
the cell. The dual necessity for transparency and robust conductivity is addressed through the
deployment of transparent conductive oxides (TCOs). TCOs meeting this dual requisite
typically manifest near 90% visible light transparency (Figure 11.4) and exhibit electrical
conductivities reaching 10* Q*cm™ with wide band gaps exceeding 3 eV [16]. The prevalent
materials utilized for this purpose include indium tin oxide (ITO), aluminum-doped zinc oxide
(ZA0), and fluorine-doped tin oxide (FTO).

TCOs in a standard configuration must also possess an electron affinity under 4.5 eV to
preclude the formation of Schottky contacts with the CdS buffer layer. While oxides are
intrinsically insulating, their n-type conductivity is augmented by doping with donor
impurities, transforming them into degenerate semiconductors with free carrier concentrations
in the range of 10%8 to 10%° cm. In the realm of CdTe solar cells, the most prevalent TCOs are
SnO2:F (FTO), ZnO:Al (AZO), and In203:Sn (ITO).
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Figure 11.4: lllustrates the transmittance spectra of SLG, coated solely with FTO or ITO, and
SLG coated with FTO or ITO coupled with ZnO serving as a HRT layer [16].
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Historically, more sophisticated TCOs like Cd2SnOs (CTO) have been employed to
enhance conductivity and transparency, thereby achieving superior efficiency [21]. However,
for large-scale manufacturing, materials that can be readily deposited over extensive areas are

favored, with FTO being the common choice due to its long-term stability.

Nevertheless, intrinsic oxides, known as high-resistivity transparent (HRT) layers, are
often utilized between the TCO and CdS to prevent shunt paths through pinholes in the thin
CdS layer and to fine-tune band alignment. HRT layers facilitate the reduction of CdS layer
thickness which is crucial for harvesting energy in wavelengths below 500 nm by diminishing
parasitic absorption. This thinning process also contributes to an increase in the open-circuit
voltage, with the electrical resistivity of HRT layers ranging from 10? to 10° Q.cm, thus

mitigating shunting issues that could arise from micropinholes [9].

TCOs, being the initial layers deposited onto the substrate, can influence the structure
and properties of the solar cell. Diffusion of impurities from TCOs into the device junction or
the absorber can occur, and the crystal structure of the TCOs can affect the grain structure of
CdS and CdTe, with consequent impacts on their electrical characteristics [22,23].
Consequently, TCOs must also exhibit chemical and physical stability [24].

11. 3.3 Buffer Layer

The most commonly paired n-type semiconductor with p-type CdTe is CdS, which
shows n-type conductivity due to stoichiometric defects like sulfur vacancies during film
formation. Cadmium sulfide CdS is a semiconductor made up of the combination of atoms
from column 1l (Cd) with those from column VI (S) of the periodic table of chemical
elements. CdS has two types of structures: the cubic zinc blende structure of sphalerite
(Figure 11.5 a) with a tetrahedral arrangement of atoms, and the hexagonal wurtzite structure
(Figure 11.5 b). The blende type structure is a face-centered cubic (FCC) structure whose
primitive cell contains 4 cations (Cd*2) and four anions (S2). Each species of a constituent is
surrounded at equal distance by four atoms of the other constituent. This defines a regular
tetrahedron with atoms occupying the vertices.

The structure of CdS has a lattice parameter a = 5.8 A, and for the Wurtzite phase, the
lattice parameters are a = 4.1 A and ¢ = 6.7 A [25,26]. CdS, with a band gap of 2.42 eV,
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permits light up to 512 nm wavelength while blocking near-ultraviolet light to which the
substrate made of soda-lime glass (SLG) and TCO layers are transparent [27]. Self-doping
processes in CdS achieve resistivities around 10° to 107 Q.cm, similar to those obtained with
CdTe films.

(b) <A1

@@
| O

O

Figure 11.5: The two types of CdS lattice structure (a) cubic zinc blende structure of sphalerite

(b) hexagonal wurtzite structure .

For an efficient p/n junction in solar cells, the electric field should primarily exist in
the p-type region (CdTe), a condition met as electron mobility in CdS is much higher than
hole mobility in CdTe, provided the carrier density in p-type CdTe is significantly lower than
n-type CdS. Under dark conditions, this condition doesn't hold; however, illumination

activates photoconductivity in CdS, which helps extend the electric field into CdTe.

Considering transparency for sunlight wavelengths shorter than the bandgap cut-off,
since the absorption coefficient (o) is unmodifiable, thin films become a solution to achieve a
lower optical density (a-d), allowing light passage despite a high a (with thickness t < 100 nm
and t < d, where t is t the film thickness and d is average absorption length).

Alternative window materials with a greater bandgap have been explored to better
harness the visible solar spectrum. The ZnCdS alloy, with a bandgap ranging from CdS's 2.42
eV to ZnS's 3.6 eV, seemed promising. However, this didn't yield the anticipated

improvements in photovoltaic parameters like open-circuit voltage (Voc) and short-circuit
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current (Isc) for ZnCdS/CdTe cells [28]. The likeliest explanation for this is the increase in
interface defects since the Zn-Cd-S-Te system does not minimize structural defects as
effectively as the Cd-S-Te system, which are key in reducing photogenerated carrier
recombination.

In deposition processes, CdS is either laid down at sub-200 °C, a low-temperature (L-
T) range, or above, which falls into the high-temperature (H-T) range. Chemical bath
deposition (CBD) vyields high-density, compact, and pinhole-free CdS films but is
unsustainable on an industrial scale due to its slow pace and waste production necessitating
costly recycling [29,30]. Sputtering, an L-T method, is therefore preferred for large-scale
manufacturing, although it simulates H-T effects. RF sputtering does not produce CdS films of
sufficient quality for CdTe solar cells unless reactive gases containing fluorine or oxygen are
introduced. Such reactive RF sputtering achieves high-quality CdS films conducive to forming
robust CdS/CdTe heterojunctions (Figure 11.6).

Using H-T techniques like close-spaced sublimation (CSS), higher quality CdS films
are obtained. The addition of oxygen during CSS in an otherwise pure argon environment
alters the growth equilibrium, slowing down the deposition [31]. This results in densely
packed films without pinholes due to the oxide formation at the grain boundaries. Yet, an
oxide layer on the film's surface is a byproduct, necessitating a high-temperature (400 °C)

hydrogen post-annealing process to achieve high-efficiency solar cells.
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Figure 11.6: Transmittance spectra of sputtered CdS film : (a) prepared by CSS in Ar + O2
atmosphere: (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 Ar and (2)
deposited in Ar + CHF3 [16].
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Furthermore, due to the recognized toxicity of cadmium (Cd), the scientific community
has been exploring alternative buffer layer compositions that maintain comparable efficacies.
In the pursuit of non-toxic alternatives, various research groups have experimented with
multiple buffer layers and deposition techniques to achieve high efficiency in alternative thin
film photovoltaic technologies like CIGS or CZTS solar cells. Among the prevalent cadmium-
free buffer layers utilized are zinc sulfide (ZnS), zinc sulfide with oxygen and hydroxyl
additives (ZnS(O,0H)), zinc oxysulfide (Zn(0O,S)), and zinc magnesium oxide (ZnMgO) [32—
34].

11.3.4 The Absorber Layer

Several investigations have been conducted on different structures, including
homojunction, heterojunction, p-i-n, and Schottky barrier, for the production of CdTe-based
solar cells [35,36]. It has been established that heterojunction is the most efficient structure,
likely due to the intermixing layer formed during CdTe deposition or post-deposition heat
treatments. This layer removes structural native defects, resulting in a window/absorber
interface closely resembling a homojunction, demonstrating high efficiency and confirming

the absence of recombination centers near the junction.

Both low-temperature (L-T) and high-temperature (H-T) deposition technologies are
utilized for CdTe thin film production. The highest efficiency devices are typically achieved
through H-T processes such as close-spaced sublimation (CSS) and close-spaced vapor
transport (CSVT), which are industrially implemented in commercially available 18%
efficiency CdTe-based modules. However, these processes result in large, columnar, slightly
defective grains, and pinhole formation. The intrinsic doping of CSS-deposited CdTe films
produces dark p-type conductivity in the range of (10%/10°) Qt.cm™[16]. Due to the film's
series resistance, further thickness reduction of the CdTe layer is crucial to mitigate these

electrical limitations.

To improve film quality and reduce defect formation, oxygen is added to the inert gas
in the CSS or CSVT process, resulting in the formation of a less defective CdSTe layer and
promoting a denser growth of the CdTe film. In the case of sputtering deposition, it yields a

CdTe layer with an n-type conductivity of about 10 Q*.cm™. Adding a sputtered thin film on
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top of a CSS-deposited one has been observed to alleviate pinholes, enhance minority carrier
lifetime, and prevent shunt paths in the junction region.

Additionally, CdTe-based solar cells have been optimized using CdTe(-x)Sex alloys to
achieve higher efficiency [37]. These improvements encompass the adjustment of the
stoichiometric composition 'x' to produce graded energy gap profiles, which enhance solar
light collection [38]. Furthermore, the replacement of the CdS layer with MgZnO and the
addition of Se in CdTe-xSex alloys have contributed to higher efficiency solar cells, reaching

a record efficiency of over 22% [17].

Multiple deposition techniques such as RF magnetron sputtering have been explored to
realize high-density films with good adhesion to the substrate, leading to the production of
14% efficient solar cells in the early 2000s. This comprehensive research and innovation

continue to improve the efficiency and developmental possibilities of CdTe-based solar cells.

11.3.5 The Back Contact

The back contact constitutes the portion of the solar cell opposite the sunlight-exposed
side, serving the function of connecting the cell to the external circuit. In contrast to other
technologies like CulnGaSez or Cu2ZnSnSes, where a metal like molybdenum is adequate to
establish the contact. In CdTe solar cells, establishing an effective back contact presents
challenges due to CdTe's high electron affinity, which necessitates a contact metal with a work
function above 5.7 eV, not available among current metals. This often results in a Schottky
barrier when employing available metals. To mitigate this, a strategy of heavily doping the p-
type surface of CdTe and then applying a conductive buffer layer has been used to create a
quasi-ohmic contact [39]. Previous practices involved applying a Cu/metal bi-layer,
particularly Cu/Au, to increase carrier concentration, although this led to instability due to
copper diffusion. Conditions to reduce diffusion include etching the CdTe to create a Te-rich
layer and forming a more stable CuxTe compound, where X is less than 1.4, rather than the
unstable Cu,Te [40,41].

Alternate copper configurations, like Cu/graphite and Cu/Mo combinations, have been
explored, and treating the CdTe with Cu above a diffusion barrier followed by a Mo layer has
been particularly effective at lowering series resistance [42]. ZnTe:Cu back contact systems
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are currently among the most reliable, with ZnTe layering helping to reduce carrier
recombination [43-45]. However, there is a critical balance between efficiency gains and the
risk of degradation associated with copper application, with 4-5% copper being optimal [46].
Attempts to eliminate copper altogether have been met with varied success, but such Cu-free
back contacts typically yield lower efficiencies than those containing copper [47]. Newer
methods have introduced copper via CuCl solutions, providing even distribution of copper,
improving device stability, and presumably enhancing the solubility of Cucq acceptors due to
the chlorine [48]. In sum, while copper is essential for better-performing back contacts in
CdTe solar cells, its application must be carefully controlled to optimize performance and
longevity.

11.4 Conclusion

In this study, we have delineated the trajectory and developmental heritage of the
cadmium telluride (CdTe) solar cell alongside a comprehensive exposition of its multiple
merits that underpinned our selection. Subsequently, an in-depth manifestation of each
constituent layer and material involved in the CdTe solar cell employed within our research
has been elucidated, with a thorough discussion of their respective properties. The benefits and
characteristics emphasized in this segment of the text underscore the superiority of the CdTe
solar cell as a highly favorable contender, poised to serve as a viable and cost-effective
substitute for the conventional, bulkier, and costlier crystalline silicon (c-Si) cells that
currently predominate in the photovoltaic sector.
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Chapter 11 Description of the Silvaco-Atlas simulation software

I11.1 Introduction

Modeling and physical simulation have become a very important tool for
understanding the functioning of devices and physical mechanisms because the optimizations
through simulation processes are more readily available, less expensive, and faster than those
of experimental processes and can provide information that is difficult or impossible to
measure experimentally. Simulation helps users to gain a better understanding of the behavior
and properties of devices by increasing the speed of processes and reducing the risks of the
experience and the uncertainties of the tests. The TCAD simulator (Technology Computer
Aided Design) is a complete set of independent tools for the physical and technological
simulation of electronic devices. It allows the integration of technological design aspects with
electrical simulation, with the aim of saving time and development costs, and to envision and
optimize solutions to improve the performance of devices. Several simulators are available on
the market, examples include; PC1D, AMPS1D, ISE, SYNOPSIS, SCAPS, SILVACO... etc
[1-5].

Silvaco-Atlas is a powerful simulator program in two dimensions (2D) and three
dimensions (3D). It serves as a global support for analyzing and optimizing the performance
of semiconductor devices. It provides a wide variety of mathematical and physical models and

an appropriate mesh structure, and it also uses sophisticated numerical techniques [3].

In this chapter, we present a relatively detailed description of Silvaco. This software
includes a wide range of comprehensive studies in the development and characterization of
solar cells. We will use the Silvaco-Atlas part to generate the results of the electrical

characteristics of the studied solar cell.

I11.2 Silvaco Overview

Silvaco (SILicon VAlley COrporation) is an American international company, with its
headquarters in Santa Clara, California. It stands as a leading provider of integrated
professional simulation software suites, furnishing a broad array of programs for the modeling
of various electronic domains, including both analog and digital circuitries. The company's
offerings span from basic modeling to comprehensive integrated circuit design schematics and

extraction toolsets [4].
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Founded in 1984 by Dr. Ivan Pesic, the TCAD-Silvaco software represents a 2D/3D
simulation platform utilizing the finite element method . It is capable of simulating not only
the electrical, optical, and thermal characteristics of devices but also the technological
processes involved in the creation of electronic structures, such as deposition, etching, and

doping through implantation or diffusion [4].

These simulations facilitate the optimization of numerous manufacturing parameters
and enable the prediction of semiconductor devices' performance, particularly solar cells. The

tools available within Silvaco are categorized into core and interactive tools.

TCAD Silvaco introduces advanced physical models, leveraging efficient numerical
methods and algorithms, alongside innovative meshing techniques, thus delivering simulation
outcomes that closely mirror real-world results. A notable benefit of this simulator lies in its

capability to render physically intricate phenomena comprehensible.

111.3 Presentation of Silvaco-Atlas Software

SILVACO International is a company specialized in modeling and simulation software
for semiconductor materials. Its integrated TCAD (Technology Computer Aided Design) tool
provides modeling and simulation capabilities for simple circuits as well as for detailed
integrated circuit manufacturing. Atlas is a simulator for two-dimensional and three-
dimensional physical-based devices. It predicts the electrical behavior of specified
semiconductor structures and provides insight into the internal physical mechanisms
associated with the device operation. Atlas can be used independently or as a foundational tool
in the Virtual Wafer Fab simulation environment of Silvaco. In the sequence of predicting the
impact of process variables on circuit performance, the device simulation fits between process

simulation and model extraction [5].

ATLAS uses external description tools such as ATHENA or its own file commands
(inputs) to be entered directly into DevEdit and DeckBuild, which facilitates its use. ATHENA
is software for the simulation of technological manufacturing processes, while ATLAS is
software for the simulation of the electrical behavior of components. DevEdit is an
environment specific to structure (dimension, doping, ...) and meshing. DeckBuild is an

environment (text input) where the simulation program is defined through text commands, and
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the structure and mesh can also be defined in DeckBuild. Tonyplot is an environment where
one can view the results of simulations (component structure, distributions of various

quantities, electrical characteristics I-V...).

Most Atlas simulations use two input files. The first input file is a text command file
containing the commands to be executed by Atlas (command file). The second input file is a
structure file (structure file) that defines the structure to be simulated. Atlas produces three
types of output files. The first type of output file is the run output or execution file (execution
output), which gives us the progress as well as error and warning messages during the
simulation. The second type of output file is the log file or journal (log files) which stores all
the voltage and current terminals during the device analysis. The third type of output file is the
solution file (solution files) that stores the 2D and 3D data related to the solution variable
values in the device at a given current-voltage point. Figure 111.1 shows the types of incoming

and outgoing information from Atlas.

(Structure and
Mesh Editor) Runtime Output

ATLAS Log Files
Device Simulator
Command File (Visualization
I Tool)
Solution Files
DeckBuild

(Run Time Environment)

Structure Files

(Process Simulator)

Figure 111.1: Types of input and output information of Atlas [4].
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I11.4 The main groups and categories of commands and instructions of
Silvaco-Atlas

The programming logic of ATLAS is subject to special commands and command
sequences specific to Silvaco-Atlas. To create a device in ATLAS, several instructions are used
to finely adjust each desired input parameter. The user must use the environment called
DeckBuild, which requires a very specific set of instructions to accurately design the device to
be modeled. There are five groups of instructions that must appear in the correct order. Figure
I11.2 summarizes the groups or categories of commands of Atlas programming logic with the
main instructions in each group. The order of instructions in these groups, such as mesh
determination, structure determination, and solution groups, is also important. The format and
order are important when designing a device. Otherwise, an error message appears, which can
lead to incorrect operation or program termination. If the parameters or material models are
determined in the wrong order, this can also lead to incorrect operation or program

termination, or they may not be usable in calculations.

Group Statements

MESH
REGION
ELECTRODE
DOPING

1. Structure Specification B

MATERIAL
MODELS
CONTACT
INTERFACE

2. Material Models Specification s——

3. Numerical Method Selection = METHOD

LOG
SOLVE
LOAD
SAVE

4. Solution Specification —_—

5. Results Analysis EXTRACT
TONYPLOT

Figure 111.2: The groups or categories of command logic of Silvaco-Atlas programming [4].
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111.5 Structure Determination

Under the structure determination are several instructions that allow the user to define
the environment in which the simulations will be executed. The structure is determined by
defining the mesh, regions, electrodes, and the type and density of doping through text
commands that are specific to the Silvaco-Atlas software and must be properly ordered
according to the software's commands. Silvaco-Atlas receives the input commands contained
within the DeckBuild simulation environment. Figures 111.3 and 111.4 show the DeckBuild
simulation environment window displaying some constructive commands of our simulated
CdTe solar cell by the Silvaco-Atlas software before and after starting the command

executions.

GHPNEXROPPRpamyv e EEREFEE & OEHE @

Deck

go atlas

#Loumafak HAFAIFA
fCdTe-based solar cell
#DEFINE THE VARIABLE TO SWEEP
set 1Zn0 thick=0.05

set CdS_thick=0.1

set CdTe thick=2

# DEFINING THE MESH (lcm2)
mesh auto width=1e8

%x.mesh location=0.0 spacing=0
x.mesh location=0.5 spacing

0 spacing

o1

=0.
x.mesh location=1. =0.
# REGIONS
region num=1 material=ZnO bottom thick=0.2 ny=50
region num=2 material=ZnO bottom thick=$iZnO_thick ny-=50
region num=3 material=CdS bottom thick=$CdS thick ny=50
region num=4 material-=CdTe bottom thick=$CdTe_ thick ny-50
region num=5 material=Molybdinum bottom thick=0.5 ny=100 conductor
# ELECTRODES
elec num=1 name=cathode top
elec num=7 name=anode bottom
# DOPING

doping uniform region=1 n.type concentration=1el9

Line: 17 Column: 67 Ready Size of generated files: 108.4 KB Free space: 148.9 GB

Figure 111.3: The DeckBuild simulation window of Silvaco-Atlas software displaying some
constructive commands of our simulated CdTe solar cell before the start of command

executions.
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As shown in Figure 111.3, the DeckBuild simulation environment window is divided
into two sub-windows. The upper sub-window of the DeckBuild simulation environment is
intended for displaying the Silvaco-Atlas software commands in text form. The lower sub-
window of DeckBuild is intended for displaying program command executions, information,
and results extracted from the execution of commands. Atlas is called to execute these latter
by the following command: "go atlas". The format of the Silvaco-Atlas commands is as

follows:

<STATEMENT>< PARAMETER> = <VALUE>

§)NEXNOP/E/1NYVE BEBIRE 3 THE & oo
Deck
#Loumafak HAFAIFA "

#CdTe-based solar cell

#DEFINE THE VARIABLE TO SWEEP
set 1Zn0 thi

ATLAS> x.mesh location=0
ATLAS> x.mesh locati
ATLAS> x.mesh location=l.
ATLAS>
ATLAS> # REGIONS
ATIAS> region num=1 material=Zn0 bottom thick=0.2 ny=50
ATLAS> region num=2 material=Zn0 bottom thick=0.05 ny=50
ATIAS> region num=3 material=CdS bottom thick=0.1 50
ATIAS> region num=4 material=CdTe bottom thick=2 ny=50
ATLAS> region num=5 material=Molybdinum bottom thick=0.5 ny=100 conductor
ATLAS>
ATLAS> # ELECTRODES

CATLAS> elec num=1 name=cathode top

0 spacing=0.5
5 spacing=0.5
0 spacing=0.5

Region #1
Material: Zn0
Dimensions in microns:
min max
x 0.000e+000 1.000e+000
y 0.000e+000 2.000e-001

Region #2
Material: Zn0 v

ouput  [] Sorolto bottom | Clear

Line: 13 Column: 32 Finished execufing - Size of generated files: 1379 KB Free space : 170.1 GB Dedduild 46.1.R Copyright © 1984 - 2024 silvaco

Figure 111.4: The DeckBuild simulation window of Silvaco-Atlas software displaying some
constructive commands of our simulated CdTe solar cell after the execution of the commands

has started.
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111.5.1 Mesh Determination

The mesh is a series of horizontal and vertical lines. In our study, the mesh used is two-
dimensional. Therefore, only the x and y parameters are defined. The general format for mesh
definition is [6]:

x.mesh location=<value> spacing=<value>
y.mesh location=<value> spacing=<value>

The mesh plays an important role in obtaining good simulation results. The choice of
mesh must be made to balance between execution speed and the accuracy of results. A coarse
mesh produces a rapid simulation but with less precise results, while a fine mesh slows down
the simulation but yields more accurate results. Therefore, a fine mesh is more advantageous
from the perspective of obtaining good simulated results. Figure 111.5 shows the mesh of our
CdTe solar cell structure as displayed by the Tonyplot window of Silvaco-Atlas. Due to the
very precise values used in our mesh, these horizontal and vertical lines cannot be

distinguished.

ATLAS
Data from CdTe_HAFAIFA str

0.4
08
1.2

16

Materials

Zn0

cds

CdTe
Molybdenum
Conductor

Figure 111.5: The mesh of our CdTe solar cell structure displayed by the Tonyplot window of

28

Microns

the Silvaco-Atlas software.
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111.5.2 Determination of regions (layers) and names of materials

The regions (layers) are determined by the REGION instruction. It defines each layer,
its position, and the name of its component materials. The general format of the commands
that determine the regions (the component layers of the cell) and the name of the materials for

each region is as follows [5]:
REGION number=<integer> <material type> <position>.

ATLAS
Data from CdTe_HAFAIFA str

0.4

0.8

1.2

Microns

1.6

Materials

Zn0
2.4 cds
CdTe
Mohybdenum
Conductor

28

frrt+r prr rprr rrr r [ r 1t [ 1 1 1 [ 1 1 [ T T T [ T 1T T [ T T T |
o 0.1 0.z o3 0.4 0.5 06 0T 0.8 0.9 1

Microns

Figure 111.6: The regions and materials for each region of our CdTe solar cell displayed by

Silvaco-Atlas software.

111.5.3 Determination of electrodes

In the context of detailing the configuration for electrode placement within the
previously established mesh, it is essential to articulate the precise locations and
denominations of the electrodes. This determination can be applied to any designated area
within the mesh. For the purposes of this dissertation, the incorporation of both a cathode and
an anode within the CdTe solar cell was executed. The nomenclature for denoting the

electrodes adheres to the following format:
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ELECTRODE NAME = <electrode name> <position>.

The declarations of BOTTOM and TOP are utilized to indicate the positioning of the
electrode at either the device's lower or upper extremity, respectively. In instances where these
designations are not applicable, it is mandatory to delineate the boundary positions using
X.MIN, X.MAX for the x-axis, and Y.MIN, Y.MAX for the y-axis.

Figure 111.3 shows the position of the anode and the cathode by values assigned to y of our
CdTe-based solar cell structure.

111.5.4 Determination of doping

The other aspect of the determination of the structure that needs to be defined is the
doping. It is determined by the DOPING instruction. This determination includes the uniform
distribution, position, type, and concentration of doping. The general format of the commands

that determine the doping is as follows:
DOPING <distribution type> <dopant type> <position parameters>.

The commands that determine the doping of each layer of our CdTe solar cell are

illustrated in Figure I11.3.
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Figure I11.7: The doping density distribution for each region of our CIGS solar cell structure
displayed by Silvaco-Atlas.
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Figure 111.7 shows the doping density distribution for each region of CdTe solar cell
structure displayed by the Tonyplot window of the Silvaco-Atlas software.

111.6 Determination of materials and models

111.6.1 Determination of materials

The MATERIAL instruction is used to determine a set of different electrical and optical
parameters of each material component. In semiconductors, these electrical properties include
the bandgap, electron affinity, permittivity, mobilities, state densities. Optical properties are
the refractive index, absorption, extinction... The general format of the commands that

determine the materials and their properties is as follows:
MATERIAL material=<material name> <material definition and parameters>

111.6.2 Determination of models

Physical Physical models in semiconductors have been modeled in the form of
mathematical expressions linking electrostatic potential and carrier density. The physical

models are classified into five categories [7,8]:

e charge carrier mobility
e generation-recombination mechanisms
e transport statistics
e impact ionization
e tunnel effect
The syntax for the Model command is as follows:

MODELS <model flag> <general parameter> <model dependent parameters>

The choice of model depends on the materials selected for the simulation. The example
below activates several models. MODELS CONMOB FLDMOB SRH

CONMOB is the model for doping concentration-dependent mobility. FLDMOB is the
model for electric field-dependent mobility. SRH is the Shockley-Read-Hall recombination

model.
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111.6.3 Determination of Defects (traps) and interfaces

The TRAP instruction is used to define the properties of defects of each material such
as type, defect density... The INTERFACE instruction is used to define the surface

recombination velocity at interfaces between semiconductors or insulators.

111.6.4 Determination of the solar spectrum

The BEAM instruction is used to define the type and various solar spectra used. The
origin of BEAM (light beam) is defined by X.ORIGIN, Y.ORIGIN, and ANGLE parameters
which specify the direction of propagation of the beam relative to the X-axis and the
wavelengths WAVELENGTH. The general format of the commands that determine the
models is as follows: BEAM <Solar spectrum parameters> <X.ORIGIN> <Y.ORIGIN>
<ANGLE> <WAVELENGTH>

I11.7 Determination of the numerical calculation method

There are several numerical methods to calculate solutions to semiconductor device
problems. The numerical method that was used to solve a system of strongly coupled
differential equations is the NEWTON method. The methods used are determined by the
METHOD instruction.

111.7.1 Determination of the solution

The determination of solutions is carried out by the following instructions: LOG,
SOLVE, LOAD, and SAVE. The LOG instruction is used to record all endpoint characteristics
in a data file. After a LOG command is recorded. The SOLVE instruction follows the Log
instruction. It looks for a solution for one or more voltage polarization points. The LOAD
instruction is introduced, from an existing file, for each voltage polarization point, the
previous solutions as an initial proposal. The SAVE instruction allows the recording of all

obtained information [8].

111.7.2 Analysis of results

The EXTRACT instruction is used to extract specific parameter values from the

recorded log file or the solution file. The TONYPLOT instruction allows the Silvaco-Atlas
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software to automatically save a structure file, plot it, and view it in the TonyPlot window. In
our case, the EXTRACT instruction allows us to obtain photovoltaic performance parameters
such as short-circuit current density Jsc, open-circuit voltage Voc, form factor FF, and
conversion efficiency n (Jsc, Voc, FF, and n) of our CdTe solar cell, and the TonyPlot window
can display the current-voltage curve of the solar cell. Figure 111.8 shows the current-voltage
curve of our basic CdTe solar cell displayed by the TonyPlot window of the Silvaco-Atlas

software.

ATLAS
Data from CdTe_HAFAIFA_init.log

#—=0 Cathode Current (&)

Cathode Current (4)

Anode Voltage (W)

Figure 111.8: The current-voltage curve of our basic CdTe solar cell displayed by the TonyPlot

window of the Silvaco-Atlas software.

111.8 Conclusion

We have presented the TCAD-Silvaco simulation software used in our CdTe solar cell
simulation work. Then, we presented its operation mode, its main commands and instructions
for programming the Silvaco-Atlas software that determine the main characteristics of our
CdTe solar cell, such as meshing, structure, regions (layers), materials, doping, electrodes...
They have all been illustrated by images, examples, and results from our simulation of the
CdTe solar cell. Thus, the different models and numerical methods used by the Silvaco-Atlas
software have been presented.
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1VV.1 Introduction

In the face of a deepening global energy crisis driven by international conflicts,
epidemics, natural disasters, and significant climate change events, such as COVID-19, the
Russia-Ukraine war, the Turkey-Syria earthquake, and Israeli invasion and annihilation war of
the Gaza Strip (2023—present) there is an intensified demand for environmentally friendly
energy solutions. The pursuit of sustainable development amidst these crises has highlighted
solar energy particularly thin-film solar cells, like Cadmium Telluride (CdTe) solar cells as a
viable alternative to depleting fossil fuels. CdTe solar cells are recognized for their efficiency
and cost-effectiveness, attributable to their optimal optical and electronic properties, and have
emerged as a leading technology, holding the highest market share among thin-film solar
technologies. Recent advancements have significantly enhanced their efficiency, with

achievements that include conversion efficiencies of up to 22.1% [1].

Despite their success, the toxicity of cadmium (Cd) and Cadmium Sulfide (CdS),
which are used as buffer layers in these cells, has prompted research into less harmful
alternatives. Zinc chalcogenides (ZnO, ZnS, and ZnSe) are being explored as promising
substitutes because of their suitable band gaps and n-type semiconductor properties, which
could potentially form better p—n junctions with the CdTe absorber layer. These materials are
not only less reactive with chlorine an element used in enhancing the performance of CdTe

cells but also mitigate long-term degradation issues associated with CdTe/CdS interfaces.

Furthermore, computational simulation studies, particularly those using Silvaco-Atlas
software, are critical in optimizing solar cell designs to minimize material losses, improve

efficiency, and reduce costs.

Our comprehensive study seeks to provide insights into improving the quality and
performance of CdTe-based thin-film solar cells by examining the impact of alternative buffer
layers. Investigating variables such as the thickness of the absorber and buffer layers, as well
as doping density, we aim to identify optimal parameters for high-quality, non-toxic buffer
materials that can enhance the optoelectronic properties of these solar cells. This offers a path
forward in the development of cleaner and more efficient energy sources amidst global energy

and environmental challenges.
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V.2 Conceptual and Numerical Model

Silvaco-Atlas software, being a powerful simulation tool, empowers researchers to not
only analyze but also enhance the performance of semiconductor devices, including solar
cells, which often exhibit complex physical structures. Its capabilities extend to the accurate
prediction of thermal, electrical, and optical characteristics in both established and novel

semiconductor devices [2].

We use Silvaco-Atlas to obtain crucial photovoltaic cell (PSC) parameters such as
power conversion efficiency (PCE), fill factor (FF), short-circuit current density (JSC), and
open-circuit voltage (Voc) through simulation. These parameters are essential for evaluating

and optimizing the performance of solar cells.

The Poisson equation (Equation 1V.1), the carriers continuity equations (Equations
IV.2,3), and the drift-diffusion equations (Equations 1V.4,5) serve as the mathematical
foundation for these simulations, enabling us to model and analyze the behavior of charge
carriers within the solar cell device. By leveraging Silvaco-Atlas, we can gain valuable
insights into the operation of CdTe solar cells and optimize their designs to improve efficiency

and performance.

q
AV = p—n+Ng —N, +N
5( o ~Na+N:) (IV.1)

Where A is the Laplacian operator. The Poisson equation shows a relationship between each of
the electrostatic potential (V), the doping density (Np and Na are donor and acceptor), the
electron charge (q), the permittivity (¢), hole and electron densities (p and n) and the defect
density (Ny)

The hole and electron continuity equations are expressed as follows:

1dd,

= Gop(x)— R,
q dx (IV.2)
1dJ

——P_G, (0)-R .
Coe ~CeR, (V3
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Where, Jn, Jp are the current densities of electrons and holes and R,, Rp are recombination
velocities for direct band.

The drift-diffusion equations are expressed as follows:

Jn:_ﬂ% (IV.4)
q OX
oE
JPZ_M_FP (IV.5)
q ox

Where un and up are the electron and hole mobility, Er, and Erp are the n-type and p-type

carrier fermi level.

The principal performance indicators for the solar cell are derived from the analysis of
its current—voltage (I-V) characteristics. The aggregate current (1) constitutes the summation of
the dark current and the light-induced current (photocurrent, Ipn). This relationship is

mathematically represented by the renowned Shockley equation [3,4]:
qVv
=1, —1,| exp(—=)—-1 V.6
ph 0 [ p(akT ) j ( )

Where 1 is the net current flowing through the solar cell, lo is the saturation reverse current, q
is the electron charge, V is the applied voltage, a is the ideality factor, k is the Boltzmann

constant, and T is the absolute temperature.

- The Isc (short-circuit current) when V=0:

le = 1 (IV.7)
- The Voc (open circuit voltage):

v, =&y de (IV.8)

q IO

- The FF (fill factor):

AR "
- The 5 (Efficiency):

n= Pgi:x _ Yoo II;;FF (1V.10)

Pmax IS the maximum power, and Pin is the incident optical power.
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V.3 Design and Material Parameters of CdTe Thin Film Solar Cells

In the current study, we present a CdTe-based thin-film solar cell constructed on a
glass substrate. This cell is composed of a multilayer structure that commences with a window
layer comprised of n-type transparent conductive oxide (ZnO) and intrinsic layer (i-ZnO), the
latter serving to equalize the surface distribution of current density and mitigate potential
shunt or leakage currents at the junction [5]. Following this is a n-doped buffer layer, for
which cadmium-free zinc chalcogenide-based alternatives are suggested to replace the
conventional CdS layer. The core of the cell is formed by a p-type CdTe absorber layer, and
the structure is completed with a Mo-coated back glass substrate, as depicted in Figure 1V.1.
The illustration also details the varying thicknesses and doping levels of each layer.
Illumination conditions are specified as a 1 kW/m2 power density under an AM1.5G solar

spectrum at ambient temperature.

For simulation purposes in Silvaco-Atlas software, we have meticulously determined
the requisite primary parameters of each layer based on a comprehensive review of literature,
empirical studies, and precedent scholarly efforts, collated in Table 1V.1 [3,6,9,11,13,15-18].
Moreover, the optoelectronic properties of Molybdenum have been acquired from the SOPRA

database within the Silvaco-Atlas library [19].

A
Sunlight <]VC>G>
DVQ

ZnO (0.2um)
—  Window layer
i-ZnO (0.05pm)
R —» Buffer layer
p-CdTe (2 um) Na = 2x10*cm — 3 Absorber layer

Figure IV.1: Schematic representation of the proposed CdTe/CdS thin film solar cell structure.
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Table IV.1 Material properties and parameters employed in the numerical simulation of CdTe

thin-film solar cells.

Parameters i-ZnO n-Cds n-ZnS n-ZnSe | n-ZnO p-CdTe
[6] [6-8] [7] [6,9,10] | [7,8] [8,11-

14]

er (F cm™): Relative permittivity 9 10 8.32 10 9 19.6

Egy (eV): Band gap energy 3.3 2.4 3.68 2.9 3.3 1.5

xe (eV): Electron affinity 4.5 4.5 45 4.2 45 4.28

Ny, (cm): VB effective density of states | 1.8x10'° | 1.8x10%° | 1.5x10%° | 1.8x10° | 1.8x10%° | 1.8x10%°

Nc (cm): CB effective density of states | 2.2x10%8 | 2.2x10®8 | 2.2x10%8 | 2.2x10%8 | 2.2x10®8 | 8x10Y

un (cm?Vs): Electron mobility 100 100 250 100 100 100

up (cm?/Vs): Hole mobility 25 25 40 25 25 25

V.4 Discussion and Analysis of Results

1VV.4.1 Numerical Simulation of the CdTe Solar Cell

In the present study, numerical simulations were conducted on a standard CdTe/CdS

solar cell using parameter values enumerated in Table 1V.1. The simulation outputted a

current-voltage (J-V) curve, which is depicted in Figure 1V.2. From this curve, we

extracted key photovoltaic performance metrics, namely the short-circuit current (Isc),

open-circuit voltage (Voc), fill factor (FF), and conversion efficiency (n), which are

summarized in Table 1V.2. These performance indicators are crucial for evaluating the

effectiveness of the solar cell design.

To ascertain the reliability of our simulation model, we compared the derived

performance parameters with both experimental data and other simulation outcomes for an

equivalent structure incorporating a CdS buffer layer, as shown in Table 1V.2. The

congruence of our results with empirical findings and prior simulations corroborates the

validity of our model and the parameters chosen for the simulation process.
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Figure 1V.2: Current density-voltage (J-V) characteristics of the CdTe solar cell.

Table 1.2 Comparative of CdTe/CdS solar cells photovoltaic performance parameters

between different results.

Jsc (mA/cm?) Voc (mV) | FF (%) n (%)
Reference cell 31.73 884 78.89 22.14
Experimental results [1] 31.69 887 78.5 22.1
Simulation results [18] 31.34 872 83.80 22.9

1V.4.2 Influence of Different Buffer Layers

In this section, the effects of employing cadmium-free materials specifically ZnSe,
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Zn0, and ZnS as alternative buffer layers in cadmium telluride (CdTe) thin-film solar cells
are explored. Current-voltage (J-V) characteristics were ascertained through simulation
studies. As depicted in Figure 1V.3, the integration of these alternative buffers (ZnSe, ZnO,

and ZnS) considerably improves the electrical performance of the CdTe solar cells.

Relative to the conventional, toxic cadmium sulfide (CdS) buffer layer, the
substitution with these materials leads to an enhancement in power conversion efficiency by
0.9% to 2.34% and a fill factor (FF) increment of up to 3%. The underlying mechanism for
this enhancement is postulated to be the increase in the optical band gap of the alternative
buffers of 0.5 eV for ZnSe, 0.9 eV for n-type ZnO, and 1.28 eV for ZnS compared to the
band gap of CdS. The increase in band gap is correlated with a rise in the short-circuit current

density (Jsc) from 31.73 mA/cm? with the CdS buffer to 34.46 mA/cm?2 when ZnS is
employed as the buffer layer.

P R
E
<\E30-
£
2257
% —a— 7n0O/CdTe
;20- ZnSe/CdTe
o —a— 7nS/CdTe
3151 | —— CdS/CdTe
10 . : : : : : : :
0 200 400 600 800

Voltage (mV)
Figure 1V.3: J-V characteristics of CdTe solar cells incorporating various buffer layers,
including CdS, ZnSe, Zn0O, and ZnS.

Table 1.3 Numerically simulated photovoltaic performance parameters of CdTe cells
incorporating various buffer layers.
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Jsc (mA/cm?)  Voc (mV) FF (%) n (%)
CdTe/CdS 31.73 884 78.89 22.14
CdTe/ZnSe 32.09 876 81.86 23.04
CdTe/zZnO 33.82 888 76.92 23.13
CdTe/ZnS 34.46 877 81 24.48

1V.4.3 Correlation Between Buffer Layer Characteristics and CdTe Cell Efficiency

Investigations into the pivotal role of buffer layer properties, specifically thickness and
doping concentration, reveal significant implications for the efficiency of CdTe solar cells.
This analysis adheres to a methodical approach in which the buffer layer thickness and doping
levels are selectively varied while ensuring that other physical parameters remain constant,
thereby isolating their effects. Within this examination, buffer layers composed of CdS, ZnSe,
ZnO, and ZnS are systematically modified from 0.01 to 0.12 pm in thickness, with
accompanying data outlined in Table 1V.1 and graphical representations provided in Figure
IV.4. These representations correlate crucial photovoltaic parameters with buffer layer
thickness. The simulations yield conclusive evidence that buffer layer thickness is a
determinant of solar cell performance. A thinner buffer layer is preferable, as it reduces
optical absorption and resistive losses [21], which are detrimental to the cell's efficacy. This
finding is corroborated by similar experimental results previously reported by [22]. As the
thickness escalates, a notable drop in short-circuit current density (Jsc) is observed,
particularly for ZnS and CdS, whereas ZnO and ZnSe reflect minimal variance. Efficiency (1)
trends similarly, with an increase in short-circuit current correlating to enhanced efficiency.

Open-circuit voltage (Voc) attains optimal figures at minimal thicknesses, and despite
Voc exhibiting minor modulations for CdS and ZnO as thickness growths, a rapid decline is
evident for ZnS and ZnSe at thicknesses beyond 0.04 um. The fill factor (FF), another critical
solar cell metric, reaches its peak performance at a buffer layer thickness of 0.04 um for ZnS

and ZnSe, with no noteworthy changes detected thereafter.
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Thus, all buffer layers achieve high efficiency at 0.01 pum thickness (CdS, ZnS, and ZnO) and

0.02 pm (ZnSe). Consequently, a 0.01 pum thickness stands optimal for all buffer layer

thicknesses, a finding corroborated by similar results previously reported, reinforcing the

potential to engineer a more cost-efficient CdTe solar cell with a thinner buffer layer to

maximize absorption.
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Figure IV.4: Investigation of the influence of buffer layer thickness on CdTe solar cell

performance parameters: (a) Jsc (b) Voc (c) Fill factor FF (d) Efficiency n.
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Parallel to thickness optimization, donor doping density (Np) is calibrated, varying

from 107 to 10%° cm=, while maintaining all other doping densities and parameters steady.

Figure 1V.5 delineates the simulated effects of doping density on performance, illustrating

that beyond a threshold of 10 cm™, changes in performance parameters are negligible. This

finding designates 10'® cm™ as the superior doping concentration for all buffer materials,

optimizing cell performance parameters.

— —n -— - .
—Q— CdS/CdTe
—a&— 7nS/CdTe
ZnSe/CdTe
—&— 7n0/CdTe
\

O
A 4 P

[ ]
[ <]

"B ffer layer doping density Ng (cm™ )

(@)

—a— CdS/CdTe
—A— 7nS/CdTe
ZnSe/CdTe
—a— 7Zn0/CdTe
1E17 _1E'18 ) 3 1E19
Buffer layer doping density N_(cm™)
(©)

Voltage (mV)

—a— CdS/CdTe

—a&— 7nS/CdTe
ZnSe/CdTe

—a— 7Zn0/CdTe

\f—

T
1E17

Buffer layer dopi?%sdensity Ng (cm™)

(b)

T
1E19

25.04

24.5+

N

ES

o
1

23.0+

Efficiency (%)

22.5+

22.0

7

—o— CdS/CdTe

—a&— 7nS/CdTe
ZnSe/CdTe

—&— Zn0/CdTe

(]
©

1E17

1E18 4
Buffer layer doping density N_(cm™)

(d)

1E19

Figure 1V.5: Evaluation of CdTe solar cell performance parameters as a function of donor

defect density (Np): (a) Jsc (b) Voc (c) Fill factor FF (d) Efficiency .

74




Chapter IV Results and discussion

IVV.4.4 Impact of Absorber Layer Thickness Variation

The thickness of the absorber layer is a critical determinant of the performance metrics
in photovoltaic cells. To elucidate its effects on the parameters of solar cells, the thickness of
the cadmium telluride (CdTe) absorber layer was varied between 1 um and 4 um. Figure 1V.6
illustrates the resultant impact on the open-circuit voltage (Voc), short-circuit current density
(Jsc), fill factor (FF), and overall conversion efficiency across different buffer layer

configurations.

An initial rapid enhancement in performance metrics is noted as the absorber layer
thickness increases from 1 um to 2.5 pum, after which the parameters plateau between 2.5 pm
and 4 um. The escalation in thickness up to 2.5 um, as depicted in Figure I1V.6 d, correlates
with a heightened photon absorption, with a concomitant rise in the number of photons
absorbed, thereby maximizing the solar cell efficiency. This observed behavior aligns with
findings from a preceding study [23], which suggests that a thickness of 2.5 um is adequate to
absorb approximately 99% of incident photons. Concurrently, both VVoc and Jsc demonstrate a
marginal increase with the thickness of the absorber layer up to 2.5 pum, contributing to the
enhanced efficiency. Thus, an absorber layer thickness of 2.5 um is designated as the optimal
value for CdTe solar cells.

However, augmenting the thickness beyond this optimal point to 4 pm is
counterproductive for carrier collection efficiency. The reason for this decrease in
performance is attributed to elevated recombination events at the interface, which occur due
to the greater thickness, as detailed in reference [24]. Despite the increase in generated
carriers resulting from enhanced light absorption, this increase in recombination reduces the

effective collection of carriers, thereby diminishing the cell efficiency.
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Figure IV.6: Examination of the impact of absorber layer thickness on CdTe solar cell

performance parameters: (a) Jsc (b) Voc (c¢) Fill factor FF (d) Efficiency n.

IV.4.5 Comparative Performance Analysis of Optimized CdTe Cell with Various Buffer

Layers

The study presents an optimized configuration of a cadmium telluride (CdTe) solar

cell, which was simulated incorporating the ideal parameters for layer thickness and doping
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concentration identified as 0.01 pm and 10'® cm™, respectively, for all buffer layers.
Additionally, the CdTe absorber layer was optimized at a thickness of 2.5 um.

Figure 1V.7 displays the current-voltage (I-V) characteristics of the optimized CdTe solar
cells with different buffer layers. The use of ZnSe, ZnO, and ZnS as buffer layers yielded
superior efficiency compared to the conventional CdS/CdTe configuration, as well as
efficiencies reported in previous designs of CdTe-based solar cells, as cited in references
[14,25-30]. The performance outcomes of the novel optimized CdTe solar cell design are
systematically compared with those from prior research in Table 1V.4. The observed high
conversion efficiency substantiates the efficacy of these structures, surpassing the performance

of other cell structures , cited in the references.

The efficiency of the proposed solar cell, characterized by its short-circuit current and
conversion efficiency, surpasses that of the reference cell and various other previously
simulated CdTe-based solar cell designs. This optimized configuration of the solar cell not
only exhibits the highest level of efficiency among those studied but also has the potential to
be more economically viable compared to other CdTe-based solar cell designs, suggesting a
competitive advantage in both performance and cost-effectiveness.
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Figure IV.7: Current-voltage characteristics of the optimized CdTe solar cells.
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Table 1.4 Comparison between suggested structure and previous works.

Jsc (mA/cm?) Voc (mV) FF (%) n (%)
ZnS/CdTe 34.65 881 82.54 25.23
ZnSe/CdTe 34.46 883 82.27 25.04

Our Simulation
CdS/CdTe 34.37 885 81.54 24.82
ZnO/CdTe 33.84 887 80.58 24.20
[30] CdS/CdTe 31.99 894 84.72 24.22
[33] ZnTe/ZnS/CdTe 29.32 1010 72.06 21.38
[34] Cds/CdTe 27.59 1030 85.83 24.35
[17] ZnS/CdTe/BSF  24.812 1024 86.92 22.10
[17] ZnS/CdTe 22.985 901 85.58 17.73
[11] Cds/CdTe 29.09 950 83.47 23.00
[18] Cdzns/CdTe  16.20 1098 86.89 15.46
[9] CdS/CdTe/BSF  24.26 1060 87.5 2251

1V.4.6 Effect of Operating Temperature on the Performance of Optimized CdTe Cell

The impact of operating temperature on the performance of solar cells is a critical
factor that warrants comprehensive investigation. Solar panels, which are commonly installed
in outdoor environments, frequently operate at temperatures surpassing 300 K due to the
absorption and conversion of sunlight into heat [31]. Recent studies have revealed that
elevated temperatures induce heightened levels of strain and stress within the structural
components of solar cells [32]. Consequently, this thermal stress leads to an increase in
interfacial defects, disorder, and suboptimal interconnectivity between the various layers of
the solar cell [33]. These thermally-induced imperfections have a detrimental effect on the
power output, energy efficiency, overall performance, and operational lifetime of the solar
cell. Therefore, understanding and mitigating the influence of high operating temperatures is

crucial for optimizing the functionality and longevity of solar cells in real-world applications.
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The influence of operating temperature on the performance characteristics of optimized

cadmium telluride (CdTe) solar cells was systematically investigated over a temperature

spectrum ranging from 260 K to 340 K, in increments of 20 K. The corresponding simulation

outcomes are depicted in Figure 1V.8.
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Figure IV. 8: Assessment of the effect of operating temperature on CdTe solar cell performance
parameters: (a) Jsc (b) Voc (c) Fill factor FF (d) Efficiency .
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The empirical data indicates a discernible degradation in the performance of the solar cell with
an ascending operating temperature across the examined spectrum for different buffer layers.
A rise in temperature can induce alterations in the conductivity of materials, thereby
diminishing the performance of the CdTe thin-film solar cell system. This thermal effect is
attributed to the increased kinetic energy of electrons, which promotes their recombination
prior to reaching the depletion zone for collection.

It is evident that all performance metrics deteriorate with an increase in temperature. The most
significantly impacted parameter is the open-circuit voltage (Voc), which exhibits a
precipitous decline as temperature increases, attributable to the negative correlation of the
saturation current with temperature as described by Equation (1VV.11). The variation in Voc is

governed by the stipulated equation [35].

Voe = 5—ﬁln(l—") (IV.11)

q g Ion
Thermal excitation diminishes the band gap, leading to elevated electron energies and an
amplified saturation current, owing to the exponential surge in charge carrier density with
temperature. Concurrently, the short-circuit current density (Jsc) experiences a marginal
reduction, predominantly due to augmented recombination rates at elevated temperatures.

The peak efficiency is recorded at the lower threshold of 260 K, where the efficiency
of our proposed cells surges by approximately 5% over that at ambient temperature. However,
upon elevating the temperature of the CdTe cells from 260 K to 340 K, a significant drop in
efficiency is observed: from 30.47% to 21.73% for CdTe/ZnS, from 30.14% to 21.42% for
CdTe/CdS, from 30.25% to 21.52% for CdTe/ZnSe, and from 28.20% to 21.02% for
CdTe/ZnO. Analogous trends in performance parameters have been corroborated by other
studies [34-36].

The operational temperature exerts a substantial impact on the efficacy of solar cells;
lowering the operating temperature can significantly enhance cell efficiency. To this end,
various cooling methodologies for photovoltaic (PV) cells have been developed, including
water cooling and forced evaporative cooling [37,38]. The adoption of active cooling
mechanisms, such as forced air circulation, may effectively mitigate thermal effects on panels
[39], thereby sustaining high efficiencies in PV systems. This innovative strategy could

markedly advance the practical deployment of solar PV technologies.
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1\V.5 Conclusion

In the present study, we have systematically analyzed the optoelectronic characteristics
of cadmium telluride (CdTe) thin-film solar cells incorporating alternative buffer layers
through simulations conducted with Silvaco Atlas software. Our comparative assessment
reveals that CdTe solar cells employing zinc sulfide (ZnS), zinc selenide (ZnSe), and zinc
oxide (ZnO) as cadmium-free buffer layers exhibit promising potential as replacements for the
traditional cadmium sulfide (CdS)/CdTe solar cells. The photovoltaic performance, notably
the efficiency and the short-circuit current density (Jsc), is notably enhanced in cells
incorporating ZnS and ZnSe as buffer layers through optimization of critical parameters,
leading to an increase in generated photocurrent.

Optimization procedures established an ideal absorber layer thickness of 2.5 um, while
the doping concentration and thickness for all buffer layers were determined to be 1x10%8 cm™
and 0.01 pm, respectively. These optimized configurations yielded significant improvements
in cell efficiency. Among the buffer layers evaluated, those with ZnS and ZnSe achieved the
highest recorded efficiencies of 25.23% and 25.04%, respectively. Additionally, our
simulation results indicate that the performance of CdTe solar cells is inversely related to the
rise in operational temperature across all buffer layer types.

The findings from the simulations of the proposed CdTe thin-film solar cell
configurations underscore their environmental sustainability, cost-effectiveness, and high
efficiency. This study provides a valuable framework for researchers in the design and
development of advanced CdTe-based solar cells and may offer practical insights for

experimentalists to fabricate such cells in future endeavors.
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General Conclusion

This present work focuses on the study, through numerical simulation, of a inorganic
CdTe-based thin-film solar cell with the aim of designing an optimal structure offering the
best possible electrical efficiency. The numerical simulation was carried out using the two-

dimensional simulator Atlas-Silvaco.

A literature review was conducted to allow us to better understand the subject of our
study. At first, we recalled some basic concepts on the theory of solar cells. We explored the
state of the art in photovoltaic cell technology and the various constraints that cause losses that
can influence the performance of a photovoltaic cell. We then devoted a more or less detailed
study to CdTe-based thin-film solar cells. This part includes a technological analysis and a
recent presentation on solar cells, through a synthesis of different techniques, technologies,

and records concerning the performance and efficiency of this type of solar cells.

A part of this work was devoted to a relatively detailed presentation of the Atlas-Silvaco
simulation software. Finally, our study will end with a final part that will present and process

our results from the numerical simulation of the studied structure.

The CdTe thin-film solar cell was chosen in our study because of its advantages and
components. In the simulation part, numerical simulations were performed to investigate the
performance of CdTe thin film solar cells utilizing various Cd-free zinc chalcogenide-based
buffer layers (ZnO, ZnSe, ZnS) as alternatives to the conventionally used CdS. The baseline
CdS/CdTe solar cell structure was first validated against previous experimental and theoretical

results, yielding a conversion efficiency of 22.14%.

Replacing the CdS buffer layer with ZnO, ZnSe, and ZnS resulted in improved
efficiencies of 23.04%, 23.13%, and 24.48%, respectively, at an optimized buffer layer
thickness of approximately 0.1 um. Further optimization of the absorber and buffer layer
thicknesses and doping densities enabled achieving best efficiencies of 25.23% and 25.04%
for the ZnS and ZnSe buffer layers, demonstrating their potential as high-performance Cd-free

alternatives.

The superior performance of the Zn-based buffer layers can be attributed to their larger
bandgaps compared to CdS, allowing more photons to reach the CdTe absorber layer and

reducing optical absorption losses, especially in the short wavelength range (400-500 nm).
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Moreover, these materials are less susceptible to detrimental interactions with chlorine during
cell fabrication that can lead to the formation of insulating CdCl> precipitates and degrade the
buffer/absorber interface. The reduced interface diffusion with Zn-based buffers may also

mitigate potential long-term stability issues in CdTe solar cells.

In conclusion, the results of this simulation study provide strong evidence for the
viability of Cd-free zinc chalcogenide buffer layers, particularly ZnS and ZnSe, as high-
efficiency and environmentally friendly alternatives to CdS in CdTe thin film solar cells. The
achieved efficiencies over 25% with optimized ZnS and ZnSe buffers represent a significant
advancement over the baseline CdTe/CdS structure. These findings motivate further
experimental work to validate the simulation results and accelerate the development of Cd-free

CdTe photovoltaic devices.

Continued research efforts in this direction, along with techno-economic and lifecycle
assessments, are essential to bring this promising thin film technology closer to large-scale
commercial realization and contribute to the sustainable generation of clean solar electricity.
Successful deployment of high-efficiency and eco-friendly CdTe solar cells can play a vital
role in addressing the escalating global energy demands and environmental challenges in the

face of multiple world crises.
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