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I The short circuit current (mA/cm2).

Voo - The open circuit voltage (Volt).
FF: The fill factor (%).

n: The conversion efficiency (%).

I : Saturation current (mA/cm?2).

Ipn Photo-generated current (mA/cm?).
a-Si: Amorphous silicon.

CdTe: Cadmium telluride.
CIGS: Copper indium gallium diselinide.

AML1.5:; The air mass.

Eg: Band gap (eV).
e Electron affinity (eV).
€: Dielectric permittivity (relative).

N.,N,: Theeffective density of states for the conduction band and valence band respectively

(atoms/ cm?3).
Venn, Venp:  Electron and hole thermal velocity respectively (cm/s).
Hp, Kp: Electrons and holes mobilities respectively (cm?/Vs).
Na, Np: Concentration of acceptor and donor atoms respectively(cm™3).

Np: Concentration of traps (defects) (ecm™3).
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General introduction

The energy is listed as the first priority of the humanity for the next years. It is widely used in
industry, transport, communication, agriculture and in daily life. It comes under multiple forms
divided in two main categories. The first is the category of energy called no renewable, extract
of coal, gas, oil and of uranium. The second is that of energy called renewable as the wind
turbine, the biomass, geothermal, hydroelectric, solar thermal and photovoltaic or what we
called solar energy.

Solar energy is the most promising source of energy of modern area. It has a biggest advantage
over the conventional power generation systems that the sunlight can be directly converted into
solar energy with the help of solar cells. This type of electrical energy production methods is
cost effective, generates no toxic materials, and follows green approach. The modern
photovoltaic technology follow the principle that, each cell consists of two different layers of
semiconducting materials i.e. p type material and n type material. When photon of appropriate
energy strikes this combination of materials an electron by acquiring energy from photon moves
from one layer to another and consequently generates electricity. Modern technologies are using
this phenomenon for production of solar cells but less efficiency and high cost are major setback

for them.

In previous many year, silicon wafer has been the prominent material used for fabrication of
solar cells but due to high cost and low efficiency, it has gradually lost the interest of
researchers. Nowadays, other materials appear to be competitive with silicon, among them the
chalcopyrite structured semiconductors of the CIS-based family (Cu (In, Ga, Al) (Se, S), [1],
where conversion efficiencies of up to 20.3% have been demonstrated on rigid glass substrates
[2]. Indeed, these compounds have bandwidths between 1 eV (CulnSe,) and 3 eV (CuAlS,)
which allows them to absorb most of the solar radiation, and these materials are today the ones
that make it possible to achieve the highest photovoltaic conversion efficiencies from thin film
devices[3, 4]. In particular Cu (In, Ga)Se,, which is considered to be the most efficient among
all CIS-based solar cells [4]. The interest in CIGS thin film solar cells has increased

significantly due to its promising characteristics for high performance and low cost [5].

The objective of the present thesis is to study the effect of the permittivity on CIGS based solar
cells figures of merit by a numerical simulation with SCAPS software [6].

X1l



This thesis is divided into four chapter:

X/
L X4

X/
L X4

X/
L X4

The first chapter is generalities about solar cells (definition, working principle, the I-V
characteristics, electrical circuit equivalence, the different figures of merit and
generations).

The second chapter is about general properties of CIGS based solar cells.

The third chapter is about SCAPS software.

The fourth includes simulation results and discussion.
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i CHAPTER I:
Generalities about

solar cells




1.1 Introduction

Solar energy is the most promising source of energy of modern area. It has a biggest advantage
over the conventional power generation systems that the sunlight can be directly converted into
solar energy with the help of solar cells. This type of electrical energy production methods is
cost effective, generates no toxic materials and follows green approach. The sun light can easily
compensate the energy drawn from the non-renewable sources of energy such as fossil fuels
and petroleum deposits inside the earth. The fabrication of solar cells has passed through a large
number of improvement steps from one generation to another. Silicon based solar cells were
the first-generation solar cells grown on Si wafers, mainly single crystals. Further development
to thin films, dye sensitized solar cells and organic solar cells enhanced the cell efficiency. The

development is hindered by the cost and efficiency [7, 8].

In this chapter, we will talk about the photovoltaic effect, the p-n junction and we cite some
concepts about solar cells, including their(definition, working principle, the current —voltage
characteristics, electrical circuit equivalence, and the different figures of merit) and we will

conclude with a short description of the various existing generations.

1.2 The photovoltaic effect (PV)

A French physicist, Edmund Becquerel, first observed the physical phenomenon responsible
for converting light to electricity -the photovoltaic effect-in 1839 [7]. Becquerel noted a voltage
appeared when one of two identical electrodes, in a weak conducting solution, was illuminated.
It is the basis of the conversion of light to electricity in photovoltaic or solar cells. Simply
described, the PV effect is as follows: light, which is pure energy, enters a PV cell and imparts
enough energy to some electrons (negatively charged atomic particles) to become free. A built-
in-potential barrier in the cell acts on these electrons to produce a voltage (called photo-
voltage), which can be used to drive a current through a circuit [7]. The Figure 1.1 represent

the photovoltaic effect.
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Figure I.1: The photovoltaic effect.

1.3 The p-n junction

When we assemble (using special techniques) two semiconductor materials, one of type P and
the other of type N, like in “Figure 1.2, we obtain what is called a PN junction. When the two
types of semiconductors come into contact, the electrons, which are the majority in the N side,
will diffuse, under the effect of the concentration gradient, towards the P side and similarly, the
holes in the P side will diffuse towards the N side [9].

Figure 1.2: The p-n junction [10].

There are two type of p-n junctions:

++ Steep junction (step junction): the transition from the region "P" to the region "N" takes
place on an infinitely fine thickness.
¢+ Gradual junction (linearly graded junction): the transition from the region "P" to the

region "N" takes place according to a linear law [11].




1.4 The solar cell

1.4.1 Definition

Solar cell is a device that converts energy from the sun directly into electrical energy. It provides
the longest-lasting source of energy for satellites and space vehicles. It has also been
successfully implemented in several small-scale terrestrial applications. Its importance has not
stopped growing, especially since the world has come to realize that, it must develop other
energy resources other than conventional resources. The best candidate for this function is the
sun [12, 13].

1.4.2 Solar cell work principle
The heart of the solar energy generation system is the solar cell. It consists of three major

elements namely:

e The semiconductor material which absorbs photons (whose energy is greater than the gap)
and generates an electron-hole pair.

e The junction formed within the semiconductor, which separates the photo-generated
carriers (electrons and holes) electrons to the negative terminal and holes to the positive
terminal.

e The contacts on the front and back of the cell that allow the current to flow to the external
circuit [14].

Figure 1.3 show the solar cell work principle.
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Figure 1.3: Solar cell work principle.




1.4.3 Current -voltage characteristics of a solar cell

The characteristic curve of a PV cell represents the variation of the current that it produces as a
function of the voltage at the terminals of the PV cell. In fact, the operation of the photovoltaic
cells depends on the sunlight and temperature conditions on the surface of the cell. Thus, each
current-voltage curve corresponds to specific operating conditions at fixed temperatures for the

two regimes under darkness and under illumination [9, 15].

The following relation gives the current through a p-n junction diode in dark:

qV

I=I,,(eXs™ — 1) .1

Where I, is the saturation current in reverse bias under zero illumination, q is the electronic

charge, V is the applied voltage, Ky is Boltzmann’s constant, T is the temperature of the cell.

An ideal diode characteristic for an illuminated cell is shown in Figure 1.4. In the dark the J-V
plot would go through the origin and as the light intensity increases, the short-circuit current

becomes increasingly negative, indicating the presence of a photo-generated current [9, 15].

The equation for the 1-V characteristic of this ideal device is:
s
I=1I4, (eKBT - 1) — Iy 1.2
I, is the photogenerated current. A characteristic current voltage of a cell at the rising pace:

J4

DARK

Figure 1.4: Solar cell J-V characteristic.




This characteristic is shifted downwards by a current I (short circuit current). Similarly, it cuts

the abscise axis in V,. (maximum open circuit voltage).

1.4.4 Equivalent electrical circuit of a solar cell

The operation of a solar cell can be modeled by considering the electrical equivalent diagram
below “Figure 1.5”. We can consider the case of an ideal photovoltaic cell comprising current
generated by the photons and the diode, which models the p-n junction, a current source and a
diode in parallel. The current source models to consider the case of a real photovoltaic cell. The

equivalent circuit must integrate [15]:

|
—0

Figure L.5: Equivalent electrical circuit for an ideal solar cell [10].

1.4.5 Figures of merit of a solar cell

1.4.5.1 Short circuit current (Ig.)
The short-circuit current is the current of a solar cell under standard illumination conditions

when the load has zero resistance. In this case, the voltage is zero. It means:

For an ideal solar cell, the short circuit current is equal to the photovoltaic current Iy,.

I (V= 0) = I, 1.3

1.4.5.2 The open-circuit voltage (V,.)
The open circuit voltage V. is the maximum voltage that can generate the cell. It is the voltage

between the terminals of a solar cell under standard illumination conditions when the load has




infinite resistance that is open, in this situation, the current flowing through the cell is zero
(I = 0). Itis given by the relation:

KpT 1
Voo = %ln(ﬁ +1) L4

1.4.5.3 The maximum power (P,,)
The operating point is imposed by the load resistance and not by the cell itself. A judicious

choice of the load resistance will thus make it possible to obtain the maximum power, either

Pray = Im X Viy L5

1.4.5.4 Fill factor (FF)

The fill factor or FF gives us an overview of the cell quality. It is the ratio between the maximum
power outputs V,, . I,,(The surface of the smallest rectangle) and the ideal power V.. I, (The
surface of the largest rectangle), where V,, and I,, are the voltage and current value
corresponding to the operating point P,, for which the power is maximum. The following

relation gives the FF:

FF - Pmax — Vm X Im I.6

Voc X Isc Voc X Isc

The fill factor is shown in “Figure 1.6 “below:
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Figure 1.6: The fill factor.




1.4.5.5 Efficiency (1)

From these parameters (V,., Isc and FF), it is possible to determine the efficiency of the cell,
which is the most important parameter since it allows the evaluation of the performance of the
PV cell. It is defined as the percentage associated with the ratio between the power generated
by the cell (P.e;;) and the incident power (P,,) of the light radiation illuminating the cell. It is

calculated according to the following formula [16]:

(M) = "2 X 100% = " x 100% =

in in

BFocxse % 100% 1.7

Power conversion efficiency is important since it determines how effectively the space occupied
by a solar cell is being used and how much area must be covered with solar cells to produce a
given amount of power. Since larger areas require more resources to cover with solar cells,
higher (n) is often desirable. We can improve it by increasing the short current circuit, the open

circuit voltage and the fill factor.

1.4.5.6 The Quantum Efficiency

The quantum efficiency of a solar cell is defined as the ratio of the number of electrons in the
external circuit produced by the number of an incident photon of a given wavelength. Thus, one
can define external and internal quantum efficiency denoted by EQE(A) and IQE(A)
respectively. They differ in the treatment of photons reflected from the cell; all photons hitting
on the cell surface are taken into account in the value of the EQE(A) but only photons that are
not reflected are considered in the value of IQE(A) [17]. The following relation gives the

quantum efficiency:

_1  he I
QE(A) = . X ==X P o) L8

1.4.5.7 The spectral response (SR (4))

The spectral response (SR (1)), with the unit (A/W) is defined as the ratio of the photocurrent
generated by a solar cell under monochromatic illumination on the incident power P;, (A1) for
each wavelength, the spectral response can be written in terms of the quantum efficiency as
[17]:

SR() =2 x QE(A) L9




Where A is in micrometer. Spectral response can be either internal or external, depending on

which value is used for the quantum efficiency.

1.4.6  The three generations of solar cells

The photovoltaic solar cells are categorized into various classes as discussed in the following

sections:

1.4.6.1 First Generation solar cell-wafer based

This type of cell is based on a single p-n junction and generally used silicon in crystalline form
as a semiconductor material. This was the beginning of the "first generation™ of solar cells made
from a solid silicon substrate derived from ingot printing and platelet cutting. This production
method based on silicon wafers is very energy intensive and therefore very expensive. It also

requires a silicon of high purity [12].

As it is already mentioned, the first-generation solar cells are produced on silicon wafers it is
the oldest and the most popular technology due to high power efficiencies. The silicon wafer-

based technology is further categorized into two subgroups named as:

+ Single/ Mono-crystalline silicon solar cell.

+ Poly/Multi-crystalline silicon solar cell [8].

1.4.6.1.1 Single/Mono-crystalline silicon solar cell

Are produced by growing high purity, single crystal Si rods and slicing them into thin wafers.
Single crystal wafer cells are expensive. They are cut from cylindrical ingots and do not
completely cover a square solar module. To save material and space, the solar cells are cut to
an octagonal piece. Mono crystalline solar cell, as the name indicates, is manufactured from
single crystals of silicon by a process called Czochralski process. During the manufacturing
process, Si crystals are sliced from the big sized ingots. There is always some wasted space
because of the cut corners. These large single crystal productions require precise processing, as
the process of “recrystallizing” the cell is more expensive and multi process. The efficiency of
mono-crystalline single-crystalline silicon solar cells lies between 17% - 18 %. Solar cells are
usually perfect squares; there is no wasted space [8, 14, 16]. The “Figure 1.7” show the mono-

crystalline solar cell.

K



Figure 1.7: Mono-crystalline solar cell

1.4.6.1.2 Polycrystalline silicon solar cell (Poly Si or Mc-Si)

Polycrystalline PV modules are generally composed of a number of different crystals, coupled
one to another in a single cell. The polycrystalline solar cells “Figure 1.8” are cut from a
rectangular ingot [8, 16]. The processing of polycrystalline Si solar cells is more economical,
which are produced by cooling a graphite mold filled containing molten silicon. Polycrystalline
Si solar cells are currently the most popular solar cells. They are believed to occupy most up to
48% of the solar cell production worldwide during 2008. During solidification of the molten
silicon, various crystal structures are formed. Though they are slightly cheaper to fabricate

compared to mono-crystalline silicon solar panels, yet are less efficient than ~12% - 14 % [8].

Figure L.8: Polycrystalline solar cell.




Crystalline silicon solar cells at the commercial level have achieved efficiencies of as much as
16%, whereas experimental developments have achieved efficiencies of more than 24% [18].

1.4.6.2 Second generation solar cell —thin film solar cells

Second-generation solar cells are also known as thin-film solar cells because when compared
to crystalline silicon-based cells, they are made from layers only a few micrometers thick. After
more than 20 years of R&D, thin-film solar cells are beginning to be deployed in significant
quantities. Thin-film solar cells could potentially provide lower cost electricity than c-Si wafer-

based solar cells [19].
Thin film solar cells are classified as;

e a-Si
e (CdTe
e CIGS[8].

1.4.6.2.1 Amorphous silicon thin film (a-Si) solar cell

Amorphous silicon offers the potential for a cheap production technology for terrestrial
photovoltaic solar cells. The most common method for producing a-Si: H for photovoltaic is by
plasma-enhanced CVD from SiH4 mixtures. The film is deposited onto a textured conducting
oxide such as indium-tin oxide (ITO), which provides the electrical contact and increases the
average light path in the absorber layer to increase absorption. The device structure is a p-i-n
with absorption taking place in the middle (insulator) layer, which is only 0:5um thick [20].
Amorphous Si (a-Si) PV modules are the primitive solar cells that are first to be manufactured
industrially is can be manufactured at a low processing temperature, various low cost, polymer
and other flexible substrate. These substrates require a smaller amount of energy for processing.
Therefore, a-Si amorphous solar cell”’Figure 1.9” is comparatively cheaper and widely
available. Currently, the efficiencies of commercial PV modules vary in the range of 4% - 8%.
They can be easily operated at elevated temperatures, and are suitable for the changing climatic

condition where sun shines for few hours [8].




Figure 1.9 : a-Si solar cell.

1.4.6.2.2 Cadmium Telluride C4T, thin film solar cell

Cadmium telluride (CdTe) photovoltaic, describes a photovoltaic (PV) technology that is based
on the use of cadmium telluride, a thin semiconductor layer designed to absorb and convert
sunlight into electricity. Cadmium telluride PV is the only thin film technology with lower costs
than conventional solar cells made of crystalline silicon in multi-kilowatt systems [13]. It has a
band gap of ~1.5 eV as well as high optical absorption coefficient and chemical stability.
These properties make CdTe most attractive material for designing of thin-film solar cells,
another advantage is its compatibility with CdS, a wide-band-gap semiconductor for which it
is easy to generate an n-type film. Because the absorption edge of CdS is 2.4 eV. It is
transparent to the bulk of solar radiation. Its efficiency usually operates in the range 9%-11%
[8]. Figure 1.10 describe the C4T, solar cell:

Figure 1.10 : C4T, solar cell




1.4.6.2.3 CIS/CIGS/CIGSS thin film solar cell

CIGS is a quaternary compound semiconductor comprising of the four elements, namely:
Copper, Indium, Gallium and Selenium. CIGS are also direct band gap type semiconductors.
Compared to the C4 T, thin film solar cell, CIGS hold a higher efficiency ~10% - 12%. Due to
their significantly high efficiency and economy, CIGS based solar cell technology forms one
of the most likely thin film technologies. The processing of CIGS are done by the following
techniques: sputtering, co-evaporation, electrochemical coating technique, printing and electron

beam deposition [8]. Figure 1.11 below represent CIGS solar cell.

Figure I.11: CIGS solar cell.

1.4.6.3 Third Generation Solar Cells
Third generation cells are the new promising technologies but are not commercially

investigated in detail:

1) Nano crystal based solar cells.
2) Polymer based solar cells.

3) Dye sensitized solar cells.

4) Organic photovoltaic.

5) Perovskite solar cell [8].

1.4.6.3.1 Nano Cristal Based Solar Cells
Nano crystal based solar cells are generally also known as Quantum dots (QD) solar cells. These
solar cells are composed of a semiconductor, generally from transition metal groups, which are

in the size of nano crystal range made of semiconducting materials. QD is just a name of the




crystal size ranging typically within a few nanometers in size, for example, materials like porous
Si or porous T;0,, which are frequently used in QD. Nano crystal solar cells are solar cells
based on a substrate with a coating of nano crystals. The nano crystals are typically based on

silicon, C4 T, or CIGS and the substrates are generally silicon or various organic conductor [13].

However, the efficiency is only around 2.5% compared to the theoretical efficiency of 44%
[18].

1.4.6.3.2 Polymer solar cell
In this case the material used to absorb the solar light, is an organic material such as a conjugated
polymer. A polymer solar cell “Figure 1.12” is composed of a serially connected thin functional

layers coated on a polymer foil or ribbon [8, 13].

The basic principle behind both the polymer solar cell and other forms of solar cells, however,
is the same, namely the transformation of the energy in the form of electromagnetic radiation

(light) into electrical energy (a current and a voltage), i.e. PV effect. Researchers achieved

\

efficiency over 3 % [8, 13].

Figure 1.12: Polymer solar cell

1.4.6.3.3 Dye-Sensitized Solar Cell (DSSC)

In early 1990, Michel Gratzel and coworkers form Swiss federal institute of technology
designed mesoscopic cell or nanocrystalline dye sensitized solar cell using interpenetrating
network of nanoscale titanium dioxide (TiO2) covered with monolayer of sensitizing dye
molecules with efficiency of 12%. The limitization of DSCs is poor optical absorption

characteristics in near infrared region. Present sensitizers’ posses’ poor optical absorption




resulting in low conversion efficiency [1]. DSSC also sometimes referred to as dye sensitized
cells (DSC), are a third generation photovoltaic (solar) cell that converts any visible light into
electrical energy. DSSC were invented in 1991 by Professor Michael Grétzel and Dr Brian
O’Regan at Ecole polytechnique Federal de Lausanne (EPFL), Switzerland and is often referred
to as the cell, we call it G Cell [13]. This new class of advanced solar cell can be likened to
artificial photosynthesis due to the way in which it mimics nature’s absorption of light energy.
Nevertheless, dye-sensitized solar cells have some disadvantages: first, the efficiency is about
one-half of that of the crystalline silicon solar cells, second, the necessity of a liquid-phase
electrolyte made the solar cell mechanically weak; third, the long-term stability of the organic
materials needs to be improved [16].this kind of solar cells is shown below in “Figure 1.13”.

Figure 1.13: Dye sensitized solar cell.

1.4.6.3.4 Organic solar cell

Organic solar cells are composed of organic or polymer materials (such as organic polymers
or small organic molecules). They are inexpensive, but not very efficient. They are emerging
as a niche technology, but their future development is not clear. Their success in recent
years has been due to many significant improvements that have led to higher efficiencies. OPV
module efficiencies are now in the range 8% to 10% for commercial systems. Organic cell
production uses high-speed and low temperature roll-to-roll manufacturing processes and

standard printing technologies [19].




1.4.6.3.5 Perovskite solar cell

The name ‘perovskite solar cell' is derived from the ABX3 crystal structure of the absorber
materials, which is referred to as perovskite structure. The most commonly studied perovskite
absorber is methyl-ammonium lead tri-halide (CH3NH3PbX3), where X is a halogen ion such
as [-, Br— and Cl—, A and B are cations of different size., with an optical band gap between 2.3
eV and 1.6 eV, depending on halid content the perovskites based solar cells can have an
efficiency up to 31%. It can be predicted that these perovskites may also play an important role
in next generation electric automobiles batteries, according to an interesting investigation
recently performed by Volkswagen however; current issues with perovskite solar cells” Figure
1.14” are their stability and durability. The material degrades over time, and hence a drop in
overall efficiency. Therefore, more research is needed to bring these cells into the market place
[8, 13].

Figure 1.14: Perovskite solar cell.
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1.1 Introduction

Copper indium gallium (di) selenide Cu(In,Ga)Se, (CIGS) is an I-111-VI, semiconductor
material composed of copper, indium, gallium, and selenium. The material is important for
terrestrial applications of solar cells because of their high efficiency, long-term stable
performance and potential for low-cost production. Thin film solar cells with polycrystalline
Cu(In, Ga)Se, (CIGS) absorber layers provide a good alternative to wafer based crystalline
silicon solar cells, which currently constitute the major share of photovoltaic installed and used
worldwide. The CIGS based solar cells exhibit excellent outdoor stability, radiation hardness
and highest efficiencies (19.2%) [21]. Cu(InGa)Se,-based solar cells have often been touted as
being among the most promising of solar cell technologies for cost-effective power generation
[22]. Solar cells based on chalcopyrite Cu(In, Ga)Se,(CIGS) absorbers are among the most
promising thin-film photovoltaic technologies with Laboratory Scale Power Conversion
Efficiencies (PCE) reaching 20.4% on a flexible polymer substrate and 22.6% on a soda lime
glass (SLG) substrate [23]. Its development for solar cells began in the 1970s. Since then, device
conversion efficiencies have exceeded 20% in the laboratory and reached 13% on an industrial
scale. Although a CIGS cell consists of at least six different materials, it is mainly the
understanding and improvement of the properties of the absorbing material that are at the heart

of the progress made [24].

In this chapter, we will present, in the first part, general properties (structural, electrical and
optical) of the material Cu (In, Ga) Se,(CIGS). The second part contain a description of CIGS

based solar cells.

1.2 CulnSe, structure(CIS)

The material at the base of CIGS is CIS (CulnSe). It is a semiconductor with a tetragonal
structure of chalcopyrite, corresponding to the superposition of two zinc-blende structures of
I1-VI materials such as ZnS (Figure II.1 (a)). Its unit cell is centered face of parameters: a =
5.7854, ¢ = 11.612A and /5 = 2.006A [25]. The chalcopyrite structure of the tetragonal
form is characterized by the alternation of the atoms of Cu and of In. Each atom of Se is
tetrahedral bound to two atoms of Cu and of In while each atom of Cu or In is surrounded by
four atoms of Se. The length of the bond Cu- Se is 2.43 A and that of In is 2.57 A, which gives
a distortion tetragonal unit of 0.3% [25]. Figure 11.1 (b) shows the structure of the molecule in
CIS. In the case of CIGS, the sites of the group III atoms are therefore occupied by In or Ga

atoms, in proportions depending on the composition of the alloy In other words, the CIGS is a
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solid solution CulnSe, and CuGaSe,. Figurell.2 shows the differences in crystal structure

between three semiconductors used in photovoltaic: Si, CdTe and CIGS.

Figure I1.1: Unit cells of chalcogenide compounds. (a) Sphalerite or zinc blende structure
of ZnSe (two unit cells); (b) chalcopyrite structure of CulnSe2. The metal sites in the two
unit cells of the sphalerite structure of ZnSe are alternately occupied by Cu and In in the

chalcopyrite structure [3].
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Figure I1.2: Comparison of the elementary meshes of the crystal structures of Si, CdTe and

CIGS. Chalcopyrite structure after [26]
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Among the different compounds chalcopyrite ABX2, we cite in particular the fourth ternary
compounds: CulnSe, CuGaSe,, CulnS,, CuGaS,[27]. all these compounds can sphalerite,
chalcopyrite and CuAu. The change of atoms between each ternary modification of the length
of links inter-elements, and done one modification of mesh. The values of reference compounds

are listed in the following table:

Table 11.1: Parameters of the chalcopyrite ternaries derived from CulnSe, are grouped
together [27].

11.6190 2.0095
11.0320 1.9658
11.1200 2.0134
10.4900 1.9571

The various alloys derived from CulnSe, are grouped under the term Cu(In_xGay)Se;

Ga

Alternatively, x = oo

where is the Ga composition representing the level of gallium atoms,

which replace the indium atoms in the structure.

The different quaternary solid solutions of: Cu(In(,_)Gay)Se, type, have been characterized
by numerous authors. The evolution of the mesh parameters follows the Vegard law [28, 29],
that is to say that the parameters evolve linearly between the values of the two associated
ternaries. The evolution of quaternary Cu(Ing;_x Gay)Se, lattice parameters is shown in

Figurell.3.
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Figure 11.3: Evolution of a and ¢ mesh parameters values, and the ratio c/a as a function

of the ratio Ga/(In + Ga) for the Cu(In_,,Ga,)Se, solid solution [27].

11.3 Pseudo-binary phase diagram of the Cu-In-Se system
The chalcopyrite structure corresponds to phase of the Cu — In — Se system. Figure 11.4 shows
ternary phase [30] of this system at room temperature as well as the pseudo-binary diagram

Cu,Se — In,Se; [31].
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Figure 11.4: a) Ternary diagram of the Cu-In-Se system at room temperature .b) Pseudo-

binary diagram of the intermediate compounds Cu,Se and In,Se [26].

The majority phases obtained during the elaboration of CIS (including the chalcopyrite structure
a-CIS), are located around the junction line between these last two compounds [32]. Knowing

that the selenium is generally brought in excess during the processes of elaboration of CIS, it is




essentially the ratio of Cu (ratio [Cu]/ [In]) which determines the position (and thus the type of
phases formed) on this axis. At ambient temperature, the o -CIS phase corresponds to a Cu
concentration of between 24% and 24.5 atomic% .This domain extends as the temperature
increases up to about 600° C. Above 700 ° C, a disordered phase of the sphalerite type ( 6-CIS)
appears. This latter differs from the chalcopyrite phase in that the cation sites are randomly
occupied by Cu orIn. This means that in the exact proportions corresponding to the
stoichiometric of CulnSe, (25% Cu), a mixture of a- CIS and Cu, was obtained [33]. The same
is true for higher copper levels. This configuration is not desirable to realize photovoltaic
devices, because the presence of Cu,_,Se conductive phase’s type in CIS grain boundaries

may be the source of short circuits [34].

The phase y has a flap structure [35]. The phase domain f is in the presence of ordered defects
in the a — CIS chalcopyrite structure. This is why these phases are commonly called "ODC
phases” (Ordered Defect Compound) has been theoretically demonstrated that these ordered
defects are mostly neutral assemblies of the type ( 2Vg,~ + Ing,*") (two Cu(l) vacancies and
substitution of Cu(I) atom by In(IIl) atom), because their formation is energetically favorable.
Be considered as periodic repetitions of a defect (2V¢,~ + Ing, ") all the elementary n cells of
a-CIS. The calculations show that the compensation of the In¢,** by the Vg,~ makes the
material less susceptible to the presence of(2Vg,” + Inc,?t). We will see later that these
defects, and more particularly the V., participate in the p doping of CIGS [36]. For these
reasons, the CIGS is considered a material with a high capacity to remain stable over wide
composition ranges, essentially in the Cu-poor domain (copper content below 25%).

1.4 Semiconductor Properties and Gap Adjustment

The semiconducting properties of 1-111-VI, compounds depend on their composition. The
system of copper chalcopyrite Cu(In, Ga, Al)(Se,S), includes a wide range of band-gap
energies E, from 1.04 eV in CulnSe,up to 2.4 eV in CuGasS, and even 2.7 eV in CuAlS,, thus,
covering most of the visible spectrum. All these compounds have a direct band gap making
them suitable for thin film photovoltaic absorber materials. Thus, substitution of indium with
gallium, and / or selenium with sulfur makes it possible to increase the width of the forbidden
band. The diagram, shown in “Figure I1.7”, shows the change in band gap as a function of the
mesh parameter for solid solutions( CulnSe,, CuGaSe,, CulnS, and CuGaS,). This diagram
shows that it is easy to modulate the band gap between 1.0 and 2.4 eV by varying the

composition of the Cu(In(;_y)Gay)Se;_y S, solid solution [3, 37].
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The ternary CulnS, and CuGaSe, have one width of band gap equal to 1.53 and 1.67 eV,
respectively. These two values are close of the value optimal theoretical for one conversion
optimal of spectrum solar, equal to | of yields of conversion equal to 11.4% for the CulnS, [38]
and 9.7% for the CuGaSe, [39]. These results are far of best cells of Cu (In, Ga) Se, for which
of yield of conversion of | ‘order of 20% are obtained [40], [41], and [42]. Many studies have
shown that the best yields were obtained by increase of the width of band gap at level of
interfaces before and back of CIGS (interfaces CdS / CIGS and Mo / CIGS. This double gradient
of width of band gap can to be obtained by increase of rate of gallium to the face back of CIGS
and increase of rate of gallium or of sulphide to the face before, according to the deposition

method.

I11.5 Electrical properties

Several researchers have studied the electrical properties of CulnSe,, including the
identification and characterization of defects in this material. As we mentioned before, we can
obtain with this semiconductor a homo- junctions and heterojunctions. On the other hand, this

material can presuppose a conductivity of type n or p and this by excess or lack of selenium.

In other words, the CulnSe,, has excellent electrical stability in a wide band of stoichiometry.
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Researches have shown that by acting on the ratios ( ) and

type of conduction in the CulnSe, semiconductor.

Table 11.2 brings together the conduction types evolution of the CulnSe semiconductor, as a

function of the ratios ( ) and ( ) after deposition.

Other studies have shown that generally the selenium atoms in CulnSe behave like donors and
thus lead to n- type conduction. The CulnSe layers which have an excess of indium and which

contain copper vacancies are generally p-type [43].

Table 11.2: Conduction type in CIS in function to the ratlo( ) and ( p— ) [43].

Cu Cu Cu Cu
(_) >1 (_) <1 (_) >1 (_) <1
In In In In

Type p with a low Type p with a Type p with a low Type p with a

resistivity medium resistivity or = resistivity medium resistivity or
type n with a high type n with a high
resistivity resistivity

11.6 Optical properties of CulnSe,

The efficiency of solar cells depends mainly on the light absorbed by the absorbing layer. From
a technological point of view, the absorbent layer must have an optimal gap to absorb the widest
range of wavelengths of the solar spectrum with a high absorption coefficient. The optical

properties of the CulnSe,, layers; have been widely studied by several research groups [44].

CulnSe, is distinguished from other photovoltaic materials (CdTe, GaAs, CdS, etc.) by a very
high absorption coefficient, greater than 10°cm~' in the visible range and the infrared p
(Figure 11.6). In addition, CulnSe, has a band gap with a direct transition of 1.04 eV [43].
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Si: H mono Si and CdS) for the manufacture of cells solar in thin films [44].

In many studies, it was found that the relation between the optic gap E g and the coefficient of
absorption a has for one semiconductor typical is as follows [45]:

A(E—Eg)1/2
o = AE—Eg)

1.1
E

With A, a proportionality constant, which depends on the densities states related to photon
absorption and E irradiation energy. We can obtain an optical gap with a value: E = 1.02 +
0.02 eV.

The optical gap of CulnSe is a function also of the temperature, the relation proposed by Varshni
[46] can describe it approximately:

8T?

) 1.2

Eog — Eg(T) = (

Where E, is the gap at 0K® and B is a parameter of the same order as the Debye temperature
04.
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1.7 The structure of CIGS based solar cells

In its most widespread configuration, a CIGS cell is formed of a stack of several thin-film
materials deposited successively on a substrate. The latter is usually a soda-lime glass plate
(Soda-Lime Glass, SLG). Figure 11.7 shows the standard structure of a CIGS-based cell [26].

Window layer/TCO-ZnO:Al

ZnO n-doped
Buffer layer-CdS n-doped

Back contact-Mo
Substrate-glass

Figure I1.7: Standard structure of CIGS based solar cells.

11.8 The layers constitute the CIGS based solar cell
11.8.1 The substrate

The choice for the substrate material is Soda-Lime Glass, which is used in conventional
windows. It is the most common substrate material used for Cu(InGa)Se, since it is available
in large quantities at low cost and has been used to make the highest efficiency devices. It is an
inexpensive substrate material, and offers good resistance to corrosion. It is also easily available
at local hardware stores. There are other advantages associated with the use of glass as the
substrate, such as the substrate can be used as a packaging material. This becomes even 75 more
important when the solar cells are superstrate type, where the light is shone through the glass
to reach the absorber. Another benefit of using soda-lime glass is the diffusion of sodium (Na)
from the glass to the deposited layers [26, 37].

11.8.2 The Back Contact
The first layer filed on the substrate is the electrode of back contact. It is for a main role of

collect the charges generated in the cell. In the electric point of view, it constitutes the anode of




photovoltaic generator. This layer is composed of Molybdenum (Mo) which is a refractory
metal that has been widely used as a contact material for CuinSe, type solar cells. It forms a
good ohmic contact, and has a high resistance to selenium corrosion. Its thickness is around 300
nm to 1000 nm. The most deposition method used for the back contact is the magnetron
sputtering or DC-plasma [47, 48]. The main properties of the Mo thin films, which make it a

proper back contact material for CIGS based solar cells, are:

o Inertness during deposition of the CIGS absorber layer.
o Formation of an ohmic contact.

o Low recombination rate for minority carriers.

o Relative stability at the processing temperature.

o Low contact resistance to CIS and its alloys.

o Resistance to alloying with Cu and In [49].

11.8.3 The CIGS absorber material

Absorber layer is sandwiched between the buffer layer and the back contact [50]. It is the first
part of the p-n heterojunction of the cell in which the photons will be converted into electron-
hole pairs. In the present case, it is a P-type semiconductor of the I-11-VI family, the various
variants that have already been studied lead to the following general formula
(Cu,Ag)(In, Ga, Al )(Se, S, Te),. The substitution of Cu by silver, indium by gallium or
aluminum, or selenium by sulfur or tellurium, makes it possible to modify the properties of the
material such as its band gap width. The most developed compounds in research and industry
are Cu (In, Ga)Se and Cu(In, Ga)(Se,S) [37]. Its thickness is about 1 to 2 um. The CIGS
deposition methods are variable, the most common being the co-evaporation. Beside
selenisation and co-evaporation, other deposition methods have been studied, either to obtain
films with very high quality or to reduce the cost of film deposition on large areas, methods that
are used to grow epitaxial compound films, such as molecular beam epitaxy (MBE) or metal

organic chemical vapor deposition (MOCVD)[26].

11.8.4 The buffer layer
The p-n heterojunction with the CIGS is formed by adding a layer called "buffer layer". It plays
arole of physical protection of the CIGS during the sputtering deposition of the following layers

against damages, and chemical reactions resulting from subsequent deposition steps. Currently,




the best yields are obtained by using buffer layers based on cadmium sulphide (CdS). In
addition, it is the most used material. However, due to the toxicity of cadmium, significant
efforts are directed towards the development of alternative buffer layers (Zn (0O, S), (Zn, Mg)O,
In,(S,Se); etc.). The typical thickness of a CdS buffer layer is about 50 nm. The most common
method of depositing CdS is the Chemical Bath Deposition (CBD) [26].

11.8.5 The window layer

The buffer layer is covered with a window layer. This layer composed of a deposit zinc oxide
(Zn0) and a transparent conductive oxide (TCO). This layer is resistive and serves to limit the
formation of short circuits in areas with perfect recognition of the CIGS by the buffer layer.
The most widely used TCOs are ZnO doped aluminum (ZnO: Al) and indium tin oxide (ITO)
deposited by sputtering. The TCO allows the window layer to form contact part before the
photovoltaic cell while being transparent to solar radiation, the latter to be absorbed in the CIGS

layer. The thickness of the window layer is of the order of 300 nm to 500 nm [26].

11.8.6 The front contact

The final front contact is made by adding to the stack a grid, which will collect the charges
generated by the cell. This grid consists of a layer of nickel and an aluminum layer. Ni serves
as a tie layer and avoids the oxidation of Al due to the underlying presence of TCO. The grids

are generally deposited by evaporation using a deposition mask [26].

Figure I1.8 show the band diagram of a CIGS/CdS/ZnO solar cell.
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Figure I1.8: Bands diagram of a CIGS/CdS/ZnO cell.




At the interface CIGS/CdS, neighbourhood, energy bands are curved by the variation of
electrostatics potential through the p-n junction. The interface between CIGS and CdS present
one discontinuity of positive energy at the conduction band level and this discontinuity must
possess one height optimal for the performance of devices too high, it precludes at passage of
photo-generated electrons reducing the photo-courant; too low, even negative, she increases the
darkness current and the losses by recombination. The intrinsic layer of ZnO complete the buffer
layer on the electric plan, in avoiding the direct contact with ZnO: Al which is electrically
degenerate. Due to the high band gap widths fact, visible radiation which is then absorbed into
the CIGS layer. The characteristics of the cells will therefore ultimately depend closely on those
of the individual layers and their interfaces. The increase, for example, of the band gap of the
CIGS will be accompanied by an increase in the open circuit voltage at the expense of the
photocurrent. Unlike silicon cells, this is a heterojunction device. The photocurrent is generated
in CIGS layer and then passes through CdS / ZnO layers, unlike silicon where the n layer
contributes to the photocurrent. The advantage of the heterojunction is to limit the optical losses

in the n zone of a classic homojunction.

The efficiency of CIGS based solar cells depends on the properties of the absorber material. As
in the case of other semiconductor, the crystalline structure of CIGS as well as its composition
can strongly influence on its optical and electronics properties. The good understanding of the
structure of this material is therefore necessary in the purpose of optimizing the basic CIGS

device.

11.9 The performance of a CulnSe, based solar cell

The efficiencies of the solar cells based on the absorber CulnSe, are summarized in “Table
I1.3”. In most cases, the high efficiencies are obtained for laboratory photovoltaic cells of very
small size (<1cm?). The increase of the open circuit voltage and the decrease of the current
density which would result, a reduction in the number of interconnections and, on the other
hand, would avoid the use of highly conductive transparent oxide layers, and efficiency losses
would be less pronounced as a function of temperature, which is a competitive advantage in

applications.

The development of bit higher gap materials is of particular interest The widening of the
forbidden band by the introduction of a high rate of Ga in the CulnSe, is only possible in the

case of evaporation process , because one always finds a segregation of the Ga towards the back
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contact in the process of selenization. CulnS, having a gap of 1.5 eV, is perceived by a part of
the community as particularly interesting for a more ecological production of cells where
selenium is replaced by sulfur. In both processes (sequential and co-evaporation), a good
homogeneity is obtained because the material is hard prepared in Cu and the stoichiometric is

obtained by a self-adjusting chemical attack [51].

Table 11.3: The efficiency of Cu(In, Ga)(S, Se),absorbers based photovoltaic cells.

CulnSe,/CdS/Zn0/MgF, 14.8
Cu(In, Ga)Se,/CdS/Zn0O/MgF, 18.8
Cu(In, Ga)Se,/CdS/Zn0O/MgF, 17.7
Cu(In, Ga)Se,/CdS/Zn0O/MgF, 17.6

CulnSe,/CdS/Zn0/MgF, 12

Culn,_,Ga,Se, 19.2

Cu(In, Ga)Se,/CdS/Zn0O/MgF, 19.3
Cu(In, Ga)Se,/CdS/Zn0O/MgF, 20
Cu(In, Ga)(S, Se), 20

The chalcopyrite family is also particularly attractive because it offers gap semiconductors
ranging from 1 to 2.4 eV. This suggests the development of multispectral photovoltaic cells
capable of making the most of the components of the solar spectrum. In addition, high yields
are obtained by combining CuGaSe, and CulnSe, in atandem structure. Note that an efficiency
of 33.9% is obtained for a CGS / CIS tandem for illumination of AM1.5 [51].

11.10 Features and disadvantages

11.10.1 Features
v' CIS and CIGS cells are low-cost than wafer- based crystalline silicon modules.
v’ Little defects due to the low temperature of annealing, thus the propagation length is

relatively long.
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v" Copper indium diselenide and related materials. Copper indium diselenide (CIS) and
copper indium gallium diselenide (CIGS) are direct gap polycrystalline semiconductor that
can be setting to match the solar spectrum by replacing indium with Ga.

v High optical absorption coefficients (10°cm™1) so the CIGS thickness can be about 100
times less than the thickness of the c-Si wafer (1 pum-2.5um) is sufficient for the device.
v" The CIGS material can be deposited on rigid as well as flexible substrates.

v" The conductivity can be controlled by changing the ratio of In with Ga.

v CulnSe2 is a self-doped (intrinsically doped) material, which means that, when the

compound is formed, it automatically becomes either p- or n-type, depending in the

composition [47, 48, 49].

11.10.2 Disadvantages

e |t has a problem of instability in a hot and humid environment.

e CISand CIGS are always used in a heterojunction structure, mostly with very thin n-
type cadmium sulfide (CdS) layers but the Cd is toxic element.

e Inand Ga are rare and expensive items. The availability of indium in Earth's crust is
comparable to that of silver, and because of this relative scarcity, indium has been
subject to erratic fluctuations in world market price.

e The back contact is very limited, molybdenum is mostly only used or molybdenum

oxide(MO0,) however the homic junction obtained not well [47, 48].
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1.1 Introduction

SCAPS is a one-dimensional solar cell simulation program developed at the department of
Electronics and Information Systems (ELIS) of the University of Gent, Belgium. Several
researchers have contributed to its development: Alex Niemegeers, Marc Burgelman, Koen
Decock, Johan Verschraegen, Stefaan Degrave A description of the program, and the
algorithms it uses, is found in the literature . The program is freely available to the PV research
community (universities and research institutes). It runs on PC under Windows 95, 98, NT,
2000, XP, Vista, Windows 7, and occupies about 50 MB of disk space. SCAPS is originally
developed for cell structures of the CulnSe2 and the CdTe family. Several extensions, however,
have improved its capabilities so that it is also applicable to crystalline solar cells (Si and GaAs
family) and amorphous cells (a-Si and micro-morphous Si). An overview of its main features

is given below [52, 53]:

* Up to 7 semiconductor layers.
* Almost all parameters can be graded (i.e. dependent on the local composition or on the depth

inthe cell) : Eg, x, & Ny, Nc, Venn, Venps Hn, Hp, Na, Np all traps (defects) N

* Recombination mechanisms: band-to-band (direct), Auger, SRH-type.

* Defect levels: in bulk or at interface; their charge state and recombination is accounted for.
* Defect levels, charge type: no charge (idealisation), monovalent (single donor, acceptor),
divalent (double donor, double acceptor, amphoteric), multivalent (user defined).

* Defect levels, energetic distributions: single level, uniform, Gauss, tail, or combinations.
* Defect levels, optical property: direct excitation with light possible (impurity photovoltaic
effect, IPV).

* Defect levels, metastable transitions between defects.

* Contacts: work function or flat-band; optical property (reflection of transmission filter)
filter.

* Tunneling: intra-band tunneling (within a conduction band or within a valence band);
tunneling to and from interface states.

* Generation: either from internal calculation or from user supplied g(x) file.

* [llumination: a variety of standard and other spectra included (AMO, AM1.5D, AM1.5G,
AM1.5G edition2, monochromatic, white, etc...).
* [llumination: from either the p-side or the n-side; spectrum cut-off and attenuation...

and many other characteristics detailed in the software manual.

j




1.2 The basics
SCAPS is a Windows-oriented program, developed with Lab Windows/CVI of National
Instruments. We use here the LW/CVI terminology of a ‘Panel’ (names used in other software’s

are: a window, a page, a popup...). SCAPS opens with the ‘Action Panel’ [53].

[5) SCAPS 200 Action Panel ol8 &
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Figurelll.1: The SCAPS start-up panel, the Action panel or main panel.

There are dedicated panels for the basic actions:
1. Run SCAPS.

2. Define the problem, thus the geometry, the materials, all properties of your solar cell.
3. Indicate the circumstances in which you want to do the simulation, i.e. specify the working
point.

4. Indicate what you will calculate, i.e. which measurement you will simulate.

5. Start the calculation(s).

6. Display the simulated curves. This is further explained below.
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111.2.1 Run SCAPS
Click the below pictogram on the Desktop, or double-click the file SCAPS3200.EXE in the file
manager (or any other SCAPS version). SCAPS opens with the Action Panel [53].

&
o
ek

111.2.2 Define the problem

Click the button SET PROBLEM in the action panel (Figure 1111.2 (a)), and chose LOAD in
the lower right corner of the panel that opens. Select and open e.g. the file NUMOS CIGS
baseline.def: that is the example problem file of CIGS based solar cells. In a later stage, you
can modify all properties of the cell by clicking SET PROBLEM in the action panel [52, 53,
54].

new ] load ] save ]
Set problem cancel | -
(@) (b)

Figure I11.2: Define the problem.

111.2.3 Define the working point
The working point specifies the parameters which are not varied in a measurement simulation,

and which are relevant to that measurement. Thus [53]:

* The temperature T: relevant for all measurements. Note: in SCAPS, only N.(T), N,,(T), the
thermal velocities, the thermal voltage KT and all their derivatives are the only variables, which
have an explicit temperature dependence; you must input for each T the corresponding materials

parameters yourself.

» The voltage V: is discarded in I-V and C-V simulation. It is the DC bias voltage in C-f
simulation and in QE (L) simulation. SCAPS always starts at 0V, and proceeds at the working
point voltage in a number of steps that you also should specify.

* The frequency f: is discarded in I-V, QE (A) and C-f simulation. The C-V measurement is

simulated at a given frequency.

E



* The illumination: is used for all measurements. For the QE (A) measurement, it determines the
bias light conditions. The basis settings are dark or light, choice of the illuminated side, choice
of the spectrum. A one sun (= 1000 W /m?) illumination with AM=1.5 global spectrum is
the default, but you have a large choice of monochromatic light and spectra for your specialized
simulations. If you have an optical simulator at your disposal, you can immediately load a

generation profile as well instead of using a spectrum.

—Working point
Temperature (K) £300.00 |
Voltage (V) 4 0.0000 |
Frequency (Hz) 2 1.000E+6 |
NMumber of points $|5 |

Figurelll.3:The working point.

111.2.4 Select the measurement(s) to simulate
In the action-part of the Action Panel, you can select one or more of the following measurements
to simulate 1-V, C-V, C-f and QF (4.

Adjust if necessary the start and the end values of the argument, and the number of steps.
Initially, do one simulation at a time, and use rather coarse steps: your computer and/or the
SCAPS program might be less fast than you hope, or your problem could be tough... A hint: in
a C-V simulation, the I-V curve is calculated as well; no need then to specify it separately [53,
54].

111.2.5 Start the calculation(s)

Click the button CALCULATE: SINGLE SHOT in the action panel “Figure II1.4”. The
Energy bands panel opens, and the calculations start. At the bottom of the panel, you see a status
line, e.g. “IV from 0.000 to 0.800 Volt:V = 0.550 Volt” showing you how the simulation
proceeds. Meanwhile, SCAPS stands you a free movie how the conduction and valence bands,
the Fermi levels and the whole caboodle are evolving. When you see the hated divergence
message, you are entitled to get into a bad mood, but do not exaggerate. Anyway, you did not
lose the I-V points already calculated [52, 53].
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Figure I111.4: Calculate single shot.

111.2.6 Display the simulated curves

After the calculation(s), SCAPS switches to the Energy band panel (or the AC-band panel).
You can now look at your ease to the band diagrams, carrier densities, and current densities; at
the last bias point calculated. You can output the results (buttons print, save graphs, show (then
the numbers are shown on screen; cut & paste to e.g. Excel is possible), or save (then the
numbers are saved to a file). You can switch to one of the specialized output Panels (if you have
already simulated at least one corresponding measurement). We only show the example of the

IV Panel [52, 53].
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Figurelll.5: The energy band panel.

I11.2.7 The I-V curves
The meaning of the PLOT, SHOW or SAVE buttons is as for the Energy Bands Panel. Again,
you can switch to the other output panels (energy bands, AC, C-V, C-f and QE, if already

calculated), and to the Action Panel to do a new calculation or to stop (important: you can only




leave SCAPS from the Action Panel). Several small remarks: The color of the last calculated
curve is indicated (tip: when the graph gets too crowded, go to the Action Panel and click clear
all simulations to clear all graphs). The recombination curves are only shown for the last
simulation. The color of the legend corresponds to the color of the curve (indicated as 1bis). If
Curve Info is switched ON and you click the cursor on a curve in a graph, a pop-up panel will

appear which gives information about the graph, curve and the point that you clicked [53].
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Figure 111.6: 1-V curve display panel in the dark and in light.

You can change the range and scaling of the axes with the SCALE button. If you press the
CTRL button and select a rectangular area in a graph, the graph will zoom-in to the selected

area. Pressing the CTRL button and clicking the right mouse button results in zooming out [53].

I11.3  Solar cell definition

The recommended way to introduce your solar cell structure into SCAPS is to use the graphical
user interface. This way you can interactively set all parameters while SCAPS watches over
you, so that you do not define impossible or unrealistic situations. This chapter explains which

situations can be modelled and how to introduce them in SCAPS [53, 54].




111.3.1 Edition a Solar cell structure
When clicking the ‘Set Problem’-button on the action panel, the ‘Solar cell definition’-panel is
displayed. This panel allows to create solar cell structures and to save those to or load from

definition files. These definition files are standard ASCII-files with extension ‘*.def.” which

can be read with e.g. notepad. Even though the format of these files seems self-explaining, it is
however strongly disadvised to alter them manually. Layer-, contact-, and interface properties
can be edited by clicking on the appropriate box as shown in Figure In a similar way, layers can
be added by clicking ‘add layer’[53, 54].

Ly illuminated from : e%ht{(g_—:iigs)}
left contact (back) ‘
CIGS Interfaces
CdS %
|
i-Zn0O
add Ia}jer __—I liaht
EisEEaEs 9
. <
e
B

Internal R and T atfront

right contact (front) ‘ -= 0.000000 left contact right contact
= 1.000E+0 back front

Info on graded parameters only available after a calculation

Figure 111.7: Defining a solar cell structure.

111.3.2 Contacts
The contact properties can be set by either clicking the front or back contact button on the cell

definition panel, which opens the ‘contact properties panel’, Figure 111.8 [53].
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—Electrical properties

Themmionic emission / surface recombination velocity (cm/s) :
elections 3 1.00E+5 |
holes 2 100E+7 |
Metal work function (eV) < 50000 | or I fiatbands
Majority carrier barrier height (eV)
relative to EF 02000 }
relative to EVorEC 00000 J

I~ Allowtunneling

— Optical properties
optical filter v Filter Mode i :r;lr:séz;s:lon
Filter Value <{0.700000
From Value

Complement of Filter +J3.0000E-1
From File

Select Filter File

-

Figure 111.8: Contact properties panel.

The properties of the contacts are divided into electrical and optical properties. In the electrical
properties, we define the surface recombination rates of electrons and free holes. If the contact
has an exit job, or it is ideal (flat band scheme). The barrier of the majority carriers. The tunnel
effect (if we want to consider it). For optical properties, the transmission or reflection can be

defined by a value or a data file.

111.3.3 Definitions of layers

By clicking on the "add layer" button, a window (Figure 111.9) opens that contains different
parameters of the material to introduce. These parameters can have uniform or non-uniform
distributions depending on the physics of the material. In the first box, we introduce the name

of the layer (which corresponds to the type of doping). Second box, the thickness of the layer




is introduced. The third block, concerns the purity of the material and its profile. In the fourth
block, we introduced: the energy gap, the electronic affinity, the dielectric permittivity, the
effective densities of the conduction and valence bands, the thermal velocities of the electrons
and the free holes, the mobilities of the electrons and holes, a box, which makes it possible to

add the effective masses of the electrons and holes if we hold transport carriers by tunnel effect.

If the material is a compound to introduce gradual variations of the previous parameters. In the
fifth block, Figure 111.10, one introduces the doping, type and density. Doping can also be
introduced as being uniform, as it can have gradual variations (linear, parabolic ...) and holes.
Finally, in the sixth block, account is taken of elements with non-uniform concentrations, and
the absorption of the layer is defined, as shown in Figure. The analytical model provided by
SCAPS, as it can be introduced as data can define absorption. SCAPS provides a number of
absorption data for several types of semiconductors. Other absorption data can also be used for
semiconductors not available in SCAPS, if the file has the same extension of the absorption
files provided by SCAPS.

SCAPS 3.2.00 Layer Properties Panel
LAYER 1 CIGS
thickness (im) 1.000
|uniform pure A (y=0) “"J

|The layeris pure Ay =0, uniform 0.000
tlSemicdnducmr Property P ofthe pure material |pL|re Aly=0)
bandgap (eV) 1.200
electron affinity (eV) 4500
dielectric permittivity (relative) 10.000
CB effective density of states (1/em™3) 2.000E+18
VB effective density of states (1/em™3) 2.000E+18
electron thermal velocity (cm/s) 1.000E+7
hole thermal velocity (cm/s) 1.000E+7
electron mobility (cm?Vs) 5.000E+1
hole mobility (cm?Vs) 2.000E+1

; effective mass of electrons | 1.000E+0
I_Allc:w Tunneling _ =

effective mass ofholes DO0E+HD

Figurelll.9: Properties of the added layer
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no ND grading (uniform) il
shallow uniform donor density ND (1/cm3) | 0.000E+0

no NA grading (uniform) “"|

shallow uniform acceptor density NA (1/em3) | 5.500E+15 |

Figurelll.10: Properties of defined doping.

Absorption model

alpha (y=0)
from model
from file
absorption constant A (1/cm eV ('4) 1.000E+5
absorption constant B (eV"('8/cm) 0.000E+D

show I save l | absarption file fory =10 |

Figure 111.11: The absorption model.

The type of volume recombination presents is indicated in the right side of the properties panel

of the layer. All types of recombination are present; directly or through the traps.

— Recombination model

Band to band recombination

Radiative recombination coefficient (cm?/s) 0.000E+0
Auger electron capture coefficient (cm™6/s) 0.000E+0
Auger hole capture coefficient (cm™6/s) 0.000E+0

Defect 1 of CIGS |

defecttype | él\leutral

-
capture cross section electrons (cm?) 1.000E-15
capture cross section holes (cm?) 1.000E-15
energetic distribution Single -
reference for defect energy level Et Above EV (SCAPS <27) il
energy level with respectto Reference (eV) 0.600
characteristic energy (eV) 0100

Mt grading dependent on position x: Nt (x) V‘ uniform -

Mt total (1jcm3) Left (x=0) ﬁ 1.000E+18| Right(x=1) fl 1.000E+18

Figure 111.12: Definition of recombination types.




If we introduce the defects (traps), they may be uniform or non-uniform, discrete, with
Gaussian, donor, acceptor, neutral, monovalent or divalent distributions. We can even define
carrier transitions between the different energy levels of the traps.
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IVV.1 Introduction

In order to optimize a specific design of a ZnO / CdS / CIGS heterojunction structure, we need
to analyze and interpret the results to determine the influence of physical and technological
parameters on device performance such as the thickness, the defects, the permittivity...etc. In
the following work we will study the effect of the relative permittivity of the three layers CdS
ZnO and CIGS in the short circuit current density (Js.),the open circuit voltage (V,.), the fill

factor (FF) and the photovoltaic conversion efficiency ().

This chapter aims to present the numerical simulation results of CIGS based solar cells by

SCAPS software by studying the effect of permittivity on the solar cell’s figures of merit.

The relative permittivity of the materials constituting heterojunction solar cells is usually not
considered as a design parameter when searching for novel combinations of heterojunction
materials. In this work, we show the effect of the materials permittivity on the physics and
performance of the solar cell by means of numerical simulation. In particular, we argue that
high permittivity materials should always be the preferred choice as heterojunction partners of
the absorber layer when prototyping new materials combinations. When the heterojunction
partner has a high permittivity, solar cells are consistently more robust against several non-
idealities that are especially likely to occur in early-stage development, when the device is not

yet optimized [6].

1VV.2 The structure of the studied solar cell

Our work consists of modeling a CIGS based solar cell and simulating these electrical
parameters. In our study, we use a solar cell with CIGS absorbing layer of the following
structure: Zn0O/CdS /CIGS/Mo. The simplified scheme of the heterojunction structured is
shown in “Figure IV.1”.

E light

left contact right contact
back front

Figure 1V.1: Simplified diagram of a solar cell in CIGS thin layer.
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Chapter IV:

Resullts and discussion.

IVV.3 The studied device parameter

Table 1V.1: Properties of the three layers CIGS, CdS,i — ZnO.

Thickness(pum) 1.000
Band gap (eV) 1.200
Electron affinity (eV) 4.500
Dielectric permittivity 13.600

CB effective density of states (cm™3) 2x 10'8
VB effective density of states (cm™3) 1.5x 10%°

Electron thermal velocity (cm/s) 1x 107
Hole thermal velocity (cm/s) 1x 107
Electron mobility (cm?/V.s) 5000
Hole mobility (cm#/V.s) 2000

1.4 Result and discussion

0.1000
2.450
4.450
10.000
2% 1018
2% 1018
1x 107
1x 107
5000
2000

0.080
3.400
4.550
9.000
4x 1018
9% 1018
1x 107
1x 107
5000
2000

1V.4.1 The effect of the relative permittivity on CIGS figures of merit

I1VV.4.1.1 The influence of the relative permittivity of CdS layer

The main function of CdSayer in the structure is to form the heterojunction with

the CulnSe, layer.

Figure 1V.2 represents the change of current density in terms of the voltage and the quantum

efficiency of CIGS based solar cells respectively to several values of the relative permittivity

of CdS layer.
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Figure 1V.2: (a) The J-V characteristic and (b) the quantum efficiency for CdS layer.

We notice that the current increases when the value of the relative permittivity of the CdS layer
increases. The increase in the relative permittivity increases the quantum efficiency. which
gives an increase in the number of the generated electrons-holes pairs and thus increase the
current. The open circuit voltage decrease for the internal voltage is affected by the increase in

the relative permittivity.

Figure 1V.3 show the effect of the relative permittivity of CdS layer in: the open circuit voltage,

short circuit current density, the fill factor and the efficiency.respectively
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Figure 1V.3: The effect of the relative permittivity of CdS layer in: (a) open circuit voltage,
(b) short circuit current density, (c) the fill factor, (d) the efficiency.

We notice that the J-V characteristic improves for the big values of the relative permittivity of
CdS layer.

We notice that the open circuit voltage decrease slightly from high value (when € = 3;V,,. =
0.6506 V) to a minimum value (whene = 15;V,. = 0.5487). The short circuit current
increases with the increase of the relative permittivity of the CdS layer. The fill factor in the
first (when £=3) has a small value (FF = 59.48 %), and for(e = 4), it decreases to a less value
(FF = 59.20 %) and after increases with the increase of the permittivity. This lead to the
increase of the quantitative yield, which gives an increase in the number of the generated
electrons- holes pairs thus increase the current. The outcome of these changes gives the effect
on the solar cell’s efficiency that generally increases from 10.42 % to a greater value, which is
11.58 %.

1V.4.1.2 The influence of the relative permittivity of i — ZnO layer
a.) For: S(CdS) =10, £(CIGS) =13.6 and E(Zno) =3..15.

Figure 1V.4 represents the change of current density in terms of the voltage and the quantum
efficiency of CIGS based solar cells respectively to several values of the relative permittivity

of ZnO window layer
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Figure 1V.4: (a) The J-V characteristic for Zn0 window layer where £(CdS) =
10 and £(CIGS) = 13. 6, (b) the quantum efficiency.

We notice that the current and the voltage is not affected when the value of the relative

permittivity of the ZnO window layer increases. The increase in the relative permittivity is not

affect in the quantitative yield, so the number of the generated electrons-holes pairs, thus the

current stay constant. The open circuit voltage is constant for the internal voltage not affected

by the increase in the relative permittivity.

Figure 1V.5 show the effect of the relative permittivity of ZnO window layer in: the open

circuit voltage, short circuit current density, the fill factor and the efficiency.respectively
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Figure 1V.5: The effect of the relative permittivity of Zn0 window layer in: (a) open circuit

voltage, (b) short circuit current density, (c) the fill factor and (d) the efficiency.

We notice that the J-V characteristic is not affected for the changing in values of the relative

permittivity of ZnO window layer.

We notice that the open circuit voltage in the first value (¢ = 3) has a high value (V,,
0.5662 V) and after decreasing slowly to a minimum value (¢ = 15;V,, = 0.5612 V). The
short circuit current and the fill factor increase with the increase of the relative permittivity of
the ZnO window layer. This lead to the outcome of these changes gives the effect on the solar

cell’s efficiency that increases slightly from 11.19 % to a greater value, which is 11.27 %.

b) For: E(CdS) = 15, S(CIGS) =13.6 and £(Zn0) =3..15.

The same as the “Figure IV.4”. Figure 1V.6 represents the change of current density in terms
of the voltage and the quantum efficiency of CIGS based solar cells respectively to several

values of the relative permittivity of ZnO window layer
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Figure IV.6: (a) The J-V characteristic for Zn0O window layer where gcqs) =
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We notice that the current and the voltage is not affected when the value of the relative

permittivity of the ZnO window layer increases. The increase in the relative permittivity is not

affect in the quantum efficiency, so the number of the generated electrons-holes pairs, thus the

current stay constant. The open circuit voltage is constant for the internal voltage is not affected

by the increase in the relative permittivity.

Figure 1V.7 show the effect of the relative permittivity of ZnO window layer in: the open

circuit voltage, short circuit current density, the fill factor and the efficiency.respectively.

0.5494

0.5492

0.5490

Voc (Volt

0.5488

0.5486

0.5484

—m—Voc (Volt

.
.
\Iil
\IIII\.
é é ; ;3 ;) 1‘0 1‘1 1I2 1‘3 ‘II4
¢(Zn0)
(@)

Jsc (mA/cm?)

32.90

32.88

—e— Jsc (mA/cm?

/./
4 o
32.86 -
/.
32.84 /o/
32.82 4 /'
3280 @
32.78 / 8
)
32.76
T T T T T T T T T T T
3 4 5 6 7 8 9 10 11 12 13 14
£(Zn0)

E



64.26 T T T T T T T T
w42t L =T pra
A /
64.22 - A / g
e /
64.20 - a 11.58 x—— kK
A/ //,
64.18 - y
v 1

S 6416 A/ T 1157 e
< ;
L 6414 / 1=

64124 & 1156 4

64.10 -

64.08 -

{ 1155 +—#
64.06 -
T T T T T T T T T T T T T T T T T T T T T T
3 4 5 6 7 8 9 10 1 12 13 14 15 3 4 5 6 7 8 9 10 1 12 13 14 15
£(ZnO) &(Zn0)
(c) (d)

Figure IV.7: The effect of the relative permittivity of Zn0 window layer in: (a) open circuit

voltage, (b) short circuit current density, (c) the fill factor and (d) the efficiency.

We notice that the J-V characteristic is not affected for the changing in values of the relative

permittivity of ZnO window layer.

We notice that the open circuit voltage in the first (¢ = 3) has a high value (V,. = 0.5494 V)
and after decrease slowly to a minimum value (¢ = 14) and stay constant for. ¢ = 15. The
short circuit current, and the fill factor increase with the increase of the relative permittivity of
the ZnO window layer. This lead to the outcome of these changes gives the effect on the solar

cell’s efficiency that increase slightly from 11.53 % to a greater value, which is 11.59 %.

1V.4.1.3 The influence of the relative permittivity of CIGS absorber layer

Figure 1V.8 represents the change of current density in terms of the voltage and the quantum
efficiency of CIGS based solar cells respectively to several values of the relative permittivity
of CIGS absorber layer.
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We notice that the current increases when the value of the relative permittivity of the CIGS

absorber layer increases. The increase in the relative permittivity increases the quantum

efficiency, which gives an increase in the number of the generated electrons-holes pairs and

thus increase the current. The open circuit voltage decrease for the internal voltage is affected

by the increase in the relative permittivity.

Figure 1V.9 show the effect of the relative permittivity of CIGS absorber layer in: the open

circuit voltage, short circuit current density, the fill factor and the efficiency.respectively
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Figure 1V.9: The effect of the relative permittivity of CIGS absorber layer in: (a) open

circuit voltage, (b) short circuit current density, (c) the fill factor, (d) the efficiency.

We notice that the J-V characteristic improves for the big values of the relative permittivity of
CIGS absorber layer.

We notice that the open circuit voltage and the fill factor decrease rapidly with the increase of
the relative permittivity of CIGS effective layer. The short circuit current increases with the
increase of the CIGS relative permittivity. This lead to the outcome of these changes gives the
effect on the solar cell’s efficiency where when (e = 3;n = 12.07 %) and for (e = 4), it
increases to a big value (n = 12.09 %) and after decrease rapidly from 12.09 % to a lower
value, which is 11.51 %.
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General conclusion

In this work, we have studied the effect of the relative permittivity on CIGS based solar cells
by a numerical simulation using SCAPS software. The CIGS device is based on CIGS as the
effective layer and CdS as the other part of the p-n heterojunction. The purpose of this study is

to prove that the permittivity can also affect the solar cells figures of merit.

The mainly extracted electrical parameters are the J-V characteristic, the quantum efficiency
and the outputs of the cell: the open circu-it voltage V., the short circuit current density /., the

fill factor FF and the conversion efficiency 7.

We have changed the permittivity of the three layers (CdS, ZnO and CIGS) from € = 3 to 15 we

have found that:

v" Whenever the permittivity for CdS layer increases, the efficiency increases. At € = 15;
the efficiency improves to 11.58 %. We deduce that high permittivity materials is the
preferred choice for the heterojunction partner for the absorber layer.

v" When the permittivity of ZnO window layer is varied in the two cases (£(€dS) = 10)
and(e(CdS) = 15) respectively, it is found that the efficiency does not vary much (from
11.19 % to 11.27 % and from 11.53 % to 11.59 %).

v" For the CIGS absorber layer, it is found that the effective layer material that has € = 4

is the best choice for a good performance to form a CIGS based solar cells.
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Abstract

SCAPS software is used to study the effect of the relative permittivity on CIGS based solar
cells. It is found that whenever the CdS layer permittivity increases, the efficiency increases. It
is deduced that high permittivity materials are preferred as the heterojunction partner of the
absorber layer. It is also found that the permittivity of the ZnO window layer does not affect

the solar cell performance. On the other hand, for CIGS layer, € = 4 was to be the best choice.

Key words: Permittivity, CIGS solar cells, numerical simulation, J-V characteristic, SCAPS

software.
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Abstract

SCAPS software is used to study the effect of the relative permittivity on CIGS based solar
cells. It is found that whenever the CdS layer permittivity increases, the efficiency increases. It
is deduced that high permittivity materials are preferred as the heterojunction partner of the
absorber layer. It is also found that the permittivity of the ZnO window layer does not affect

the solar cell performance. On the other hand, for CIGS layer, € = 4 was to be the best choice.

Key words: Permittivity, CIGS solar cells, numerical simulation, J-V characteristic, SCAPS

software.
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