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General introduction

Many countries rely on the use of fossil energies such as gas and oil. These energies,
in addition to being unclean, are not renewable. Due to the increasing demand for energy,
environmental organizations encourage the use of alternative energy sources such as solar
energy. Solar energy is the most affordable, abundant, renewable and clean of all long-term
natural resources to date [1]. Solar PV (photovoltaic) systems are a renewable energy
technology that allows the utilization of solar energy directly from the sun to meet electricity
demands [2]. Solar cells are being developed year by year and become more easy to use and
have different applications. To keep up with times, solar cells are is tend to rely on
nanotechnology. Thin film or nano solar cells, like other solar cells, are built of electronic
semiconductors that use the photoelectric effect. It have several applications most notably the
production and the storage of energy and manufacture of smart materials in
communications[3]. And because of the difficulty of conducting experiments on thin film
solar cells, scientists went to simulate these cells and then manufacture them after obtaining
results with interesting specifications of purity, accuracy and thickness in order to make the
best use of them. Simulation is an essential tool for optimizing the structure and the different
parameters of solar cells and usually requires an effective system such as SCAPS-1D
program. This program is being used in various studies due to its most accessible and

straightforward method and also allows the simulation of solar cells from one to seven layers.

In this work, we are going to test the performance parameters of thin film Solar cells
which will be analyzed by studying the characteristics of the layers using numerical

simulation with SCAPS-1D program.

Variations in layer thickness, temperature, series and shunt resistance and absorber
and ITO layers will be used to investigate the properties of solar cell. The fill factor (FF) and

efficiency of the layers will be determined and examined in each of these examples.
This Thesis is organized as follows: After a general introduction

1. The first chapter, where we will introduce firstly solar energy, semiconductors,
doping, solar cells and its different structure and we will focus on thin films solar
cells, namely the working principle and electrical characterizations.

2. The second chapter we will explore and demonstrate SCAPS-1D program, its

different materials and the way you can use this program to obtain numerical results.
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3. In the third chapter, we will study the effect of temperature, thickness, series and
shunt resistance, absorber layer and ITO layer on solar cell characteristics., we will
compare between SCAPS-1D and AFORS-HET results. And we will compare

between two solar cells simulated with SCAPS-1D.

Finally , we will end this thesis with a conclusion that resume our work and the main

results we will obtain from simulation.
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Chapter 1 Generalities about solar cells

Introduction

In this chapter, we talk about general information about solar cells. Starting with definitions
of solar energy, solar radiation, semiconductors, and doping. Next, we will talk about solar

cells and their types. Finally, we will focus on thin film solar cells and how it is simulated.

1. Sun
The sun is a big sphere of gases that emits light and energy toward our planet. This energy
received from the sun is a form of radiation also known as electromagnetic radiation. It is a
distant star among many other stars, with a diameter of 1390000 km, it is composed of 80%
hydrogen,19% helium, and 1% admixture of 100 other elements, and it is full of flammable

gases, which represent more than 99.8% of the total mass of our solar system.[1, 2]

2. Solar energy
Solar energy is the term of the energy collected from solar irradiance, this energy can be
converted into heat (thermal energy). Solar energy can be changed into chemical energy by
plants ( photosynthesis ), or it can be used to generate electricity. The total solar energy that
the world receives is far larger than all of its present and projected energy needs, if it used
well, it would meet all of our energy demands. In contrast to typical energy sources, solar
energy has recently emerged as one of the most popular and environmentally safe alternatives,

indicating that it will last millions or perhaps billions of years.[2]

SOLAR CELL

Extra electricity,

transmitted

Transformer

Electricity used in house

AC

current

DC current obtained

from solar panels Inverter that produces

I 1T AC from DC eurrent

Figure 1 : Solar energy
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3. Solar radiation
3.1.  Types of solar radiation :
There are three types of solar radiation

3.1.1. Direct radiation (S):
It is the beam that crosses the atmosphere without reflection or scattering; it is a direct beam

of light from the sun and remains unchanged without loss.

3.1.2. Diffuse radiation (D) :
It is the radiation subjected to scattering by the components of the atmosphere.

3.1.3. Total radiation (G):
It is the radiation reaching a point on the Earth's surface resulting from the sum of direct,

diffuse, and reflected radiation.[3]

3.2.  Spectrum of solar radiation :
The sun emits electromagnetic rays, and decomposing them into different wavelengths gives
what is called: the electromagnetic spectrum, as it consists of all radiations of different colors,

which are characterized by the wavelength range, and the frequency of light determines its

color.

Photons, the grains of light that make up this radiation, are carriers of energy, which is related

to frequency (wavelength) by the following relationship.[1]

C
E=hv=h—
v=h- @

100 nm
200 nm
400 nm
600 nm
800 nm
000 nm
200 nm
400 nm
600 nm
800 nm
3pm
Tmm

- -

UV: Ultraviolet Radiation | VIS: Visible Radiation (Light) IR: Infrared Radiation

uv-Cc
(100 - 280) nm
uv-B
(280 - 315) nm
UV-A
(315 - 400) nm
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blue
blue-green
gree
green-yellow
yellow
orange
red
IR-A
(800 -1400) nm
IR-B
1400 nm - 3um
IR-C
3um - Tmm

Figure 2 : Solar radiation spectrum
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Table 1 : Approximate wavelengths of different colors in space

visible light Spectrum
Color Wavelength (nm)
Red 622-780
Orange 597-622
Yellow 577-597
Green 492-577
Blue 455-492
Purple 390-455

4. Conductors, insulators, and semiconductors :

4.1. Conductors :
In Electrical & Electronics engineering, a conductor is a type of material that allows the flow
of charge otherwise known as electrical current. Most common electrical conductors are made
from metals. Such materials allow the current flow due to the presence of free electron or ions

which starts moving when voltage is applied.

The conductors have very low electrical resistance i.e. the opposition to the current flow &

depend on the length & width of the conductor. It increases with increase in temperature.[4]

Freie Elektronen bilden ein Elekironengas

e o © © ©® 68

Attt A Aty oA
- e Alg e 4

e S - R © B L 8 .
AT AT o AT AT T A
e, s &

=N " B e

Al g AL AT .A-I.na Al

N 1
Feste positive Aluminiumionen

Figure 3 : Metallic bonding: fixed ions and free valence electrons (Fermi gas)[5]

4.2.  Insulators :
An insulator is a material that has very high electrical resistance & it does not allow the flow
of current. There are no free electrons in insulators thus they do not conduct electricity. Thus

they are used for protection against shock.[4]


https://www.electricaltechnology.org/2020/07/what-is-voltage.html
https://www.electricaltechnology.org/2020/08/resistance-resistivity-specific-resistance.html
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4.3.  Semiconductors :
Semiconductors are materials that have conductivity in-between conductors and insulators.

They can block or allow the current flow providing total control over it. They are mostly
modified by adding impurities called doping. It modifies its properties like unidirectional

current flow or amplification or energy conversion etc.[4]

The electrical conduction inside semiconductors is due to the movement of electrons & holes.

Fy A F 3
Caonduction hand
Electran

5 & Caonduction hand &
[nk] [k} (k]

5 Band gap 5 © Sle ’/Cnnductinn&mnd

Band gap & e
e o © e L & _® ¥ — 9
-] o e -] o e -1 [-] -1
& ®yalence band & ®yalence band @  yalence hand
| nisulatar Semiconductar Canductar

Figure 4 : The band model [5]

5. Elctrons and holes :
An electron hole is one of the two types of charge carriersthat are responsible for
creating electric current in semiconducting materials. A hole can be seen as the "opposite™ of
an electron. Unlike an electron which has a negative charge, holes have a positive charge that

is equal in magnitude but opposite in polarity to the charge an electron has.

Holes are formed when electrons in atoms move out of the valence band (the outermost shell
of the atom that is completely filled with electrons) into the conduction band (the area in an

atom where electrons can escape easily), which happens everywhere in a semiconductor[6].


https://energyeducation.ca/encyclopedia/Charge_carrier
https://energyeducation.ca/encyclopedia/Electric_current
https://energyeducation.ca/encyclopedia/Semiconductor
https://energyeducation.ca/encyclopedia/Electron
https://energyeducation.ca/encyclopedia/Valence_band
https://energyeducation.ca/encyclopedia/Conduction_band
https://energyeducation.ca/encyclopedia/Semiconductor
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%% 44 b4
Hole ::@I@I@I
Pt b4 4

Figure 5 : A diagram showing a crystal lattice and how the movement of an electron from the
valence band creates a hole

6. Doping :
Doping means the introduction of impurities into a semiconductor crystal to the defined
modification of conductivity. Two of the most important materials silicon can be doped with,
are boron (3 valence electrons = 3-valent) and phosphorus (5 valence electrons = 5-valent).

Other materials are aluminum, indium (3-valent) and arsenic, antimony (5-valent).

The dopant is integrated into the lattice structure of the semiconductor crystal, the number of
outer electrons define the type of doping. Elements with 3 valence electrons are used for p-
type doping, 5-valued elements for n-doping. The conductivity of a deliberately contaminated

silicon crystal can be increased by a factor of 10°.[7]

6.1. N-doping:
The dopants are positively charged by the loss of negative charge carriers and are built into
the lattice, only the negative electrons can move. Doped semimetals whose conductivity is
based on free (negative) electrons are n-type or n-doped. Due to the higher number of free
electrons those are also named as majority charge carriers, while free mobile holes are named

as the minority charge carriers [7].

10
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Figure 6 : N-doping with phosphorus
6.2. P-doping :

In contrast to the free electron due to doping with phosphorus, the 3-valent dopant effect is
exactly the opposite. The 3-valent dopants can catch an additional outer electron, thus leaving
a hole in the valence band of silicon atoms. Therefore the electrons in the valence band
become mobile. The holes move in the opposite direction to the movement of the electrons.
The necessary energy to lift an electron into the energy level of indium as a dopant, is only
1 % of the energy which is needed to raise a valence electron of silicon into the conduction
band.[7]

Figure 7 : P-doping with boron

7. P-N jonctuion :
The p-n junction is the transition area between two n- and p-doped semiconductor crystals. In
this area there are no free charge carriers, since the free electrons of the n-conductor, and the
holes of the p-doped crystal in the vicinity of the interface recombine with each other, which
means that the electrons fill the holes. This charge movement (diffusion) is obtained in
consequence of a concentration gradient: since there is only a few number of electrons in the
p-area and only a few number of holes in the n-region, the majority charge carriers (electrons

in the n-crystal, holes in the p-crystal ) move into the contrary doped semiconductor. The

11
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crystal lattice at the interface must not be interrupted, a simple "pressing together"” of a p-type

and a n-doped silicon crystal does not allow a functional p-n junction.[8]

@D

TESS 08 5 e

T+ + +é|)_é - = = 3

+t gt P+ - 0- -

L+ ++% 027 - O
n-crystal p-crystal

Figure 8 : P-N junction
8. Solar cells

8.1.  Definition :
A solar cell in a basic term is a semiconductor diode that has been carefully designed to
generate power from the sunlight. A diode is a single crystal semiconductor material such as
silicon, having one side doped with pentavalent impurities forming n-type and anotherside

doped with trivalent impurities as p-type.[9]

8.2.  Working principles of solar cell :
The working principle of solar cells is based on the photovoltaic effect. The PV effect can be

divided into three essential procedures

1. Absorption of photons in a p-n junction electronic semiconductor to generate the
charge carriers (electron-hole pairs). The absorption of a photon with energy (E = hv)
higher than the gap energy ‘Eg’ of the doped semiconductor material means that its
energy is used to excite an electron from the valence band ‘Ev’ to the conduction band
‘Ec’ leaving a void (hole) at the valance level. Additional kinetic energy is given to the
electron or hole by the excess photon energy (hv—huo). ‘hue’ is the minimum energy or
work function of the semiconductor required to generate an electron-hole pair. The
work function here represents the energy gap. The excess energy is dissipated as heat
in the semiconductor.

2. Consequent separation of the light-generated charge carriers. In an external solar

circuit, the holes can flow away from the junction through the p-region, and electrons
12
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can flow out across the n-region and pass through the circuit before they recombine
with the holes.
3. Finally, the separated electrons can be used to drive an electric circuit. After the

electrons passed through the circuit, they will recombine with the holes.[9]

8.3.  Different generations of solar cells :

8.3.1. First generation of solar cell :
Silicon-based PV cells were the first sector of photovoltaics to enter the market, using
processing information and raw materials supplied by the industry of microelectronics. Solar
cells based on silicon now comprise more than 80% of the world’s installed capacity and have
a 90% market share. Due to their relatively high efficiency, they are the most commonly used
cells. The first generation of photovoltaic cells includes materials based on thick crystalline
layers composed of Si silicon. This generation is based on mono-, poly-, and multicrystalline

silicon, as well as single I11-V junctions (GaAs).[10]

Figure 9 : (a) monocrystalline and (b) polycrystalline cells

8.3.2. Second generation of solar cell :
The thin film photovoltaic cells based on CdTe, gallium selenide, and copper (CIGS) or
amorphous silicon have been designed to be a lower-cost replacement for crystalline silicon
cells. They offer improved mechanical properties that are ideal for flexible applications, but
this comes with the risk of reduced efficiency. Whereas the first generation of solar cells was
an example of microelectronics, the evolution of thin films required new methods of growing

and opened the sector up to other areas, including electrochemistry.[10]
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Figure 10 : CIGS cells

8.3.3. Third generation of solar cell :
The third generation of solar cells (including tandem, perovskite, dye-sensitized, organic, and
emerging concepts) represent a wide range of approaches, from inexpensive low-efficiency
systems (dye-sensitized, organic solar cells) to expensive high-efficiency systems (111-V
multi-junction cells) for applications that range from building integration to space
applications. Third-generation photovoltaic cells are sometimes referred to as “emerging
concepts” because of their poor market penetration, even though some of these have been

studied for more than 25 years.[10]

Figure 11 : Organic solar cells
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Table 2 : Types of solar cells[2]

Generation Type Efficiency Advanteges Disadvantges
c L * High efficiency .
- S Monocrystalline silicon | Up to 24% o * High cost
o © * Long lifetime
o g
R Polycrystalline silicon 13-20% * Lower cost * Lower efficiency
* Lower cost
N * Flexible * Shorter lifetime
c Amorphous silicon 5-10% o
2 * Ease of * Lower efficiency
[
2 production
[<b]
—t _ _ * Lower cost _
2 Cadmium telluride 18-22% _ _ * Toxic
S * High absorption
@ Copper indium * Higher heat .
] ] ) 15-22% ] * Higher cost
gallium diselenide resistance
) * Lightweight * Lower efficiency
Organic PV Upto 17% ) o
* Eco-friendly * Shorter lifetime
IS * Very high cost
g *Very high * Must be integrated
3 . . .
o efficiency with solar tracking
o Concentrated PV 40% ] )
E * Can withstand systems and cooling
high temperatures devices to reach high
efficiency

8.4.  Thin-film solar cells :
Thin film cells considered as 2nd generation cells. In general, this type of cell consists of two
types which are based on a-Si silicon and also polycrystalline semiconductors like CIGS and
CdTe. Today, the various deposition techniques (CVD) offer great flexibility for the

manufacture of semiconductors.

The basic requirement is that the thickness of the thin film is greater than the absorption
coefficient, so the greatest amount of light can be absorbed because the thin film solar cells

made by semiconductor compositions with a direct gap and high absorption.[11]
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-

Figure 12 : Thin film solar cell

8.4.1. Types of thin film solar cells :

Amorphous, micro/ nanocrystalline and polycrystalline silicon (a-Si) :

Amorphous silicon is widely accepted as a thin-film solar cell material because: (a) it is
abundant and non-toxic; (b) it requires low process temperature, enabling module production
on flexible and low cost substrates; (c) the technological capability for large-area deposition
exists; and (d) material requirements are low, 1-2 mm, due to the inherent high absorption

coefficient compared with crystalline silicon.[12]
Cadmium telluride (CdTe) :

Owing to its optoelectronic and chemical properties, CdTe is an ideal absorber material for
high efficiency, low cost thin film polycrystalline solar cells. CdTe is a direct band gap
material with an energy gap of 1 5 eV, and an absorption coefficient _105/cm in the visible
region, which means that a layer thickness of a few micrometers is sufficient to absorb _90%
of the incident phtons. Owing to the high temperature of deposition in most cases, the films
are deposited with Cd deficiency, giving rise to p-type conductivity. Because of the high
ionicity (72%) of CdTe, the crystallite formed are well-passivated and strong chemical
bonding (5_75 eV) results in high chemical and thermal stability.[12]
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Copper indium gallium diselenide (CIGS) :

The I-111-VI chalcopyrite materials have some very desirable properties for photovoltaic
application. CulnS2, having a band gap of 1.53 eV is considered an ideal material for
photovoltaic application. The difficulties in controlling the sulfur during deposition and the
relatively rapid diffusion of metals and impurity species, even at low temperatures, slow down
the development of this material.61 However, devices with efficiency 11.4% have been
reported.[12]

8.4.2. Components of thin films solar cells :
Window layer :

In thin film solar cells, the semiconducting material that form the window layer has the largest
band gap of all the thin films making up the solar cell. The large band gap ensures that the
window layer is transparent to most photons in the visible region of the solar spectrum. Most
of the incident photons in this region will be transmitted by the window layer to the
underlying layers of the solar cell, which ensures that the most photon absorption happens in

the absorber layer.[13]
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[ i

[ 1

Figure 13 : Different layers of thin film solar cell
ETL and HTL layers : (Electron Transport Layer and Hole Transport Layer)
The ETL is the layer through which electrons move from mesoscopic perovskite and the

conventional nanoparticles of mesoporous metal oxides like TiO, and ZnO, while holes are

efficiently transported through a variety of HTLs. The perovskite absorber is supported by
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these layers significantly, but the thickness, carrier concentration, and associated bulk defects

need to be adjusted to obtain the best cell performance with superior stability.[14]

Absorber layer :

The absorber layer is a semiconducting material often considered the heart of all thin film

solar cells. It is aptly named because it is the layer that absorbs the highest number of photons

and in response excites electrons into the conduction band to create photocurrent. Due to this,

the absorber layers of all thin film solar cells are selected from semiconducting materials with

band gap energies that coincide with the photon-rich region of the solar spectrum.[13]
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Figure 14 : Components of thin films solar cells :

Components of Solar Power System :

A PV system is composed of a solar panel, super capacitor, and inverter. The solar panel

absorbs photon energy and transforms it into electricity through the PV mechanism. The super

capacitor backup is used to deliver additional energy only on sunny days. The generated DC

power is transformed into AC loads to be appropriate for domestic use[9]
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8.6.  Electrical characteristics of solar cells :

8.6.1. Open-circuit voltage (\Voc) :
This is the voltage for which the current at the cell terminals is zero; it is the maximum
voltage that can be obtained from a cell; it is around 0.6 V for the cell silicon. It is obtained
from equation for 1=0 and VT=KT/q as the thermal potential, the expression for V. is as
follows.[15]

V., :Vm.ln(llish +1] @
nkT
Vi = rl @3)

Vi : thermodynamics voltage.

8.6.2. Short circuit current Is:
It is the maximum current produced by the cell that is measured when there is no resistance in
the circuit, it is obtained when the circuit is short and the produced capacity is non-existent

because the value of the voltage in this case is zero.[16]

s . & 4)
sh
8.6.3. The maximum power point Pmax :
The power supplied to the external circuit by a photovoltaic cell under illumination depends
on the load resistance (external resistance placed at the terminals of the cell). This power is
maximum (rated Pmax) for a Pmax operating point (Imax,Vmax). The maximum Pmax can be
determined by plotting the characteristic IV and constant-power hyperboles on the same

graph. The optimal point of operation corresponds to the point of tangence of two curves.[15]
The maximum power delivered to the charge is given by the expression :

P =V_| 5)

max ~ 'max'' max
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Figure 15 : Maximum power point of a single atomic cell

8.6.4. Fill factor FF :

The FF form, also known as fill factor it is defined by:

P V.l
FF — max  _ _max' max
Pmaxideale Voc ' I sC (6)

This factor shows the deviation of the curve | = f (V) from a rectangle (of length Vco and

width Isc) which corresponds to the ideal solar cell.[17]

8.6.5. The Efficiency () :
The Efficiency of a photovoltaic cell is the ratio of converting luminous energy into electrical
energy, which is equal to the ratio of the maximum output power to the power of luminous
radiation. This is the criterion that determines how well a PV cell performs, and it is

determined by:

TOES (7

in in

Where Pin is the input power that is clearly incident on the PV cell per unit of surface,
corresponding to the clearly luminescent E of the sun in the form of photons per unit of
surface received (at standard conditions, 1000W/ m2), S is the cell's surface, and FF is the fill
factor.[15]
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8.7.  Curves of solar cell :
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Figure 16 : Dark and light IV curves for an OPV
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Figure 17 : I-V curve and maximum power point

9. Simulation of solar cell

9.1. Solar Cell Characterizations :

The solar cell in the dark acts as a simple diode, and the equivalent electric circuit that
approximates it is shown in figure which comprises:

1. A diode with Ip current (current in the dark reverse bias).
2. A current source that corresponds to photocurrent 1. generated during illumination.

3. Rs series resistance.

4. Rsh shunt resistance with Isn leakage current through resistance as a result of defects in the
films.[18]
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Figure 18 : Equivalent circuit for OPV

9.2.  Single diode and double diode PV cell :
9.2.1. Ideal solar cell :
If the characteristic of the junction is of the form:

v
I, = Is(enkT —1) (8)

We can admit that in the presence of light, there is appearance of an additional photocurrent,
Iph whose direction is opposite to the direct current. By connecting an external circuit to the

solar cell, this current is collected. The current under light is :

v
|—%w4(””—q )

9.2.2. Single-diode PV cell model:
A solid, single-junction PV cell that is not illuminated behaves very similarly to a
semiconductor diode. The conventional equation below describes a simple diode with a

distinctive 1-V curve:

v
IDﬂJM%%#—ﬂ (10)

The ideality factor (quality factor or emission coefficient), which usually ranges from 1to 2
but might be higher in certain cases, is determined according to the fabrication process and
the semiconductor material. Given that n is generally assumed to be roughly equal tol,it is
often left out. When the semiconductor diode is illuminated, it will produce a photo-generated

current, lpn, which will result in a vertical translation of the 1-V curve of a quantity that is

22



Chapter 1 Generalities about solar cells

almost entirely related to the surface density of the incident energy. Thus, an ideal cell is
depicted as a current generator that is linked to a parallel diode with an 1-V characteristic,

which is mathematically defined by Shockley in the following equation as [19] :

qVD VD
I = I - I exp| — —1 - 11

Where . VD = va+ Rs I

A simple theoretical definition is presented by Eq because it does not consider the impact
caused by the presence of the electrodes, one above and another below the semiconductor
layer, which are required to accumulate the charges that cover the intercepting surface to

some extent.

9.2.3. Double-diode PV cell model :
the photocurrent in a PV cell is generated not only by a single diode but also by the overall
effect of multiple elementary diodes that are adjacent to one another and consistently
distributed along the surface between the two layers of the semiconductor. A current passes
through each basic diode while flowing across the semiconductor layers a long a different

path, marked by different electric resistance and reduction in voltage.

Wolf developed a simplified equivalent circuit, as shown in Fig19. This model consists only
of double diodes, a current generator, and two resistors, taking into consideration the
dissipative effects and the existence of any construction flaws. Their solution of the equivalent

circuit resulted in the following implied expression of the circuit | [19]:

qVp Qv Vo
=1, —1 |exp| —2 |=1|=1_|exp| —2 |-1|-—2
ph 01{ Xp(nlij ] o{ Xp[nszj ] Rsh (12)

ImCD lo, loo ¥ R § Ry § v

Figure 19 : Double-diode model equivalent circuit.
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9.3.  Concepts in solar cell simulation :

9.3.1. Valence Band:
The valence band is the band of electron orbitals that electrons can jump out of, moving into
the conduction band when excited.

9.3.2. Conduction Band :
The conduction band is the band of electron orbitals that electrons can jump up into from the

valence band when excited.

9.3.3. Fermi Level :
The highest energy level that an electron can occupy at the absolute zero temperature is
known as the Fermi Level. The Fermi level lies between the valence band and conduction

band because at absolute zero temperature, the electrons are all in the lowest energy state.

9.3.4. Fermienergy :
The Fermi energy is a concept in quantum mechanics usually referring to the energy
difference between the highest and lowest occupied single- particle states in a quantum

system of non-interacting fermions at absolute zero temperature.

9.3.5. The electron affinity :
The electron affinity (E ea ) of an atom or molecule is defined as the amount of energy
released when an electron attaches to a neutral atom or molecule in the gaseous state to form
an anion. X(g) + e — — X — (g) + energy. This differs by sign from the energy change of
electron capture ionization. The electron affinity is positive when energy is released on

electron capture.

9.3.6. The work function :
The minimum amount of energy required to be provided to an electron to pull it out of the

metal from the surface is called the work function of the metal.

9.3.7. Bandgap:

A band gap is the distance between the valence band of electrons and the conduction band.

9.3.8. Band diagram :
A band diagram helps to explain the operation of semiconductor devices. It is a diagram

where various key electron energy levels are plotted as a function of some spatial dimension.
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Conclusion

Solar radiation and the majority of the ideas pertaining to solar cells were covered in this

chapter. We clarified the properties of the solar cell by talking about the different varieties,

the mechanism of action, and the components. We also concentrated on a particular kind

solar cell in our work, known as thin film solar cells.

of
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Introduction
Nanotechnology has become the world attention in various applications including the solar
cells devices due to the uniqueness and benefits of achieving low cost and better
performances of devices. Recently, thin film solar cells such as Cadmium Telluride (CdTe),
Copper-Indium-Gallium-diSelenide(CIGS), Copper-Zinc-Tin-Sulphide (CZTS), and Dye-
Sensitized Solar Cells (DSSC) enhanced by nanotechnology have attracted much attention
[1].In this chapter, we will learn about the simulation program SCAPS 1D and how to use this
program. Multiple comprehensive studies on the structure design and characterization of solar
cells are included in SCAPS. In this work we will simulate CdTe, CIGS and CZTS thin film

solar cell using solar cell capacitance simulator (SCAPS).
1. Fundemental equations in semiconductors :

Semiconductors physics is an area very rich in modeling and mathematics problems. It
consists of a fundamental set of equations that bring together electrostatic potential and load
carriers in a very specific field of simulation. These equations, which are resolved via specific

software for simulating semiconductor-based devices, are derived from Maxwell equations.[2]

They are mainly: Poisson’s equation and continuity equations for both electrons and holes

given by the following equations, which are used by SCAPS [2]:

82
S [P()-n(X)+ Ny =N, 4, p, ] =0 ®
1dd
g o W7RK) ?
1dJ
G- G (R ®)

£ : the dielectric constant
g : the electron charge
Na : acceptor density

Np : donor density

w : the electrostatic potential

29



Chapter 2 SCAPS-1D program

p : hole concentration

n : electron concentration

pp . hole distribution

pn . electron distribution

Jp : current densities of hole

Jn : current densities of electron
Gop : the optical generation rate

R : the net recombination from direct and indirect recombination.
2. About the program :

SCAPS-1D is a powerful one-dimensional solar cell simulation software developed by M.
Burgelman at the Department of Electronics and Information Systems, University of Gents,
Belgium. SCAPS-1D allows us to design solar cell structures and analyse their electrical
properties and spectral response. Moreover, it is capable of modelling multivalent defects and
tunnelling effects, which are commonly observed in thin-film heterojunction solar cells.
SCAPS-1D is based on solving the basic carrier semiconductor equations using finite
differential methods.[3]

2.1. Definitions :

2.1.1. Working point :

e The temperature T: relevant for all measurements. Note: in SCAPS, only N¢(T) the
effective conduction band density, Nv(T) the effective valence band density, the
electron and hole thermal velocities 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.

e 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()A) simulation. SCAPS always starts at 0 V, and proceeds at the
working point voltage in a number of steps that you also should specify.

e The frequency f: is discarded in I-V, QE(L) and C-f simulation. It is the frequency at

which the C-V measurement is simulated.
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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
the ‘air mass 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 in stead of using a spectrum. [4]

2.1.2. Series resistance/ shunt resistance :
It is possible to introduce an external shunt conductance and series resistance to the structure
on the action panel, Both resistances can be switched on/off and for a shunt conductance you

can either define its resistance or conductance.[4]

2.1.3. Hlumination :
When performing simulations under illumination, you can further specify the illumination
conditions. The basis settings are: dark or light, choice of the illuminated side, choice of the
spectrum. If you have an optical simulator at your disposal you can immediately load a

generation profile as well in stead of using a spectrum.[4]

2.1.4. Batch calculations :
When you want to explore the influence of one or a few parameters to the solar cell
characteristics, you can take profit of the batch option. When you click ‘Batch set-up’, a panel
opens where you can choose which parameter to vary, over which range, and in which mode
(Lin, Log or custom). You can also define more than one parameter, and vary all of them (in a
nested way or ‘simultaneous’). Now, up to nine batch parameters can be defined, but be
modest to start. A batch calculation is launched when ‘calculate: batch’ is clicked. After a

batch simulation all parameters on the panels are reset as they were before the calculation.[4]

2.1.5. Recorder calculations :
In a regular single shot or batch calculation, the detailed panels are only available for the last
measurement point. To be able to see them as a function of the batch parameters you can
launch a record calculation. You should first select the properties which you want to keep
track of by clicking ‘Record set-up’. By clicking ‘calculate: recorder’, a recorder calculation
is launched. Cell parameters are varied according to the Batch set-up, and all simulations (and
only those) are performed which are needed to determine the asked properties. This means the

selected measurements on the action panel are ignored! [4]
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2.1.6. Curve fitting :
The purpose of curve fitting is to vary one or more parameters in the cell definition to obtain a

fit between one or more measured curves and the simulation. [4]

2.1.7. Scripting :
SCAPS is and has been designed to be a user-interactive program. The most important
computer should be based on neurons instead of on transistors. It is important that the user
understands what is physically happening rather than performing more simulations than (s)he
ever could analyze. Nevertheless, SCAPS also provides the possibility to write a script and

run it.

There are several levels of sophistication for the SCAPS script. One can use it to create a
personalized version of SCAPS, to automate actions within the user interface, to use SCAPS

in symbiosis with another program, to run SCAPS without mouse-clicks.[4]
2.2.SCAPS action panel :

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 [5]
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SCAPS 3.3.10 Action Panel — ] X
—Working point————————————— Series resistance Shunt resistance —— Action list All SCAPS settings —
Temperature (K) ﬁ 300.00 yes g yes!
no no i
Voltage (V) ﬁ 0.0000 | Load Action List ' | Load all settings '
= g 1.00E+0 Rs Ohmecm™2 Rsh g 1.00E+3
AR () ~ 1.000E+6 - N | Save Action List ' | Save all settings '
Number of points =5 S/em™2 Gsh ﬁ 1.00E-3
lllumination Dark D:- Light Specify illumination spectrum, then calculate Gix) Directly specify G(x)
Analytical model for spectrum || Spectum from file | —|_Analytical model for Gx) [ 1M G{x) from file —
B B N L _ _ Incident (or bias)
Sp’ﬂgl”lﬁ file name: illuminated from left illuminated fram right light power (W/m2)
elect AN BG 1 : 0.00 G(x) model Col generation G |
m AM1_5G 1 sun.spe sunorlamp  0.00 1x) mi Constant generation G
spectrum file I Shortwavel. (nm) ={200.0 Q
Spectrim cut off 2 I\gzs S gm”—l after cut-off 0,00 Ideal Light Currentin G{x) (m&/cm2)
Long wavel. (nm) §4”““.3 Transmission of attenuation filter (%)
Neutral Density 0.0000 Transmission (%) ﬁ 100.000 after ND' 0.00 Ideal Light Currentin cell (m&/cm2)

Curvefitsetup )

S
Script setup H

.

Caloulats: curye fittng

Action— T -Pause ateachstep number
of points
™ v1(v) 20.0000 v2(v) 208000 24 | Zoo20 increment (V)
— CV V1 (V) ﬁ -0.8000 V2 (V) ﬁ 0.8000 ﬁ 81 ﬁ 0.0200 increment (V)
— cf fl (Hz) & 1.000E+2 2 (Hz) & 1.000E+5 2 25 paints per decade
™ QE(IPCE) WL (nm) 2130000 WL2 (nm) 2/300.00 261 | Zom increment (nm)
Set problem ] e | Problem file: new problem | |SetProblem
Continue ] Stop ] Results of calculations ] Save all simulations ]
Batch setup  } EB | GR | AC | -V | -:':-\fl c-f |8 QE | Clear all simulations ]
T
Record setup  } Recorder results ] SCAPS info
e

Curvefitting results

Script graphs ] Script variables ]

Figure 1 : SCAPS action panel

2.3.How to use SCAPS :

2.3.1. Run SCAPS:

ek

Click the above pictogram on the Desktop. SCAPS opens with the Action Panel.

L

Set problem

2.3.2. Define problem :

Click the button set problem in the action panel, 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 the practicum session at the NUMOS workshop, Gent, 30 march
2007. This file is supposed to be in the folder / SCAPS /def, where / SCAPS / stands for the
directory where you installed SCAPS, and where the SCAPS .exe file resides. If necessary,

browse to find this file. In a later stage, you can alter all properties of the cell by clicking set

problem in the action panel [4]. You can design your solar cell and change different layers by

clicking on add layer and modify properties such us thickness, band gap.[4]

33




Chapter 2 SCAPS-1D program

[#] SCAPS 3.3.10 Solar Cell Definition Pane - m]
iluminated from : apphy woltage Vio : cument reference as a:
Layers ﬁ ﬁht ﬁ @M“&,m ﬁ ‘:"“‘“’I‘" Invert the structure ‘
lef contact (back) |
add layer (G
1 —Il =
—a—
| e
o
—I I ——
right contact (front) |
IR
Info on graded parameters only available after a calculation
numerical settings I
Problem file
new problem
st upon: 15-3-2023 3t B:42:19
Remarks (edit here)
Comments {to be} included in the def file 4
Can be edited by the user new | load | save |
s o]
4 'n

Figure 2 : SCAPS solar cell definition panel
2.3.3. Change parameters :

You can change parameters of different layers such as thickness, band gap, electron affinity...

by clicking on the layer.
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LAYER 1 lcdTe
thickness (um) ~| 4.000
|uniform pure A (y=0) "'JI

|The|ayeris pure Ay =0, uniform 0.000
|Semiconductor Property P of the pure material |pure Aly=0)
bandgap (V) 1.500
electron affinity (e'V) 3.900
dielectric permittivity (relative) 9.400
CB effective density of states (1/cm™3) 8.000E+17
VB effective density of states (1/ecm™3) 1.800E+19
electron thermal velocity (cm/s) 1.000E+7
hole thermal velocity (cm/s) 1.000E+7
electron mobility (cm?fV's) 3.200E+2
hole mobility (cm?/Vs) 4 000E+1

: effective mass of electrons | 1.000E+0
|_ Allow Tunneling - =

effective mass of holes LO00E+D

no MD grading (uniform) ""|
shallow uniform donor density ND (1/cm3) | 0.000E+0 |
no NA grading (uniform) il
shallow uniform acceptor density NA (1/em3) |—2.DDDE+‘I4

Figure 3 : Parameters of the layer

2.3.4. 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.

—Working point
Temperature (K) $| 300.00
Voltage (V) 2 0.0000

Frequency (Hz) = 1.000E+6
Mumber of points $|5

Figure 4 : SCAPS Working point

2.3.5. Spectrum and illumination :
Choose if you are simulating in dark or light, and select spectrum file you can find many files
in SCAPS data base.
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Dark [0 | | Light

llumination:

Specify illumination spectrum, then calculate G(x) |:[

Analytical model for spectrum -_|_|Spectrum from file |

Spectrum file name:

illuminated from left [ | | iluminated from right

Incident (or bias)

Meutral Density

ﬁ 0.0000

light power (W/m2)
Selectfll I AM1_5G 1 sun.spe sun or lamp  1000.00
spectrum file yes Shaortwavel. (nm) ﬁECE.E
Spectrum cut off ? no after cut-off | 1000.00

Long wavel. (nm) ﬁ 4000.0
Transmission (%) ﬁ 100.000

after ND  1000.00

Figure 5 : SCAPS spectrum and illumination

Select a Spectrum File >
Dirctory [\ program Files («86)\Scaps3309" |
History: MProgram Files (x86)"Scaps \spectum b

Regarder dans : | spectrm j "
1‘ Mom Modifié le Ty ™
300nm fixed JL, 03,/01/2004 10:22 Fi
Accés rapide L1 300nm fixe *Pe o I
[ ] 300nm.spe 02/01,/2004 16:40 Fir
vl 7] 250nm fixed JL.spe 05/01/2004 10:22 Fil
T [ ]350nm.spe 02/01,/2004 7640 Fir
[ ] 400nm fixed JL.spe 05/01,/2004 10:22 Fir
[ o | [ | 400nm.spe 05/08/2003 17:26 Fir
Bibliotheques [ ] 450nm fixed JL.spe 05/01,/2004 10:22 Fir
[‘a [ ] 450nm.spe 02/01,/2004 16:39 Fir
= [ ] 300nm fixed JL.spe 05/01,/2004 10:22 Fir
—=oe [ 500nm.spe 05/08/2002 17:27 Fi
@ [ ]520nm fixed JL.spe 05/01,/2004 10:22 Fir
S8/ T I
Réseau [] EEDnm.s.pe 05/08/2003 17:28 F?
[ ] 540nm fixed JL.spe 05/01/2004 10:22 Fir
[ ] 540nm.spe 05/08/2003 17:28 Fir ue
£ >
Mom du fichier |m j Select |
Types de fichiers : |['_spe} j Annuler |

Figure 6 : Selecting Spectrum file

2.3.6. Select the measurements to simulate :

In the action-part of the Action Panel, you can select one or more of the following

measurements to simulate: I1-V, C-V, C-f and QE((A). Adjust if necessary the start and end

values of the argument, and the number of steps.[4]

36



Chapter 2 SCAPS-1D program

Action———— T -Pause ateachstep MUMDET
of points
T V1(V) 200000 V2(V) 0.8000 [ StopafierVoc =41 | 00200 |increment (v)
— v V1(v) 308000 V2(V) 208000 281 | 200200 |increment (v)
- cf fl {Hz) = 1.000E-2 2(Hz) 2 1.000E+6 221 | &5 iz serdade
I~ QE(PCE) WL (nm) = 300.00 WL2 (nm) 2/900.00 261 | 2000 |increment (nm)

Figure 7 : Measurements panel

2.3.7. Start the calculation : _

Click the button calculate: single shot in the action panel. The Energy Bands Panel opens, and

the calculations start.

2.3.8. Display the simulated curves :

Band Diagram EC.EV EFp EFn . .
Defectiype «| acceptor: donor Carrier Density holes electrons [total charge|
1E+18-
Scale o \
— —— o
000 ﬁ_\ e .
I = i
o = ; ——
-2.00-
-3.00- f—
352+ i l ! l ! l ! i i 1E+7-) !
0o 05 1.0 15 20 25 30 35 4.0 4.5 0.0 05 10 15 20 25 30 35 40 45
distance (um) distance (Um)
| Scale distance (all graphs) Occupation probability of deep defects for electrons
ISCARS.2.8.and earlier]
Current Density holes electrons Defeciype | iaceeptor donar
52ET PR ; |—Iit|1_|g 1.00- /r
g log  -5.0E+D LN occupation with  0.80 ]
lin I L~
~ electrons ¥ 2 W
I~ Abs § M0 X : : 0,60 g
= a2 {
£ 15E+1 2040 -
/ \ ] L~
-2.0E+1 0.20
1 L ‘
-25E+1 i b i R j i o 0.02-] ]
00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45
distance (4m) distance (Um)

Figure 8 : SCAPS energy band panel

2.3.9. Batch recording panel :

After choosing batch and record set-up from action panel you can find results in calculate :

recorder exactly in recorder.
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SCAPS 3.3.10 Batch Set-up Panel — [m] x
- Vary definition files From To Steps Custom list
T - 2[300.000 {400,000 = Lin (M Log ™
l_ Suppress updating of the display during the execution ofthe batch -
Load Batch Settings ) Save Batch Settings ) Print Batch Panel )
Load the Single Shot Batcv

Figure 9 : Batch set-up panel

Properties to be recorded

iCell characteristics; eta P4 | IV characteristics b | TYPE

All cell characteristic v | Property

= -]

Insert Above Replace

Insert Below

Remove selected item

[ Comemiein |

OK Load Record Settings | | Save Record Settings Print Record Panel

Figure 10 : Recorder properties panel
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SCAPS 3.3.10 Result of batch recording Panel
9

Scale

log 160E+1-
lin

™ abs

1B5E+1-
150E+1-
145E+1-
140E+1-
1.35E+1-
7 130E+1-
E’ 1.25E+1-
120E+1-
115E+1-
110E+1-

14E41 -,
30E+2  32E+2

Froperty (y-axis) Cell charactenistics: eta

x-axis temperature [K]

lastsaved: 1-93-2015at 13:36:14
simulation done on: 24-5-2023 at 22:51:22

34E2  36Ee
temperature [K]

3852

Problem file: c:\Program Files (x86)\Scaps3309\defiCdTe-base def

40E+2

Curve info
OFF

log
lin

IV characteristics

General properties

plot/legend

save graph

Comments

Figure 11 : Results of batch recording panel

Warning:

* Don’t ask too many parameters at a time: the calculation could be much more time

consuming than expected. When you have e.g. 3 nested parameters with each 6 values, you

ask for 216 simulations...

» When it goes wrong, or goes too slow to your taste, or you are realizing too late that you

were too ambitious, keep the SHIFT-key pressed, until the simulation stops. Your calculations

done so far are not lost.

» Make smart use of the line /log key at the right hand end of each parameter line. Some

parameters really ask for a variation on a log-scale (e.g. doping densities), others for a linear

variation (e.g. a thickness).

Operating SCAPS in batch mode will save you much time, when it comes to explore the

influence of a few parameters on a simulated measurement, e.g. the 1-V curves. [6]
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Conclusion
In this chapter, we described SCAPS-1D simulation program. We started with introducing the
fundamental equations in semiconductors which are used by SCAPS. We explained how to
use necessary functions in this program and how to start simulating and finding results.
Finally, we ended by warnings that should take into consideration while using SCAPS

program.
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Chapter 3

Introduction

Simulation results

This chapter is divided into three main parts, the first part is a simulation of a thin film solar

cell from SCAPS database. The second part is a comparison between two simulated thin film
solar cells using SCAPS-1D.The third part is a comparison between SCAPS-1D and AFORS-

HET results.

1. Solar cell structure from SCAPS-1D database :

Figure.1 shows the CdTe/CdS/SnO: structure of the solar cell studied in this part. Table.1

shows some parameters of the selected solar cell simulated in this part, namely is CdTe-

base.def with series resistance.

CdTe

CdS

SnO;

Figure 1 : The CdTe/CdS/SnO; structure of the studied solar cell in partl

Table 1 : CdTe-base solar cell properties

parameters CdTe Cds Sno;
Thickness (um) 4.000 0.025 0.500
Band gap (eV) 1.500 2.4 3.600
Electron affinity (eV) 3.900 4.000 4.000
Dielectric permittivity (relative) 9.400 10.000 9.000
CB (cm?) 8.000E+17 2.2000E+18 2.200E+18
VB (cm®) 1.800E+19 1.800E+19 1.800E+19
Electron thermal velocity (cm/s) 1.000E+7 1.000E+7 1.000E+7
Hole thermal velocity (cm/s) 1.000E+7 1.000E+7 1.000E+7
Electron mobility (cm2/Vs) 3.200E+2 1.000E+2 1.000E+2
Hole mobility (cm#/Vs) 4.000E+1 2.500E+1 2.500E+1
Shallow uniform donor density ND
) 0.000E+0 1.100E+18 1.000E+17
Shallow uniform acceptor density
NA (em) 2.000E+14 0.000E+0 0.000E+0
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1.1.1-V and P-V curves :

25 -

20 —\v: 0V, I= 24,13 mA/cm?
€
2
515—

10 -

V= 0,87 V, I= 0 mA/cm?
0,0 0,2 0,4 0,6 0,8
V(V)

(@)

154 V=0,63V, P=13,66 mW/cm?

P(mW/cm?)

10+

o T T
0,0 0,2 0,4 0,6 0,8
V(V)

(b)

Figure 2 :

a) I-V Current curve of the solar cell, (b) Power versus voltage of the

CdTe/CdS/SnO; solar cell
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,,,,,,,,,,,,,,, P
| M max
s/C

PR T T T T g 2 |

Current

Voltage

mpp VO/ C

Figure 3 : Current and power curves of solar cell [1]

Simulation results shows that the current produced by the CdTe/CdS/SnO: solar cell when
exposed to radiation is maximum in the case of short circuit with a value of I = 24.13
mA/cm?. The cell current decreases slowly with the increasing of the voltage between its

terminals up to 0.63V, then the decrease is significant until the absence of current at the open
circuit voltage Vo.=0.87 V.

From the power curve, we notice an almost linear increase in the power values with the

increase of the voltage until a maximum value Pmax= 13.66 mW/cm?, then the power
decreases until zero at the open circuit voltage.

By analyzing the simulation results, we obtain the following solar cell characteristics:

Table 2 : Characteristics of the CdTe/CdS/SnO: solar cell

Open circuit voltage Voc 087V
Short circuit current lsc 24.13 mA/cm?
Maximum power point Pax 13.66 mW/cm?
Maximum voltage Vnm 0.63V
Maximum current Iy 21.62 mA/cm?
Fill factor FF 65.03 %
Efficiency 1 13.67 %
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1.2.The effect of temperature on fill factor and efficiency :

Numerical modeling can be a useful tool for understanding solar and provide additional
suggestions for modifying structure and cell parameters to increase cell performance. In a

solar cell model, there are more than 50 parameters that can be changed [2].

654 14
121
g g
60+ 4
= 'u:
10
55
8
300 350 400 300 350 400
T(K) T(K)
0.9 24,14
0,8 24,124
s §
> £
0,71 "~ 24,101
0,6 T T T 2408
300 350 400 ' 300 350 200
T(K) T(K)

Figure 4 : The effect of temperature on CdTe/CdS/SnO; solar cell characteristics

The effect of temperature on efficiency and fill factor was studied. The results are

summarized in figure 4. The temperature ranges from 300 K to 400 K.

As shown in Figure 4, we note that at 300 K we get the highest efficiency (13.66%) and fill
factor is (65.03%).

While at 400 K we have the lowest efficiency (8.32%) and a fill factor of (54.99%). we note

that efficiency and FF decrease when temperature increases.

From the results, the efficiency and FF are negatively affected by an increase in temperature

because an increase in temperature leads to a decrease in the efficiency.
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1.3. The effect of CdTe thickness on CdTe/CdS/SnO: solar cell characteristics :

67

/

Th=3 pm, ETA= 13,75 %

13,6

/

Th =3 pm, FF= 66,45 %

ETA(%)

654 13,44

Thickness(pum) Thickness(um)

24,24

0,88 1

S Th= 3 um, I,= 24,06 mA/cm?
<0,86 1

Th=3pm, V=085V

0,841

T T 1
0 5 10 15 0 5 10 15
Thickness (pm) Thickness(um)

Figure 5 : Thickness vs CdTe/CdS/SnO: solar cell characteristics

We already know that a thin absorber layer correlates to poor photocurrent performance and
efficiency. Furthermore, an excessively thick absorbing layer causes a significant series of
resistance and an increase in material consumption, resulting in a worsening in the operational
characteristics of the solar cell, and therefore an increase in the cost per unit of electricity
produced|[3].

Figures 5 show the effect of material thickness on fill factor and efficiency , figure 5 shows
that there is a slight change in the fill factor as its value changes by 2.05% when the thickness

ranges from 2 to 4 um. A maximum value of the fill factor was obtained at 2um.

For the solar cell in figure 6 there is also a slight change in the efficiency as it increased in
the field [2 um-3 um] and decreased slightly in the field [3 um-4 um] , the highest value of
the efficiency was(13.75%) at 3 um.

From the results shown in Figure 5, we show that the thickness is inversely proportional to the

increasing of the Fill Factor. The efficiency of the solar cell increases when the thickness

47



Chapter 3 Simulation results

increases until a maximum value for the efficiency at a thickness of 3 um, then it decreases

after that with thickness increasing of the absorber layer.
1.4. The impact of Rs on CdTe/CdS/SnO: solar cell characteristics :

To study the effect of series resistance on the thin films solar cell device, a simulation was

carried out by varying the series resistance from 0 to 30 Qcm?.[4]
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Figure 6 : Solar cell characteristics vs series resistance

From figure 6, we note that the cell efficiency, FF and Isc decreases with increasing of series

resistance, but approximately there is no change in Voc.
1.5.The impact of Rs» on CdTe/CdS/SnO; solar cell characteristics :

Shunt resistance refers to power losses due to the recombination of electrons and holes via
alternate pathways. In order to determine how the solar cell’s performance would change if

the shunt resistance increases from 1000 to 10000 Qcm? , the device was simulated. [4]
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Figure 7 : CdTe/CdS/SnO; solar cell characteristics vs shunt resistance

From figure 7, the effect of the shunt resistance on the characteristics of the CdTe/CdS/SnO>

solar cell is negligible. We show that the efficiency remains almost constant when the shunt

resistance increases.

1.6.The impact of type of the absorber layer (comparison between CIGS/CdS/SnO;,
CZTs/CdS/SnO,, CdTe/CdS/SnOz solar cells) :

We replace the CdTe absorber layer by an another absorber layer CIGS in the same solar cell

structure. We obtain results in table 3

Table 3 : A comparison between simulating results of CIGS/CdS/SnO,, CZTs/CdS/SnO,,

CdTe/CdS/SnOzsolar cells

Simulation with CIGS

absorber layer

Simulation with CZTS

absorber layer

Simulation with CdTe

absorber layer

Vo (V) 0.49 0.73 0.87
lsc (MA/CM?) 21.29 18.97 24.13
FF (%) 54.24 62.18 65.03
ETA (%) 5.69 8.65 13.67
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From results shown in table 3 , Result of simulating of CdTe/CdS/SnO, with CdTe absorber
layer is better than the results of CIGS/CdS/SnO. simulating with CIGS and CZTS/CdS/SnO:
with CZTS absorber layer. After changing to CIGS absorber layer the efficiency decrease

approximately 8% and fill factor decrease about 10%. For Vo the result is approximately the

half of results of simulating with CdTe absorber layer.

2. A comparison between two solar cells simulated with SCAPS-1D :

In this part, we are going to compare between two solar cells. (a) It consists ITO as window

layer, CdS as buffer layer, CdTe as absorber layer and Au as back contact layer. (b) it consists

ITO as window layer, CdS as buffer layer, CZTS as absorber layer and Mo as back contact

layer.

Table 4 : Metal work function of back contact for the two studied structures

Work function of back metal (Au) contact layer (ev)

5.37

Work function of back metal (Mo) contact layer (ev)

4.95

ITO
CdS
CdTe
Au

(@)

ITO
Cds
CZTS
Mo

(b)

Figure 8 : (a) Structure of CdTe solar cell, (b) Structure of CZTS solar cell

Table 5 : Properties of solar cells

Properties CdTe [5] CZTS [6] Cds [6] ITO [7]
Thickness (um) 3.000 2.000 0.050 0.060
Band gap (eV) 1.500 1.500 2.420 3.600
Electron affinity (eV) 3.900 4.300 4.500 4.200
Dielectric permittivity
) 9.400 10.000 9.000 10.000
(relative)
CB (/cm"3) 8.000E+17 2.200E+18 1.800E+18 2.200E+18
VB (1/cm”"3) 1.800E+19 1.800E+19 2.400E+18 1.800E+19
Electron thermal velocity
1.000E+7 1.000E+7 1.000E+7 1.000E+7

(cm/s)
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Hole thermal velocity

1.000E+7 1.000E+7 1.000E+7 1.000E+7
(cml/s)

Electron mobility (cm?/Vs) 3.200E+2 1.000E+2 1.600E+2 1.000E+2
Hole mobility (cm?2/Vs) 4.000E+1 3.500E+1 5.000E+1 1.000E+1
Shallow uniform donor

) 0.000E+0 0.000E+0 1.000E+17 1.000E+19
density ND (cm®)

Shallow uniform acceptor

density NA 2.000E+14 5.000E+16 0.000E+0 0.000E+0
(cm™)

2.1.A comparison between electrical characteristics :

After simulating the cell (a) and (b) we obtained this characteristics :

Table 6 : Characteristics obtained from simulation

(a) (b)

Voe (V) 1.13 0.68
Isc (MA/cm2) 28.67 26.40
FF (%) 82.30 82.39
ETA (%) 26.76 14.76

Table 6 show the results of simulating two solar cells with different absorber material. VVoc

,Isc and FF have approximately the same results except the efficiency. The solar cell with

CdTe absorber have higher efficiency than the solar cell with CZTS absorber there is a

difference of 12%.

o1




Chapter 3 Simulation results

2.2.1-VV and P-V curves :
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Figure 9 : I-V curves obtained from simulation
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Figure 10 : P-V curves obtained from simulation

From the results shown in figure 9 and 10, the influence of voltage on current and power react
approximately at the same manner.

52



Chapter 3 Simulation results

2.3.The effect of thickness on the efficiency :
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Figure 11 : Influence of thickness on the efficiency

Figure 11 show that thickness have a positive effect on efficiency even though the absorber

layer is not the same.
2.4.The effect of ITO layer on solar cell characteristics :
Table 7 show the result of simulation solar cell without ITO layer

Table 7 : Solar cell characteristics results of simulating without ITO layer

(a) (b)

Voe (V) 1.13 0.68
Isc (MA/cm2) 28.51 26.37
FF (%) 80.00 82.14
ETA (%) 25.82 14.70

From results shown in table 7, ITO layer have no impact in Voc and Is . for efficiency and fill
factor there is a slight change on results, where simulating with ITO is better than simulating

without ITO layer.
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Simulation results

3. A comparison between SCAPS and with AFORS-HET simulation of

Al/ZnO : Al/ZnO/CdS/CIGS/Mo solar cell :

In general, the cell consists of a thin buffer layer CdS deposited on a CIGS as an absorbent

layer and a zinc oxide layer ZnO inserted between the CdS and ZnO: Al layer, and the front

contact is made of Al to prevent current leakage. The back contact is Mo.[8]

Figure 12, shows the structure of simulated solar cell. The key structure sections are the CIGS

absorber layer. Table 9. Gives all parameters used for the solar cell structure Using these

parameters, the solar cell was simulated to get the best efficiency.

Table 8 : Metal work function for back and front contact

Work function of front metal (Al) contact layer (ev)

4.40

Work function of back metal (Mo) contact layer (ev)

4.95

Light

Front contact (Al)

ZnO : Al (230 nm)
Zn0O (50 nm)
CdS (50 nm)
CIGS (1 pm)

Back contact ( Mo)

Figure 12 : Solar cell structure studied in part 2

Table 9 : Paramaters of Al/ZnO :Al/ZnO/CdS/CIGS/Mo solar cell studied

Properties CIGS Zn0O :Al Zn0O Cds
Thickness (um) 1.000 0. 230 0.050 0.050
Bandgap (eV) 1.300 3.300 3.300 2.420
Electron affinity (eV) 4.400 4.500 4.600 4.200
Dielectric permittivity
) 13.600 9.000 9.000 10.000
(relative)
CB (cm®) 2.200E+18 3.000E+18 2.200E+18 1.300E+18
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VB (cm®) 1.500E+19 1.800E+18 1.900E+19 9.100E+19
Electron thermal velocity
1.000E+7 1.000E+7 1.000E+7 1.000E+7
(cml/s)
Hole thermal velocity (cm/s) 1.000E+7 1.000E+7 1.000E+7 1.000E+7
Electron mobility (cm?/Vs) 1.000E+2 1.000E+2 1.000E+2 7.200E+1
Hole mobility (cm?/Vs) 2.500E+1 2.500E+1 2.500E+1 2.000E+1
Shallow uniform donor
) s 0.000E+0 1.000E+20 1.000E+18 1.000E+18
density ND (cm™)
Shallow uniform acceptor
) 3 5.000E+15 0.000E+0 0.000E+0 0.000E+0
density NA (cm™)

3.1.A comparison between SCAPS and AFORS-HET results :

After simulating of Al/ZnO :Al/ZnO/CdS/CIGS/Mo solar cell with SCAPS and comparison
with AFORS-HET we obtain parameters in table 10:

Table 10 : A comparison between results of simulation between SCAPS and AFORS-HET

Simulation with SCAPS ] Simulation with AFORS-
) Experimental Results[9]
(this work) HET [8]
Voc (V) 0.44 0.45 0.45
Isc (MA/CM?) 33.18 32.16 32.3
FF (%) 75.63 66.32 63.31
ETA (%) 11.04 9.65 9.28

Solar cell characteristics are obtained using SCAPS and AFORS-HET simulation are close.
The efficiency is changed by 1.76% , the fill factor is increased from 63.31% to 75.63% and

there is a slightly change in Voc and .

From the results shown, the simulation results using SCAPS program are consistent with the
simulation results using AFORS-HET program for Vo and Isc , and slight change for FF and

efficiency. AFORS-HET results are more close to experimental results.
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3.2.A comparison of the effect of thickness on solar cell characteristics :

Simulation results

We change the CIGS thickness from 500 nm to 20 pum. We get the curve shown in figure 13 :

80 15
701 = 10
60 5
5 10 15 20 25 10 15 20 25
Thickness(um) Thickness (um)
0,6+ 36
0,51
R T 344
= 2
> 0,41 £
32
0,3
5 10 15 20 25 10 15 20 25
Thickness(um) Thickness(pum)
Figure 13 : Thickness vs solar cell characteristics
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Figure 14 : The impact of thickness on solar cell characteristics ( AFORS-HET results)

Figure 13 and 14 , shows that the curves change in the same manner with the difference in the
beginning of the change, and this is due to the change in the results of the properties obtained

before.

3.3.The effect of Rs and Rsh on the efficiency :

10~

ETA(%)

O T T 1
0 10 20 30

R(Qccm?)

Figure 15 : Influence of Rs on the efficiency
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Figure 16 : Influence of Rsyon the efficiency

From the results shown in figure 15 and 16 , the efficiency decreases slowly until it is non

existent when series resistance Rs =30 Qcm?, shunt resistance have an almost non-existent

impact on the efficiency.

3.4.The impact of type of the absorber layer :

We chaneg the absorber layer of the same structure from CIGS to CdTe, the parameters of

CdTe absorber layer is shown in table 1 in the first part.

Table 11 : A comparison of simulating results of CdTe and CIGS absorber layer (part3)

Simulation with CIGS Simulation with CZTS Simulation with CdTe
absorber layer absorber layer absorber layer
Voe (V) 0.44 0.68 0.86
Isc (MA/CM?) 33.18 26.57 28.50
FF (%) 75.63 83.00 84.69
ETA (%) 11.04 14.95 20.67

From results shown in table 7 , Result of simulating with CdTe absorber layer is better than
the results of simulating with CIGS and CZTS absorber layer of this structure. After changing

too CIGS absorber layer the efficiency and fill factor decrease approximately about 10%. For
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Voc the result is approximately the half of results of simulating with CdTe absorber layer, and

1sc_increase about 5 mA/cm?.

Conclusion

From results shown in this chapter, different structures react with different manners. First,
thickness have a positive effect on efficiency until a specific value that change according to
the type of absorber layer and the solar cell structure after that it will effect the efficiency
negatively. Next, series resistance have a negative effect on efficiency while shunt resistance
do not have any impact and the type of absorber layer make an impact as well , we found that
CdTe absorber layer have the best efficiency for the studied solar cells. Finally, adding ITO
layer have a slightly positive impact on efficiency and fill factor.
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General conclusion

Solar cells has been always the easiest way to convert solar energy to electricity. To
keep up with times, solar cell is been developed and use nanotechnology. Due to the hardest
way to do experiments in thin film solar cells , it is simulated through various programs such
as SCAPS-1D, AFORS-HET, SILVACO-ATLAS, AMPS and more others. SCAPS-1D is the

most usable and suitable software for the photovoltaic conversion of semiconductor devices.

In this work, we started with generalities of solar cells such as, types working

principals, how solar cells are simulated and more other information.

Next, we got to know SCAPS-1D simulation program , how this program works and

how to obtain results. Finally we started simulating solar cells using this program.

This simulation allowed us to study the effect of different parameters on solar cell
characteristics. The analysis of all of our results shows that :

1. Temperature have a negative effect on the efficiency of solar cells , the lowest
temperature which is 300K causes the highest efficiency and same for Vo, Isc and FF .

2. Series resistance have a negative effect on efficiency, FF and Isc while the Vo increase
by the increase of resistance . Series resistance become approximately not existed after
25 Qcm?.

3. Shunt resistance have approximately no effect on the characteristics of solar cells, but
it is better to select shunt resistance of 6000 Qcm?.

4. Thickness effect in different ways due to different structures. For the first studied
structure, it effect positively on efficiency , Voc and Isc until 3um after that she effect
negatively. For the second and the third studied structure , it effect just positively in
the field studied and the efficiency begin to stabilized at the same previous value.

5. We compared between the results of three different absorber layers (CdTe , CIGS and
CZTS) , we found that absorber layer from CdTe type have the best results.

6. We compared between results simulated with SCAPS-1D and results of AFORS-HET,
we found that the results of SCAPS-1D is better than the results of AFORS-HET. But

the results of AFORS-HET is closer to the experimental results.
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7. We compared between two structures simulated with SCAPS-1D, we found that the
results of ITO/CdS/CdTe/Au structure are better than the results of
ITO/CAdS/CZTS/Mo structure.

8. We compared between results of the presence of ITO layer and the absence of it , we

found that ITO have a slightly positive impact on the efficiency , FF, Vo and ls
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ﬂbstract: This study aims to simulate thin-film solar cells using the SCAPS-1D program. The cell vm
CdTe/CdS/SnOx structure was studied. We obtained the characteristics of the cell and found that the current-voltage
curve and the power curve correspond to the theoretical curves of solar cells. We studied the effect of temperature on
the filling modulus and cell yield. Simulation results showed that high temperature negatively affects the filling
coefficient and cell efficiency. We found that the thickness of e = 3 mm for the CdTe layer in the studied cell gives the
best yield for it. Its highest efficiency was at T=300K , 1 =13.75% the packing plant estimated at that time FF =
66.45%, while the short circuit current was estimated at I = 24.06 mA/cm2. The open circuit voltage under these
conditions is rated Vo = 0.85 V The study showed that increasing the series resistance negatively affects the work of
the studied cell, as the packing coefficient and its efficiency are almost non-existent when the series resistance is
greater than 25 Qcm2. Increasing series resistance negatively affects Isc but does not affect Vo.. We found that the
effect of parallel resistance on solar cell properties is almost negligible. In order to study the effect of the absorbent
layer on the efficiency of the solar cell, we compared three cells: CIGS/CdS/SnOx, CZTS/CdS/SnOy, and
CdTe/CdS/SnOx. We also compared the two cells ITO/CdS/CdTe/Au and ITO/ CdS/CZTS/Mo The results showed that
the CdTe absorbent layer solar cell is the best. We conducted a study of the Al/ZnO /ZnO/CdS/CIGS/Mo cell in order
to compare our results with the results obtained from another reference. Our results were in agreement with the
experimental results and simulation results using the AFORS-HET program. /

Keywords: solar cells, thickness, series and shunt resistance, SCAPS-1D, ITO, CdTe.

Résumé :Cette étude vise a simuler des cellules solaires a couches minces a l'aide du programme SCAPS-1D. La
cellule a structure CdTe/CdS/SnO; a été étudiée. Nous avons obtenu les caractéristiques de la cellule et constaté que
la courbe courant-tension et la courbe de puissance correspondent aux courbes théoriques des cellules solaires. Nous
avons étudié I'effet de la température sur le module de remplissage et le rendement cellulaire. Les résultats de la
simulation ont montré qu'une température élevée affecte négativement le coefficient de remplissage et I'efficacité de
la cellule. Nous avons constaté que I'épaisseur de e = 3 mm pour la couche de CdTe dans la cellule étudiée donne le
meilleur rendement pour celle-ci. Son rendement le plus élevé était a T=300K , n =13,75% l'usine de conditionnement
estimait alors FF = 66,45%, tandis que le courant de court-circuit était estimé a Ic = 24,06 mA/cm2. La tension en
circuit ouvert dans ces conditions est notée Vo = 0,85 V L'étude a montré que l'augmentation de la résistance série
affecte négativement le travail de la cellule étudiée, car le coefficient de compactage et son efficacité sont quasi
inexistants lorsque la résistance série est supérieure a 25 Qcm2. L'augmentation de la résistance série affecte
négativement ls. mais n'affecte pas Voc. Nous avons constaté que I'effet de la résistance paralléle sur les propriétés des
cellules solaires est presque négligeable. Afin d'étudier l'effet de la couche absorbante sur I'efficacité de la cellule
solaire, nous avons comparé trois cellules : CIGS/CdS/SnO,, CZTS/CdS/SnO; et CdTe/CdS/SnO,. Nous avons
également comparé les deux cellules ITO/CdS/CdTe/Au et ITO/CdS/CZTS/Mo. Les résultats ont montré que la
cellule solaire & couche absorbante CdTe est la meilleure. Nous avons mené une étude de la cellule
Al/ZnO/ZnO/CdS/CIGS/Mo afin de comparer nos résultats avec les résultats obtenus a partir d'une autre référence.
Nos résultats étaient en accord avec les résultats expérimentaux et les résultats de simulation a I'aide du programme
AFORS-HET.

Mots clés : cellules solaires, épaisseur, résistance série et shunt, SCAPS-1D, ITO, CdTe.
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