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GENERAL INTRODUCTION

Today, the production of electricity by converting light using photovoltaic cells is
largely dominated by silicon, with 95% of installed photovoltaic panels (monocrystalline,
polycrystalline and thin-film) [1]. However, these commercial panels suffer from low average
efficiency, around 13% (between 12 and 18% for monocrystalline, between 12 and 15% for
polycrystalline and between 6 and 9% for thin-film [2]). This is why a great deal of research
is focusing on increasing the efficiency of silicon panels (nanostructures, thin films,
plasmonics, etc.) and on alternative materials with higher efficiency (CdTe, CIGS, GaAs,
etc.). Generally speaking, these new materials are deposited in thin layers (a few hundred

nanometers), but still offer attractive yields, there by reducing production costs.

Among the new thin-film materials being considered for photovoltaics is the InGaN
alloy. InGaN currently appears to be the most promising material for photovoltaic
applications, with the potential for high conversion efficiencies. InGaN materials have an
attractive modulable gap energy ranging from 0.7 eV to 3.42 eV, and a high optical
absorption coefficient of over 10 5 /cm, indicating better absorption of the solar spectrum
[3.4]. Its gap energy can be modulated by varying the rate of Indium x in the In x Ga 1-x N
alloy, making it a very promising material for ultra-thin film solar cells in space applications.

The aim of our work is the « Study and Simulation of Photovoltaic Properties on the
Performance of p-InGaN/n-InGaN Single Junction. Numerical simulation »

The manuscript is divided into three chapters. The first chapter explains how a solar cell

works, its most important parameters and its various applications, as well as the PN junction.

The second chapter describes the InGaN material, its characteristics, its main structural,
electrical, thermal and optical properties, and its growth. The third chapter consists of two
main parts, the first part gives a detailed description of the Solar Cell Capacitance Simulator
(SCAPS-1D) which is used to simulate the solar cell performances based on p-InGaN/n-
InGaN Single Junction. The second part describes the simulation of PN and PPN junction
solar cells structures, this part also presents and discusses some results obtained using the

Scaps 1D program.

Finally, we draw a general conclusion.
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(1]
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(3]
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Generalities on solar energy and photovoltaics

I- Introduction

There exist various types of renewable energy sources distributed across the Earth's
surface, including kinetic wind energy and solar energy. Thermal energy undergoes
conversion processes to generate usable energy forms like electricity, catering to human
energy needs.

I.1 Solar Energy

Solar energy stands out among renewable energy sources due to its widespread
availability, being hailed as a crucial energy form. Harnessing merely a fraction, even ten
percent, of Earth's energy reserves could potentially meet global energy demands for
numerous years.

The forthcoming section will delve into key aspects of solar energy and strategies for its
effective utilization™.

I.1.1 The source of solar energy

Solar energy is primarily generated in the sun's nucleus through the fusion of two hydrogen
atoms to form a helium atom, resulting in a release of tremendous energy™ E!. This energy is
then emitted as solar radiation, reaching the Earth and serving as a vital source for various
renewable energy technologies like solar photovoltaic systems. The sun's constant fusion
reactions maintain its high temperature of 5777 K, sustaining the continuous generation of
solar radiation that powers solar energy applications on Earth. Solar radiation consists of
direct and diffuse components, with direct radiation being crucial for concentrating solar
power technologies, highlighting the importance of harnessing this energy source for
sustainable electricity generation. Understanding the solar radiation processes and variations
is essential for maximizing the efficiency and deployment of solar energy systems !,

1.1.3 Solar Radiation

Solar radiation or sunlight is a collection of electromagnetic waves, of which the human eye
can see a field called visible light, while the remaining field is invisible to the naked eye.
Mirror rays from the sun's spectrum are characterized by color rays from red to violet, which
are the colors of the rainbow. Red waves have a wavelength of 700 nanometers and violet
waves are short-wavelength and have a wavelength of about 400 nanometers. Two parts of the
sun's spectrum are not visible to the naked eye: As in Figure 1.1, the part with a wavelength
longer than 700 nanometers (up to about 2700 nanometers) is the infrared band, and the other
part with a wavelength shorter than 400 nanometers, which is called the ultraviolet band
ultraviolett® ],
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Generalities on solar energy and photovoltaics

Solar radiation can be divided into four types:

1. A direct ray that penetrates the atmosphere and reaches the earth's surface without
trouble, without scattering, and remains intact without loss.

2. Arreflected ray that is reflected on the ground or on objects on the earth's surface.

3. A diffuse ray that is scattered by the atmosphere and some of it may leak out
depending on the weather.

4. The total radiation resulting from the sum of direct, reflected, and diffuse rays.

Tncoming Solar Outgoing Radiation f
iation [

Net Emission
Emission by
from Surface ™oy e L

Emission by
Water Vapor,
o,

Absorbed by Water
Vapor, Dust, 0

Figure 1.1 : Types of solar radiation distributionisiiel.

1.1.4The spectrum of solar radiation

Solar radiation carries energy and its energy varies with its wavelength. As the wavelength of
light increases, its energy decreases. This means that ultraviolet radiation has a relatively high
energy. Therefore, they are harmful to the skin of the human body if exposed for too long.
The sun's rays fall to Earth after passing through the atmosphere. Some of them are absorbed
by the atmosphere. Different gases in the atmosphere, such as nitrogen, oxygen, carbon
dioxide, water vapor, and others, have different abilities to absorb sunlight.

The brightness of direct sunlight can reach (93 lumens) of radiation per watt of flux, including
infrared, visible, and ultraviolet radiation. The average power of solar energy incident on a
square meter of Earth's surface is

0= m .
Eo = 1367 W/m? (1.1)

This constant is called the global solar constant (GSC)
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Generalities on solar energy and photovoltaics

Scientists distinguish three types of rays that make up solar radiation:

Thermal or infrared radiation, which is inelastic and is estimated to account for about 50%
percent of total solar radiation

Their wavelength ranges from (4.0-0.75) microns (1/1000th of a millimeter) and they play an
important role in the entire activity.

As for the so-called visible light rays, they are actually invisible, as visible sunlight is like the
sun's rays that penetrate the cosmic space without us seeing them, but are scattered by
transparent physical media such as the atmosphere or reflected from it such as the surface of
the moon. Scattering is the secret to illuminating the atmosphere with daylight, knowing that
light can be analyzed with a glass prism into its basic components. The proportion of visible
light rays is estimated at 37% of the total solar radiation, and their wavelengths range from
(40.0-74.0 microns). The strength of visible light rays on the Earth's surface increases at noon
during the day in summer.

Ultraviolet radiation (also called bioluminescence) is aspherical and accounts for about (3....)
of the total solar radiation and its wavelength ranges from (5.40.17) microns [/ ¢!

solar energy curve at top of the atmosphere

Solar Readiation Curve
5% ultraviolet (300-400 nm)

43% visible light (400-700 nm)

52% near infrared (700-2500 nm)

Incoming solar
radiation at sea level

H,0 Yellow color shows energy absorbed
by gases in air including water vapor,
HaO carbon dioxide,ozone and other
greenhouse gases.

2.5

2.0

1.5

1.0

Spectral Irradiance (W/mZ2/nam)

¢ 250 500 750 1000 1250 1500 1750 2000 2250 2500 3000
UV visible near infrared > >
thermal

Wavelenght (nanometers
bbb ) infrared

Figure 1.2 : Types of solar radiation distribution®.
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Generalities on solar energy and photovoltaics

1.1.5 Number of air masses

the evolution of the solar spectrum throughout the day and its variability based on
geographical location are key characteristics. Reference spectra have been established to aid
in evaluating the performance of photovoltaic devices from various manufacturers and
research institutions. These standardized spectra underwent modifications in the early 2000s
to improve resolution and conform to international standards. The previous solar spectrum,
was phased out in 2005. In general, the differences among spectra have minimal effects on
device efficiency ', with newer spectra being more user- Figure 1.3 . The solar spectrum
outside the Earth's atmosphere, characterized as a 5,800 K black body, is referred to as
"AMO" or "zero atmospheres”. Cells used in space power applications, such as on
communication satellites, are commonly assessed using "AMO0". The solar spectrum after
passing through the atmosphere to sea level with the sun directly overhead is known as
"AM1", representing "one atmosphere ™. A standard solar spectrum, depicted graphically as
spectral irradiance versus wavelength, is shown in Figure 1.2 .

Air mass is a measure of how far light travels through the Earth's atmosphere. It is defined as
the ratio of the actual path length of sunlight to the minimum path length, which occurs when
the sun is directly overhead. This ratio indicates the amount of atmosphere that light must
pass through before reaching an observer on the ground. The air mass is a function of the
solar elevation angle, with higher angles corresponding to shorter path lengths and lower
angles corresponding to longer path lengths 22131

1 h?+s° st . .
AM =—— = [—— = [1+—| with the zenith angle &
" cos(6) \j h? \] h2 Y (1.2)

Ay
\\ ‘I’
< K
- \
\‘H/,’ "
-
- -
p \
- (=482
Sy .
L AMO
i
AM1s N0 AMY AM

"’aosph“'

Figure 1.3 : Condition of measurement of rayonnement AMx**!

Page 8



Generalities on solar energy and photovoltaics

1.2 Photovoltaic Solar Cells

One of the alternative energy sources that is gaining popularity around the globe is
photovoltaic (PV) electricity. It is pure, sustainable, and non-polluting energy. This energy is
produced by using solar cells to transform solar radiation into electrical energy. Electrical
devices in homes and businesses can be powered by it, By creating a semiconductor material
that can transmit positive and negative electrical charges when exposed to light, these cells
enable the direct conversion of solar energy into electricity. This electrical energy is known as
photoelectric energy.

Among the most significant and extensively utilized forms of renewable energy in the world,
photovoltaic energy is applied in numerous fields.

1.2.1 Definition of Photovoltaic Energy

Photovoltaic energy, derived from solar radiation through solar cells made of semiconductors
like silicon, is a crucial form of renewable energy!. It stands out for its cleanliness,
renewability, and eco-friendliness, offering numerous advantages such as zero emissions of
harmful gases and independence from fossil fuels, known for causing pollution®®. This
energy type is particularly beneficial for remote areas without centralized grids, providing
electricity to buildings and homes, and powering small devices like laptops and smartphones
efficiently . The evolution of photovoltaic technology, driven by advancements in materials
and manufacturing processes, has significantly enhanced its efficiency and applicability,
making it a promising solution for sustainable energy needs ..

I\\ a h I\\\

N Conversion device (Solar : N
Solar Energy > Cell PV) Electric energy >

4 .
I v I

Figure 1. 4: Transform solar energy into electric energy by the photovoltaic (PV) )

1.2.2 Definition of the Photovoltaic Cell

The photovoltaic cell, also known as a solar cell, is a semiconductor device that converts
sunlight directly into electric current through the photovoltaic effect™. It typically comprises
a semiconductor substrate with base regions, collecting electrodes, connecting electrodes, a
passivation layer, and collecting electrodes stacked in a specific configuration % Figure 1.5 .
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Electric bulb

Electric current flow

— @ <0 <0 <O N-type silicon layer

P-type silicon layer

Free electron @
Hole

Figure 1.5 : photovoltaic solar cells®?®

The cell's operation relies on the energy of incoming photons raising electrons from the
valence band to the conduction band, with equilibrium carrier concentration and minority
carrier concentration gradients playing crucial roles in determining current densities and

material characteristics Figure 1.6 2.

—— Glass

»—— Front Adhesive Film

Solar Cells

Back Adhesive Film

\\. / —— Backsheet
O '— Junction Box

[21].

Figure 1.6 : Components of photovoltaic solar cells
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Electric potential

1.2.3 Principle of Operation of the Solar Cell

The principle of operation of photovoltaic cells is based on the direct conversion of solar light
energy into electrical energy using the photoelectric effect. The photovoltaic solar cell
consists of a thin layer of semiconductor material sandwiched between two layers of
oppositely charged materials.

When the solar cell is exposed to sunlight, electrons are released in the semiconductor
material, and these electrons move towards the upper layer of the solar cell. The liberated
electrons from the semiconductor material move to the upper layer due to the electrostatic
effect that arises between the two different layers in the semiconductor material.

As the electrons reach the upper layer, they move through an external wire and head towards
the lower layer of the solar cell, obtaining electrical energy during this process. Electrical
energy is produced by multiple solar cells connected sequentially or in parallel.

These cells are connected to an electrical energy conversion device, where the direct current
generated by the solar cell is converted into alternating current used in household electrical
systems.

General Operation of the Photovoltaic Solar Cell is illustrated in Figure 1.7 . 2%

Sunlight (1) light irritation

(E=hv)
Negative electrode —
— Sunlight
n.type ‘ . . I hV Electric field
(E)
0.0 Ec it & Ec
(2) e-h generation (4) Transportation / .
.0-’. (3) e-h separation .. . /——
+ + 4+ 4+ , IS Y JRN BN SRR
Depleti Front Band Gap Back
() etion zone |
‘8 Metal electrode , Metal electrode
A 00—00
[ — he
l Ey ‘ Ey
(5) Recombination
N-type materials P-type materials
ptyee @ @ 00 typ typ

Positive electrode

(a) (b)

Figure 1.7 : (a) working principle of solar cell with p-n junction structure and (b) loss
mechanism in standard p-n junction solar cells.
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1. Light absorption and generation of carriers. Photons originating from sunlight arrive at
the surface of the solar cell, which absorbs them. Many electron-hole pairs are
produced by the photon-absorption mechanism.

2. Carrier separation and collection of the light-generated carriers to generate a current.
The electrons are released into the negative layer, and the decomposed electrons flow
through the positive layer.

3. Generation of a voltage across the solar cell. The electrons overcome the boundary
energy at the n-type layer and flow through the negative electrode at the top of the
cell, which is connected to an external load. This provides a path for the positive
material layer; thus, electricity is generated. When the electric field is sufficiently
strong to cease further diffusion of holes and electrons, the depleted region reaches
equilibrium. Integrating the electric field across the depleted region determines what is
called the built-in voltage (also called electric field or voltage). Electrons and holes
diffuse into regions with lower concentrations of them.

4. Carrier collection and dissipation of power in the load. Electrons return to the cell after
exiting the external load and repeatedly move from the positive to the negative side for
continuous electricity generation %!

1.3 Semiconductor

Semiconductors are materials whose conductivity is intermediate between that of
conductors and insulators. This conductivity strongly depends on temperature. A
semiconductor is a material in which the peripheral electrons are distributed between at least

two energy bands separated by a relatively small energy gap of the order of 1 eV 24,

1.3.1 Band structure

In a crystal, a moving particle is subject to a potential that depends on the periodicities of the
crystal lattice . In a simple model of a material with two energy levels (Figure 1.8), an
electron with energy Ev belongs to the valence band and is bound to the atom. If it receives
energy " in the form of a photon, for example " allowing it to reach the level Ec, which is the
energy corresponding to the conduction band, the electron becomes free and can then
participate in the creation of an electric current. The energy required for the electron to
become free is denoted Eg, the energy associated with the band gap:

Eg=Ec- Ev (1.3)

Unlike insulators (Eg> 5 eV), semiconductors have a gap of the order of 3eV, whereas for
metals the gap is nonexistent .
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Figure 1.8 : Band structure of the three categories of materials %%

1.3.2 Fermi level :

materials heavily relies on the Fermi level. Symbolized by "E¢", the Ef is quantified in
energy measures like electron volts (eV). An increased Fermi level usually leads to
/heightened electronic conductivity rates. Techniques such as photoemission spectroscopy,
scanning tunneling microscopy, and conductivity measurements can be employed to ascertain

the Fermi level, 7128

The Fermi function is a probability distribution function defined as follows:[28]

Ec E. E;
E _ l o — E;  —mmmmmmmmmmmmemmmemmmeeeeee i‘F .............................
S(B)=—F=% | | il
l+e #7 & n-type & p-type F
Fermi function intrinsic case E=E¢ n-type case p-type case
then f(E)=f(EF)=0.5
[29]

Figure 1.9 : Classification of materials by resistivity and conductivity values
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1.3.3 Types of Semiconductors

[

Semiconductors can be classified as follows?!
Intrinsic

Semiconductor
semiconductor

]

Extrinsic
semiconductor

| (

Pure form of
Ge, Si N -Type
(n=n,=n,) Pentavalent impurity
P, As, Sb etc.
Donar impurity - N,
(n>>n,)

Figure 1.10: Difference Types of Semiconductors [30].

Depending on the Kind ot dopant, n-type or p-type semiconductor can be made.

P - Type

Trivalent impurity
Ga, B, In, Al

Donar impurity - N,

(n>>n,)

Semiconductors made of several elements are called compound semiconductors, as opposed
to those made of a single element such as silicon semiconductors. There are combinations

[30

Element(s) Material Group Il Group Ill Group IV Group V Gr
| Single I—'I Si, Ge I Be B C N
Beryllium | Boron Carbon | Nitrogen
[ compound Group IVl  ZnSe CdTe | Mg | Al =
Group lll-V  GaAs InGaN 1nP | Megnesium Aluminum [IESSIES
Group IV-IV_Sic | Zn | Ga [ECe
Zinc Gallium |Germanium
cd In Sn
Cadmium | Indium Tin
Hg Tl Pb
Mercury | Thallium | Lead

Figure .11 : Type Groupe Semi-Conductor

(30]

sui:h as Group Il and Group V of the periodic table, Group Il and Group VI, Group IV, etc

Doping phosphorus (P) of Group V into silicon (Si) of Group IV makes n-type

semiconductor.

Doping boron (B) of Group Il into silicon (Si) of Group 1V makes p-type

semiconductor.
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Figure 1.12: Conduction Mechanism in Case of Intrinsic Semiconductors (a) In
the absence of an electric field (b) In the presence of an electric field B

1.3.4 Intrinsic Semiconductor

An intrinsic type of semiconductor material is made to be very pure chemically. It is made up
of only a single type of element. B

Germanium (Ge) and silicon (Si) are the most common types of intrinsic semiconductor
elements. They have four valence electrons (tetravalent). They are bound to the atom by a
covalent bond at absolute zero temperature.

When the temperature rises due to collisions, few electrons are unbounded and become free to
move through the lattice, thus creating an absence in its original position (hole). These free
electrons and holes contribute to the conduction of electricity in the semiconductor. The
negative and positive charge carriers are equal in number.

The thermal energy is capable of ionising a few atoms in the lattice, and hence, their
conductivity is less. B!

The Lattice of Pure Silicon Semiconductor at Different Temperatures

o At absolute zero Kelvin temperature: At this temperature, the covalent bonds are
very strong, there are no free electrons, and the semiconductor behaves as a perfect
insulator.

o Above absolute temperature: With an increase in temperature, a few valence
electrons jump into the conduction band, and hence, it behaves like a poor conductor.
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Energy Band Diagram of Intrinsic Semiconductor : The energy band diagram of an
intrinsic semiconductor is shown below. B!

=

Electron energy =
Electron energy =

o0

| OO

OO

(a) | (b)

Figure 1.13: (a) Intrinsic Semiconductor at T = 0 Kelvin, behaves like an insulator
(b) At t>0, four thermally generated electron pairs!*!

In intrinsic semiconductors, current flows due to the motion of free electrons, as well as holes.
The total current is the sum of the electron current le due to thermally generated electrons and
the hole current I,

Total Current (I) = l¢ + I (1.4)

For an intrinsic semiconductor, at finite temperature, the probability of electrons existing in a
conduction band decreases exponentially with an increasing band gap (Eg). B

n-= noe-Eg/Z.Kb.T (|5)
Where,
Ey = Energy band gap

Ky = Boltzmann’s constants

1.3.5 Extrinsic semiconductor

Extrinsic semiconductors, created through controlled impurity introduction, play a
crucial role in semiconductor device functionality™. The characteristics of n- and p-type
dopants in various materials have been extensively studied, with group VII atoms being
effective n-type carriers in SnS2 monolayer nanosheets®®, and P and O being preferable for
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n-type doping in cubic silicon nitride, The charge redistribution between dopants and their
neighbors is a key factor in n- and p-type effects in silicon, Practical doping protocols have
been developed for Gel—ySny semiconductors, enabling the creation of n- and p-type doped
layers with controlled and efficient doping, These studies collectively highlight the
importance of extrinsic semiconductors and the role of doping in their properties and
applications. An extrinsic semiconductor can be further classified into types =

N-type Semiconductor and P-type Semiconductor.

Extrinsic semiconductors

Acceptor impurity
creates a hole

/"0‘\\ @ ponor impurity
5 contributes free
@ @ e electrons
o g w @ -l
. i - P .
L@l @ i@
o ”,,05—1:50? - - e
e @ °
RO
n - type

Figure 1.14: Classification of Extrinsic Semiconductor !*°!

1.3.6 P-type semiconductors

A p-type semiconductor is an intrinsic semiconductor doped with boron (B) or indium (In).
Silicon of Group IV has four valence electrons and boron of Group Ill has three valence
electrons. If a small amount of boron is doped to a single crystal of silicon, valence electrons
will be insufficient at one position to bond silicon and boron, resulting in holes* that lack
electrons. When a voltage is applied in this state, the neighboring electrons move to the hole,
so that the place where an electron was present becomes a new hole, and the holes appear to
move to the """ electrode in sequencel®”’.

Four valence
electrons Adding boron to

pure silicon crystal

results in lack of an >
electron. And it

o becomes a hole.

siconcer o gmy @ @ @
? (€]

00

Boron (B): o

Three valence B o 5 o
electrons ) o

Figure 1.15: p type semiconductor "

1.3.7 N-type semiconductors

An n-type semiconductor is an intrinsic semiconductor doped with phosphorus (P), arsenic
(As), or antimony (Sb) as an impurity. Silicon of Group IV has four valence electrons and
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phosphorus of Group V has five valence electrons. If a small amount of phosphorus is added
to a pure silicon crystal, one of the valence electrons of phosphorus becomes free to move
around (free electron*) as a surplus electron. When this free electron is attracted to the “+”
electrode and moves, current flows™”!

-
o

Silicon (Si):

0
four valence © . )
electrons ©  Adding phosphorusto

®

OO

0.0

(o)

pure silicon crystal i ?¢ 0 il
O results in a surplus
: ) O O q
electron.And it becomes ) @ o @ o @ ¢

Phosphorus: (B) a free electron.
five valence — 00 66 66
electrons

(8]

o O
®
o 0O
o O

Free electron

Figure 1.16 : n type semiconductor %!,

1.3.8 Bipolar PN Junction

The bipolar PN junction is an electronic compound consisting of two semiconductor halves of
type N and type P. The bipolar PN junction is the intersection of type N and type P materials
to form an interface between the two regions. The type P region consists of a semiconductor
type containing hole carriers, and the type N region consists of a semiconductor type
containing excess electrons. The two regions are intentionally doped with different impurities
to control the concentration of electric charges in the transitional region between the two
halves.

The properties of the bipolar PN junction depend on its structure, shape, the degree of doping
of the halves, and the strength of the electric field present in the transitional region between
the halves. The bipolar PN junction is used in various electronic applications such as
photovoltaic solar cells, electronic switches, LED lights, and sensors. 2%
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Figure 1.17: P-N junction are of two types — diffusion and drift!?®!

1.3.9 Characteristics of a photovoltaic cell

The basic characteristics of a solar cell are the short-circuit current (Isc), the open-circuit
voltage (Voc), the fill factor (FF) and the solar energy conversion efficiency (n). The
influence of both the diode saturation current density and of Isc on Voc, FF and 1 is analyzed
for ideal solar cells B4 :

1.3.10 Equivalent circuit of a photovoltaic cell

A genuine solar cell is depicted in Figure 1.18, illustrating an electrical model of the
photovoltaic cell. The diagram highlights the current generator Iph, which corresponds to the
photogenerated current lobs = Id of the forward-biased diode, along with Rs and Rsh
representing the shunt resistor and the series resistance, respectively. The series resistance is
attributed to the resistivity of various layers of the cell such as emitter, base, and metal
contacts, particularly their interface with the semiconductor. It is crucial for this resistance to
be minimized to mitigate its impact on cell current. Achieving this entails reducing the
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resistivity of the material utilized. On the other hand, Rsh, the shunt resistance, signifies the
existence of a leakage current through the transmitter due to a malfunction, which may arise
from high-temperature metal contacts diffusing into the transmitter or a short-circuit at the

cell's edges. Ideally, this resistance should be maximized 1!
Circuit idéal R
- A As
! \ Rl‘ l » ¥ -f’q‘v .l
7 l T.I[ ‘
J Iy IM ~
I ]p. é VOIII TI}’: 2 [ ! R V I
: S ! ) D < R R
\ T v load
\ / ph \
. ‘
‘o - Z v o

Figure 1.18 : Equivalent circuit of a photovoltaic cell B4
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=1, [exp[ J 1J v )modelD (1.6)

I:Iph—lm[exp( ] 1] [ [ (V+(IXR))]—1}—M mode 2D!"*  (1.7)
kT Ry

1.3.11 I-V characteristic of a photovoltaic cell
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Figure 1.19 : Characteristic of a photovoltaic cell ¥
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The three physical quantities that define this curve are :

+ \Vco: Open-circuit voltage, this value represents the voltage generated by an
illuminated, unconnected cell.

+ Isc: Short-circuit current, representing the current generated by an illuminated cell
connected to itself.

% Pm: Its maximum power point: MPP (maximum power point) obtained for an
optimum optimal voltage and current: Vopt, lopt (sometimes also called Vmpp,
Impp).are defined by :

1.3.12 Solar cell parameters

The parameters of a photovoltaic cell are determined from the current-voltage current-voltage
(I-V) characteristic curve (Figure 1.20 .), which describes the cell's operation.

The main characteristic quantities of solar cells are:

# Short circuit current 1
#+ Open circuit voltage V,,

+ The fill factor FF
+ Energy conversion efficiency 7

+ The spectral response R,

1.3.13 Short circuit current of I, :

The short-circuit current expressed in ay is the current flowing in the cell under
illumination and by shorting the terminals of the cell. It grows linearly with the illumination
intensity of the cell and it depends on the illuminated surface, the wavelength of the radiation,
the mobility of the charge carriers and the temperature. It can also be said that the current is
the current initiated by the cell under illumination in reduce output. Which means :

I, = 1(V =0) and equations analytical [I=1, —1(e""" —1) (1.8)

7 N

IV curve of the solar cell

\ The short circuit current, Igc.
is the maximum current from a
solar cell and occurs when the
voltage across the device is
Zzero.

Isc

Current

Power from
the solar cell

Voltage =
Voc

Figure 1.20 : The short circuit current ; &7
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1.3.14 Open circuit voltage of V. :

The open circuit voltage Voc is the maximum voltage available from a solar cell, and this
occurs at zero current. The open circuit voltage expresses the direct polarization of the
resulting cell by polarizing the junction with the light -generated current. The schematic of the
open circuit voltage on the I-V curve is in Figure 1.21 .

eV,
|0=(e'7ka —1} I,=0 and V,, :Tﬂ(—len(li—lJ (1.9)
e 1,
[}
b [V curve of the solar cell

The open circuit voitage, V. ,

is the maximum voltage froma
solar cell and occurs when the

net current through the device
is

Current

Power from
the solar call

=

Voltage Voc

Figure 1.21 : The open circuit voltage

1.3.15 The fill factor and Energy conversion efficiency of FF and n

The "fill factor" is the ratio of maximum power P, , to the open-circuitV, voltage and short

circuits current 1. It is known by the abbreviation " FF ".2 the FF is illustrated in
Figure 1. 22.

I V. P
2V __ Py 1.10
| VI (110

oc''m oc " " sC

FF =

In the ideal case, the fill factor (FF) is100 %. For a silicon solar cell, the AA typically ranges
between77.0% and 82.0%.
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Current,
Power Cell with Low Fill Factor

Isc

(Vmp, lmp)

FF=Imp=xV'mp
IscxVoc
= area i
areaB

<) ot
Voc Voltage

Figure 1. 22 : The fill factor FF(®!

Conversion efficiency is the most commonly used medium or benchmark for comparing a
solar cell to another. The efficiency represents the ratio between the electrical capacity
generated by the cell and the photovoltaic power it receives. Therefore, it depends on the
intensity of incoming light and the temperature of the solar cell. Therefore, the conditions
under which cell efficiency is measured to compare a cell to another must be controlled. In
generglfs,] solar cell efficiencies are measured at 25 ° C and AML.5 light. In space, light
AMO"?,

— FF'ISC'\/OC — POrlTJ]tax (I.ll)
Pinc Pinc

1.4 Conclusion :

In this chapter, we presented some of the general concepts related to the solar cells in terms of
their definition, operation mode and a comparison between some of the solar cell examples
based on Si ,CIGS, GaAs, and InGaN, respectively. These concepts allow and facilitate us to
understand and grasp the second chapter, which will be paired around the InGaN-based solar
cells.
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Study of InGaN Material

1.1 Introduction

Nitride-based materials have been studied intensively in recent years for their
application in photovoltaics (PV) ™. These alloys have a direct bandgap that can be modified
over a wide range of wavelengths covering the majority of the solar spectrum @ making it
possible to manufacture a multijunction solar cell based on the same material.

This chapter focuses on ternary InGaN compounds. They are interesting semiconductors for
solar energy applications because of their wide gap potential, almost the entire solar spectrum
can be covered, making them good candidates for single- and multi-junction solar cells by
changing the indium content in the mixed material. This chapter presents the structural and

electrical properties of indium gallium nitride (InGaN), and solar cells using these materials
[3]

11.2 Definition of InGaN

This substance is categorized as a semiconductor within the nitrides group (I11), consisting of
nitrogen and elements sourced from group (V) of Mendeleev's periodic table, specifically
gallium and indium, as illustrated in Figure 11.1 . Gallium-indium nitride represents a blend
of gallium nitride (GaN) and indium nitride (InN). Consequently, the ensuing discussion in

this section will primarily focus on the structural, electrical, and optical characteristics of
InGaN MBI
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11.3 InGaN material properties

I11-Nitrides can crystallize according to two crystalline structures, one with a hexagonal lattice
(wurtzite) and the other with a cubic lattice (zinc blende). The most commonly used form is
the wurtzite-type lattice due to its advantageous physical properties and ease of growth
compared to the other structure. I11-V semiconductors are of great interest due to their
properties:

» They are robust

» They have high thermal conductivity
» Their melting point is high

» They have a direct band gap

I1.3.1 Optical and Optoelectronics Properties

I11 element nitrides (GaN, AIN, InN and their alloys) are semiconductors with remarkable
properties. The most important is undoubtedly the small band gap of InN at 0.7 eV ®. This
extends the spectral coverage of nitrides, now ranging from far ultraviolet with AIN (6.2 eV,
or 200 nm) "), to mid-infrared with InN (0.7 eV, or 1770 nm), through near ultraviolet with
GaN (3.39 eV, or 365 nm) & and visible with the InGaN or AlInN alloys. The bandgap
energies of ternary alloys of type A,B1xN can be described by the following equation ©:

ES>%" =E"x+E" (1-x)+b"®x(1-x) (11.1)

where b*® is the non-linearity (bowing) term representing the deviation from the Vegard's
law. It is equal to 1eV for AlGaN, 1.4eV for InGaN, and 2.5eV for InAIN 1.

> Note that other physical quantities such as piezoelectric and elastic coefficients also
follow the same formula except for the bowing term.

~l

o Malériau binaire & gap direct

pinGoz] eV *.v,

décoratif)

5
[ AN R R :
=6 AlN * ~ © Matériau binaire & gap indirect Coniicitin| 1™
ﬁ [ — Matériau ternaire & gap direct (NLOS)
Yy § 48§ DRPHS

] \ ; G Matértan terdatie s Ga indine
E 5 BASo=0 gev a‘l . il ANo fatériau fernaire & gap indirect Duionion de T 11250
g N Z "“‘:“_:" Stérilistion
g4 VN Al . i % 300~
£ uv « binAlz2 5eV Qar Médical || pppression || <
U ‘\ . a N Cuble p ]
03 o g | W (sincHeode) Lithography| P %
E GaN Y ” 4 1\lll_§
- 3 * g vr - T H
g 4 A b [|(Urbain, intétieurf 2
© _— . d, A e 1T Y Ao ma
® g
U
c
w

17 IR = Spectroscopie
“#* InN i
1t 4 \ proche-IR ~ [11200
0 T n) N\
2 7 2 9 3 1 3 3 3 5 3 7 (22010 Migual A Curs, Tywlall Nadloasl laghitute IHA’ 11Sh
' ’ ’ ' ’ S (1S S T S
Paramétre de maille a (A) Lattice parameter a (A)

Figure 11.2 : Band gap and the corresponding wavelength as a function of
the lattice hexagonal and Cobic M0,

Page 28



The properties of InGaN material

The solar spectrum AMy impact InGaN gap :

The solar spectrum, specifically AMy, significantly impacts the band gap of InGaN materials,
allowing them to cover a wide range of the solar spectrum from UV to IR regions™?. InGaN
alloys exhibit band gaps ranging from 0.7eV to 3.4eV, making them suitable for absorbing a
large portion of sunlight™™. By adjusting the indium (In) concentration in InGaN, the band
gap can be modulated to maximize solar spectrum absorption, with InGaN reaching band gaps
from 3.42 to 0.7eV . This tunability enables the optimization of InGaN-based solar cells,
with simulations showing that the In composition plays a critical role in determining the short
circuit current density, open circuit voltage, fill factor, and conversion efficiency of InGaN
solar cells . Additionally, the research highlights the potential of InGaN thin films with larger
band gaps to match the solar spectrum effectively, paving the way for the design of more
efficient multi-junction solar cells .
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Figure 11.3 : Correspondence between the solar spectrum AM, and the InyGag.»N gap [15].
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The resulting absorption coefficient spectra as well as the wavelength-dependent refractive
indices of GaN and In,Ga;..N films used in the simulations are presented in Figure 11.4 1! :

Refractive Index

Absorption coeff. (10°em™)

—— e e b
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Photon Energy (eV)

0.0

Figure 11.4 : (a) Refractive index dispersion relations and (b) absorption coefficient spectra
of GaN substrate and InyGa;.xN films used in the simulations, as extracted from the
ellispometric data analysis.™®.

11.3.2 Structural properties of group-I11 nitrides

11.3.2.1 Zinc Blende (GaN and InN structural parameters)

Zinc blende is the cubic crystals structure shown by zinc sulfide (ZnS). The structure has
a diamond-like network. It is a thermodynamically more favoured structure than the other
form of zinc sulfide. However, it can change its structure upon changing the temperature. For
instance, zinc blende can become wurtzite if we change the temperature.
We can characterize the zinc blende as a cubic close-packed (CCP) and a facecentred

cubic structure. Also, this structure is denser than the wurtzite structure. However, when
the temperature increases, the density tends to decrease; therefore, a conversion can take place
from zinc blende to wurtzite. Besides, in this structure, the cations (zinc ions) occupy one of
the two types of tetrahedral holes present in the structure, and it has four asymmetric units in
its unit cel|IL7I18],
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11.3.2.2 Wurtzite (GaN and InN structural parameters)

Wourtzite is the hexagonal crystal structure shown by zinc sulfide (ZnS). We call this

crystal structure hexagonal close packing structure (HCP). We can characterize it by 12 ions
in the corners of each unit cell, which creates a hexagonal prism structure.
However, this structure has low thermodynamic stability; thus, it slowly converts into a zinc
blende structure. Also, this structure has the cations (zinc ions) occupying one of the two
types of tetrahedral holes present in the structure, but it has two asymmetric units in its unit
cell.

Table I1.1: GaN and InN structural parameters!®!,

lattice of wurtzite (Hexagonal) Zinc Blende(Cubic)
InGaN
a(A%) C(A%) U(A®) a(A°%)
GaN 3.189 5.185 0.377 4.47
InN 3.54 5.7 0.378 4.96

Nitride-based materials such as GaN, AIN and InN are widely used for optoelectronic
applications. These materials can exist in wurtzite, zinc blende and rocksalt crystalline
structures. In this chapter, we will focus only on the wurtzite structure properties because it is
the most thermodynamically stable configuration that is usually grown by MOCVD (and in
this thesis). Schematic of the wurtzite structure is presented in Figure I1. 5 171281,

aAB, N = x*a(AN)+ (1-x)*a(BN) 1.2
cAB._ N = x*c(A)+(1-x)*c(BN) e
aInGa, N = x*a(InN)+ (1-x)*a(GaN) (11.3)
cInGa, N = x*c(In) +(1—x)*c(GaN) |

[0001] QR

Figure 1. 5: Schematic wurtzite lattice of InGaN material and ( (¢) Crystal structure of wurtzite. (d) Unit
cell of the wurtzite structure. 108,
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Table 11.2: Difference Between Zinc Blende and Wurtzite*l,

Crystal System Cubic Hexagonal

Density High Low
Asymmetric Units Has 4 asymmetric units Has 2 asymmetric units
Stability Thermodynamically more stable Thermodynamically less stable

11.3.3 Effect of polarization

The presence of a spontaneous and piezoelectric polarization field is one of the original
physical properties of I11-N semiconductor compounds with a wurtzite structure, grown by
epitaxy along the <0001> direction, which has consequences for electronic applications. The
significance of total polarization in nitride compounds is of great interest compared to other
111-V compound semiconductors such as GaAs™.

I11.3.3.1 Spontaneous Polarization

Considering the electronegativity possessed by nitrogen in relation to other elements of group
V such as gallium and indium, it enables nitrogen to attract electrons more strongly in the Ga-
N bond. The electron cloud will no longer be symmetrical, and the barycenter of the electric
charges will no longer be located at the center of the two atoms (Ga, N). Such a bond is said
to be polarized because it acts as if it has a positive pole and a negative pole. The gallium
atom associated with the four neighboring nitrogen atoms forms dipoles illustrated in figure I-

5 as follows .
P_p (11.4)

sp

v

i=1

There is the appearance of a succession of dipoles oriented in the <0001> direction and the
creation of an electric field in the opposite direction to this polarization, the material thus has
a polarization along the c-axis. At zero stress, there exists a spontaneous polarization Psp, as
mentioned in Table 1.2 ),

o-

Py O N

Figure 11. 6: polarisation spontanée dans le GaN
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The crystalline structure of GaN has a symmetry along the c axis, resulting in the polarization
gradient Vp=-o=0and zero volume charge density. The numerical value of the
spontaneous polarization of GaN, as well as some I11-N elements, is reported in Tableau 11-3

Tableau 11-3 : Principales propriétés des I11-N, & température ambiante (300K). !

Wurtzite a(A) c (A) P., (C/m?)
GaN 3,189 5,185 0,029
AIN 3,112 4,982 0,081
InN 3,538 5,703 0,032

A linear law representing the evolution of the spontaneous polarization of the InnGa;-mN
compound as a function of the aluminum content m can be established based on the values of
the spontaneous polarization of InN and GaN!?% 22|

Psp(m)=(-0.052m-0.029) C/mz.

P, (In,Ga, N) = x*P, (INN) + (- x) *P, (GaN) —b*x*(L—x).| Unité C/m’ (11.5)
b=2P, (InN) +2P, (GaN) — 4P, (In;.Gay;N) (11.6)

I1.3.3.2 Piezoelectric Polarization

Piezoelectricity is the ability of certain materials to produce an electric dipole proportional to
the mechanical stress (tension or compression) that deforms them. Figure 1. 7 compares the
properties of different semiconductors, including GaN, applying pressure to the nitride
crystals, forcing the structure to accommodate the constraints by varying its lattice
parameters, namely a0 and cO. This results in a variation of polarization that is not due to the
variation of spontaneous polarization, since it always exists in the crystal and does not depend
on any external effect, but rather to another type that will be called piezoelectric polarization.
The value of this polarization will be calculated from the following formula (11.7) 4

P, :(Mj{eﬂ(m)_wj Unité C/m? (1.7)

a(m) Cy; (m)

With:

es1 and ess : the piezoelectric constants.

Ci3 and Cgs : the elastic constants.

a(0) and a(m) : the equilibrium and under constraint lateral lattice constants.
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Tableau I1-4 : Elastic and piezoelectric coefficients of the main 111 element nitrides

compared to GaN. [

Wurtzite | Cy, (GPa) | C;3(GPa) | Cy3 (GPa) | ey (C/m?) | e (C/m?)
GaN 367 103 405 0,49 0,73
AIN 396 108 373 0,6 1,46
InN 223 92 224 0,57 0,97

It should be noted that the coefficients ess, Cy3, and Cs3 are always positive, whereas e31 is
negative: the term (e;-es3 (C13/Cs3) will therefore be negative, resulting in the fact that for a
biaxial tensile deformation of the crystal (GaN layers subjected to an extensive stress a>ao),
the piezoelectric polarization is negative like the spontaneous polarization (Figure Il. 7.a),
and for a compression deformation, the piezoelectric polarization is positive contrary to the
spontaneous polarization (Figure 11. 7.b) 22 Contrainte en tension compression

P,,.-T o
+ + + + 4+ + + + + o+
Substrat

S I o B e S e i
Substrat

Tension stress Compressive stress

Figure I1. 7: Piezoelectric polarization in GaN??
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I1.3.4 Thermal properties

The parameters for defining thermal properties are:

» Thermal Dilation: Any material subjected to a temperature change is deformed: this

is the phenomenon of thermal dilation. This has to be taken into account when
studying the properties of semiconductors at different temperatures, it was calculated
by Krukowski et al !, a 5.59.10%.K™ for axis a and 4.47.10"®.K™ to axis c.

Debye temperature: It characterizes the maximum value of vibration energies, it was
calculated by Kim et al . And another predicting it between 620 and 690 K.

Thermal conductivity: Thermal conductivity is the Kkinetic property that is
determined by the contributions of the degrees of electronic freedom: rotation and
vibration. In semiconductors, due to low electron densities and conduction holes, the
main contribution to heat transport comes from phonons. In a pure crystal, thermal
conductivity is determined only by the process of diffusion of phonons. In a real
crystal, it is also determined by the punctual defects. Of all thermal properties, thermal
conductivity is most affected by structural defects, the value obtained by porowski et
al " and 1.7 W.cm-1K-1 for impunity concentration of 10*® cm=,

I1.3.5 Electronic properties

The many mechanical, thermodynamic, optical, electronic, structural, thermal and electrical
properties of the GaN make this semiconductor an attractive element in several areas of use.
In this paragraph, we will cite a set of properties that we find useful for our further study.

I11.3.5.1 Band Gap
The GaN, like most I11-V materials, has a direct banned broadband. The bandwidth was
estimated at 3.4 eV at room temperature Figure 11. 8 2%

Energy (eV)

§ >

7

)

“AML

Figure 11. 8 : Band structure of wurtzite phase a) GaN; b) InN and ¢) InGaN!*®!
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I1.3.5.2Carrier mobility

Compared to GaAs and Si, SiC and GaN materials have lower electronic mobility: 800 and
1000 cm?V 'es™! respectively. Nevertheless, the ability of Ill-nitrite materials to create a
two-dimensional electron gas (2DEG) makes GaN very interesting for high-frequency and
high-voltage applications. Indeed, HEMTSs use heterogeneity to contain carriers in a potential
well and create a two-dimensional channel without any need for GaN doping. In this way, the
diffusion effects of the mobility of a doped material such as diffusion by ionized impurities
are eliminated and mobility is significantly increased. This allows a HEMT AlGaN/GaN to
have a mobility greater than 1200 cm?V e,

II-3-5-3 Dielectric rigidity

The field of a material is the maximum electrical field it can withstand. Is its value
proportional to Eg 3/2, or Eg is the energy of gap ["*"). It is measured at 3.106V/cm at 300K®.
The GaN has a higher clutch range than the Si and Sic, making the round the most suitable for
high voltage applications.

Tableau 11-5 : Presents the electronic and thermal properties of several well-known
semiconductors in comparison with GaNProperties at 300 K. M

Properties at 300 K Diamant

Band Energy interditEq vy 112 143 135 3.25 343 6.0 545

Champ of claquage Fq4 0.3 0.4 045 3 3 12 10
(MV/cm)

Electron Saturation Rate 1 1 1 2 175 15 27
V(*107cm/s) '

Mobility of electrons 1500 0.85 0.46 800 300 1800
#, (x10%cm? /Vs) 05

Electron Density per Surface . 0.2 3

Unitn, (x10*cm™)

Thermal conductivity 15 0.5 0.7 49 2 22
0, (w/cmk) L3
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11.4 State-of-the-art of InGaN-based solar cells :

The proposal to use InGaN alloys for solar cell application has been done in 2003 by Wu
et al. But the first announcement about a InGaN-based device has been published only two
years later. Different structure designs were verified to optimize photovoltaic properties of
InGaN solar cells. Generally, all proposed structures can be divided on two main groups that
are discussed in this sub-section: homojunctions and heterojunctions.

I1.4.1 Homojunctions

A homojunction is a type of semiconductor junction where both sides of the junction are
made of the same material. In other words, it is a junction formed between two regions of the
same semiconductor material but with different doping levels. This type of junction is
commonly used in semiconductor devices such as diodes and transistors. The homojunction
allows for the easy formation of a pn-junction, which is important for the operation of many
semiconductor devices?®.

examples of semiconductor devices that utilize homojunctions:

Bipolar Junction Transistors (BJTs): In a BJT, the emitter-base and base-collector
junctions are often homojunctions. These junctions are crucial for the operation of the BJT as
they control the flow of current in the device.

Diodes: Many types of diodes, such as p-n junction diodes, Schottky diodes, and tunnel
diodes, utilize homojunctions at their core for rectification and signal processing purposes.

Photodiodes: Photodiodes are semiconductor devices that convert light into electrical current.
They often consist of a homojunction that generates electron-hole pairs when exposed to light.

Solar Cells: Solar cells, also known as photovoltaic cells, convert sunlight into electricity.
Most solar cells are made using homojunctions or heterojunctions to improve the efficiency of
converting light into electrical energy.

Integrated Circuits (ICs): ICs consist of interconnected semiconductor components,
including transistors and diodes, that are often built using homojunction technology at their
core.

These are just a few examples of semiconductor devices that make use of homojunctions.
Homojunctions play a vital role in the functionality and performance of various
semiconductor devices in modern electronics.

The performance of p-InGaN/P-InGaN/n-InGaN homojunctions can be significantly affected
by the introduction of a P-InGaN layer. Here are some ways in which the P-InGaN layer can
impact the performance:

1. Improved hole injection: The P-InGaN layer can facilitate efficient injection of holes into
the active region of the device, which can enhance the overall carrier distribution and improve
device performance.
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2. Reduction of polarization effects: The introduction of a P-InGaN layer can help reduce the
effects of built-in electric fields due to polarization mismatch at the heterointerfaces, which
can improve the device's efficiency and operational stability.

3. Enhanced carrier confinement: The P-InGaN layer can help confine carriers within the
active region of the device, leading to improved recombination efficiency .
Certainly! Here are some examples of semiconductor devices that utilize homojunctions?

I11.4.2 Heterojunctions or Multi-junction cells

Multi-junction cells, particularly those based on I11-V compound materials, offer a promising
avenue for achieving high-efficiency solar cells beyond the limitations of single-junction cells
approaching the Shockley-Queisser limit . By stacking semiconductor materials with different
bandgaps, multi-junction cells can efficiently absorb various portions of the solar spectrum,
leading to impressive conversion efficiencies. These cells have demonstrated record
efficiencies of up to 47.1% under concentration, showcasing their potential for high power
generation per unit cost . Additionally, advancements in multi-junction cell technologies, such
as integrating nanoantenna arrays to concentrate electromagnetic radiation and improve
current generation, further enhance the efficiency and performance of these cells . Overall,
multi-junction cells represent a significant advancement in photovoltaic technology, offering a
pathway towards cleaner and more efficient energy productiont?®.

Semiconductor power devices like InGaN and GaN exhibit essential material characteristics
crucial for power electronics applications. GaN, a wide bandgap semiconductor, possesses
high electron saturation velocity, a large critical field, and excellent thermal stability, making
it ideal for high-power microwave frequencies”. GaN devices benefit from a two-
dimensional electron gas (2DEG) generated by spontaneous and piezoelectric polarization
effects in GaN heterostructures, leading to high sheet charge density essential for high power
handling capabilities . In contrast, InGaN, a IlI-V compound semiconductor, offers large
bandwidth, high thermal conductivity, and fast electron saturation rates, making it suitable for
high-frequency and high-power electronic devices. The integration of these materials in
power converters is crucial for enhancing performance beyond the limitations of traditional
Silicon-based switches .
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I1.4.3 Generation of solar cells

. Photovoltaic cells can be categorized by four main generations: first, second, third, and
fourth generation. The details of each are discussed in the next section!

Divisions of Solar Cell

Technologies
1 | 1
First Generation Second Generation Third Generation
Solar Cell Solar Cell Solar Cell
l |
Chalcogenides Compoundsof ™ > DyeSynthesised
Crystalline Silicon | Chalcovrite Group II1-V » g::lmdal Quantum
' . . » Perovskite
> Smglel » Amorphous > Cadmium Telluride (CdTe) ’ (:]:]ll u]':l Iudm: » Organic
estallne licon > Copperodiom Gallom | PUsPhorous Gatl) 0
» Multi » Polycrystalline  Selenide (CIGS) atfum Arsenide (GaAs) Chalcoge‘nides
crystalline Silicon > Odecs » Copper Zinc Tin
> Indium-Gallium Sulfide (CZTS)
-Nitrue [RGaN

\ _/

Figure I1. 9 : Generation of solar cells InGaNEY

I1.4.4 Advantages, challenges, and strategies of InGaN-based solar cells

11.4.4.1 Advantages of InGaN-based Solar Cells[32].

1. Wide Bandgap: Indium Gallium Nitride (InGaN) has a wide bandgap, which allows for

the absorption of a large portion of the solar spectrum, including the ultraviolet and visible
regions.

2. High Absorption Coefficient: InGaN materials have a high absorption coefficient,
enabling efficient absorption of sunlight with a relatively thin absorber layer.

3. Tunability: The bandgap of InGaN can be tuned by adjusting the indium composition,
allowing for optimization of the absorption spectrum for solar energy conversion.
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4. High Carrier Mobility: InGaN materials exhibit high carrier mobility, enabling efficient
charge transport within the solar cell structure.

5. Temperature Stability: InGaN-based solar cells can exhibit good temperature stability,
maintaining performance under varying environmental conditions.

11.4.4.2 Challenges of InGaN-based Solar Cells

1. Heterostructure Growth: Growing high-quality InGaN heterostructures with precise
control over composition and defect density is challenging, affecting the performance and
reliability of the solar cells.

2. Carrier Recombination: InGaN materials are prone to carrier recombination processes,
reducing the efficiency of charge extraction and affecting overall device performance.

3. Material Compatibility: Integrating InGaN with other materials in the solar cell structure
can pose challenges due to differences in lattice constants and thermal expansion coefficients.

4. Surface Morphology: Achieving smooth and defect-free surfaces in InGaN layers is
crucial for device performance, but it can be challenging during the growth process®?..

11.4.4.3 Strategies for Enhancing InGaN-based Solar Cells

1. Optimized Growth Techniques: Implementing advanced growth techniques such as
molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD) can
improve the quality of InGaN layers and heterostructures.

2. Surface Passivation: Employing surface passivation techniques to reduce surface
recombination and improve the overall quality of InGaN-based solar cells.

3. Incorporation of Nanostructures: Integration of nanostructures like quantum dots or
nanowires in InGaN solar cells can enhance light absorption and charge carrier extraction.

4. Band Engineering: Tailoring the band structure of InGaN-based solar cells through alloy
composition engineering and bandgap grading to improve carrier collection and reduce
recombination losses.
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5. Improved Contact Layers: Designing efficient transparent conductive oxide (TCO) and
metal contact layers to enhance light transmission and improve charge carrier extraction
efficiency.

By addressing these challenges and implementing strategic approaches to enhance the
performance of InGaN-based solar cells, researchers aim to harness the unique advantages of
InGaN materials for efficient and cost-effective solar energy conversion applications®?
Figure I1. 10..
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Figure I1. 10 : Advantages, challenges, and strategies of InGaN-based solar cells 22,
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I1.5 conclusion

In this second chapter, we present a study of the structural and electrical properties of
indium gallium nitride (InGaN). InGaN is an ideal candidate for the manufacture of high-
performance photovoltaic solar cells, particularly for high-temperature applications. We have
also presented its equivalent circuit and the state of the art of InGaN-based PV cells shows
that this material has significant advantages for the realization of high-efficiency solar cells.

The following chapter 1l will focus on the simulation of single-junction PN and PPN
structures, with the influence of p-InGaN layer thickness and doping concentrations on the
photovoltaic parameters of InGaN-based solar cells.
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Simulation of a p-InGaN/n-InGaN single junction (Results and Discussion)

111.1 Introduction

This chapter consists of two main parts, the first part gives a detailed description of
the Solar Cell Capacitance Simulator (SCAPS-1D) which is used to simulate the solar cell
performances based on p-InGaN/n-InGaN Single Junction. The second part describes the PN
and PPN junction solar cells structures , some physical parameters such as thickness and
doping concentration concerning both junction used in this study. This part also presents and

discusses some results obtained using the Scaps 1D program.

111.2 Description of the SCAPS 1D Simulator [1]

In order to simulate and control all the parameters of a photovoltaic device using

SCAPS software, we need to go through three main windows:
- Execution window « action panel » ;
- Device design and problem definition window « Definition panel » ;

- Results window.

a). Main menu « Action panel »

After launching the software and opening the run window (Figure 111.1), you can
modify the following parameters: temperature, series and parallel resistance, and illumination
parameters. At any time, you can access the other two windows, the device design window

and the results window, as shown in the figures below.

b) Structure selection

When you click on the « SET PROBLEM » button on the action panel, the « SOLAR
DEFFINITION « panel appears. This allows you to create or modify solar cell structures and
save or load them from other files (Figure I1l. 2).
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There are dedicated panels for the basic actions:
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Figure I11.1: SCAPS startup panel, the action or main panel
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Figure I11.2: Definition of a solar cell structure.

c). Layer properties

The window shown in Figure. 111.3 contains several parameters such as gap energy,
electrical permittivity, affinity, doping and doping type. It should be noted that the user can

directly use standard values in the software's data files.
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Figure 111.3: Parameters of a p-InggoGaog.4oN cell layer.
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d). Simulation results « Characteristic 1(V) »

Run the « Calculate » simulation, note the simulation results ( Js ,Voc ,FF, 1) in the
« I-V panel » window, the I-V characteristic....These results can be displayed and copied as a

table by pressing « show » (figure 111.4).
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Figure 111.4: Display panel for I-V curves

111.3 Structure of a PN and PPN-junction

The structure chosen for our study is an InGaN-based solar cell, one having a PN structure :
p-Ino.70Gas 30N/ N-Ing70Gag 30N single junction and the other is PPN cell: p-Ings0Gao.40N/ p-
INo.70Gas.30N/ n-Iny 70Gag 30N , as schematized in figure 111.5. Where the top layer is quasi-
transparent, to allow radiation absorption in the p region.

In order to obtain a high efficiency, we will use an indium concentration of 60% and 70%.
The PPN-InGaN solar cell was created with indium composition ranging from 60% to 70% (x
= 0.6-0.7) because most reports in the literature suggested that the best efficiency can be
achieved using these indium compositions 1. For comparison, a PN-junction In,70Ga.soN
solar cell was also simulated (Figure 111.5).

The InyGa;x N material system is a ternary system where it’s electrical and optical
parameters are determined by the composition ratio of In and Ga. The In,Ga;—«xN absorption
coefficient !, o(E), is a function of energy and band gap as a function of indium composition
can be expressed, respectively !
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i (1n.2)

E, (InGa,_N)=x*E, (InN)+x(1-x)*E, (GaN )-b*x*(1-x) (111.2)

where Eg(x) is the band gap of In,Ga;—x N, E is the energy of photons and a0 for GaN is
approximately 2 x 10° cm ™. The oo of the InyGay N is assumed to be the same as that of
GaN. Eg (InN) is equal to 0.7eV, Eg (GaN) is equal to 3.4eV and b is the bowing parameter,
which account for the non-linear fit of band gap energies, and is equal to 1.43eV !,

To obtain the electron mobility in the alloy, we used the concentration-dependent formula
below .

(N ) = g+ Emns (111.3)

“(,)

I represents electrons or holes, N and Ng represent the doping concentration and critical
doping of the material respectively, and y is a constant.

In order to calculate the mobility of the material, we have grouped together in the table below
the various values taken from the literature for the different parameters of GaN and InN ™.

Table 111.1: Difference Parameters Between GaN and InN 21,

Parameters GaN InN
Hmine (CM?/V.5) 55 30
Hmax.e (CM*/V.S) 1000 1100

Ye [s d] 1 1
Ng.e (cm™) 2.10" 8.10"®
Hminh (CM?/V.S) 3 3
Hmax.n (CM?/V.S) 170 340
yn [sd] 2 2
N, (cm™) 3.10% 3.10%
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All the InxGal-xN parameters used for the simulation are listed below

> Relative permittivity

£(InGa, N)=x*z(InN)+(1-x)*z(GaN ) =14.6*x+10.4*(1—X) (111.4)
> No. of state in conduction band ©°I:
Ne (In,Ga, N)=x*N¢ (INN)+(L—x)* N (GaN ) = (0.9% x+2.3*(1-x))*10%cm™® (111.5)
> No. of state in valence band
N, (In,Ga,_ N)=x*N, (InN)+(1-x)*N, (GaN)=(5.3*x+1.8*(1-x))*10°cm™>  (111.6)

> Electron affinity °!:

;(:;((GaN)+O.7(3.4— Eg) = 4.l+0.7(3.4— Eg)(eV) (III .7)

111.3.1 Solar cell structure

Figure 111.5 depicts the schematic structure of the p- InggGaog ssN /n- InggsGagssN PN
single-junction solar cell and p-Inqs0Gag.40N/ pP-1Ng70Gae 30N/ n-Ing 70Gas 30N PPN junction
under investigation. In our structures, dp and dn of the PN junction and dp;,dp, and dn2 of the
PPN junction represents the thicknesses, respectively. The solar cells receive sun radiation
AM 1.5G lighting with an irradiation intensity of 1000 W/m>.

SUNLIGHT

SUNLIGHT

P-Ing¢Gag N 11m N, =1x10%

P-Ing,GagsN 1 N, =1x10%

P-Ing;GagsN  1um N, =1x 10

n-ing,GagsN  1om N, =1x10%

n-Ing ;,Ga, ;N lum N, =1x 10'8

Figure. I11.5 Structure of a PN-junction (left) and a PPN-junction (right) InGaN solar cell.
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The physical and geometric parameters of each layer of InGaN are given in the Tablel below
[10].

Table I11.2 : Simulation parameters for the InGaN materials in the PN and PPN
junction InGaN solar cells. %

Value

Parameters

Ing7Gag 30N Ing6Gag.aoN
Bandgap, Eg (eV) 1.21 1.44
Electron affinity, y (eV) 5.2 5.46
Relative permittivity,e 13.38 12.74
Effective density state of the conduction band Nc (cm™) 1.32x10" 1.46x10%
Effective density state of the valence band Nv (cm™) 4.25x10" 3.90x10%
Carrier concentration (cm™) for n and p layers 1x10%® 1x10®
Capture cross section electrons (cm?) 1.0x10™" 1.0x10™"
Capture cross section holes (cm?) 1.0x10™" 1.0x10™
Defect density (cm™) 1.0x10™ 1.0x10™

111.3.2 The bandgap strucure of PN and PPN junction InGaN solar cells

The PPN solar cell is composed of a thin p-InGaN layer with a high indium
composition on top of a PN junction InGaN solar cells. The addition of a thin top p-InGaN
layer creates a graded energy bandgap.

Figure 111.6 (a), (b) shows that the PPN structure performs better than the PN structure
because it includes an additional layer of p-IngsGapsN with a slightly larger bandgap. In
addition, the extra layer of p-InGaN has increased the number of holes in the solar cell and
caused the Fermi level to shift towards the conduction band. The generation of holes and
electrons in the PN and PPN junction solar cells is shown in Figure 111.6 (black and white
circles represent electrons and holes respectively). The PPN structure had a wider band gap
and could absorb more light than the PN structure!®’,
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Figure I11. 6 (a) Diagram of band energy levels of the PPN structure
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Figure Il1. 6 (b) Diagram of band energy levels of the PN structure
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111.3.3 Structure of PN junction p-1ng;Gag 3N/ n-Ing;Gag 3N

I111.3.3.1 Influence of the thickness in the p-Ino.70Gao.30N and n-Ino.70Gao.30N regions.
The effects of the thickness layers in the p-Ing70Gag 3N and n-Ing70Gag3N regions on the
photovoltaics parameters sush as Vo, Js, FF, and # of the PN junction solar cells were
investigated.

a- Influence of the thickness in top p-1ng;Gag 3N region (dp)

The thickness of top layer p-lng7GapsN (dp) was varied from 0.01 um to 1.0 um while
maintaining the thickness of bottom layer n-Ing7GapsN at 1.0 um and carrier density Na and
Nd at 10" cm™. The results are provided in Table 1 and Figure. 111.7.(a),(b),(c) and (d).

Table 111.3 : Influence of the thickness of top p-InGaN region (dp)

dn=1um,Na=1.10%cm?®,Nd=1.10% cm?

dp (um) 0.01 0.05 0.1 03 05 0.8 1

Jsc(mA/cm?) 34.767575 35.393179 35.883707 35.591176 34.078541 31.514610 29.895391

Voc (V) 0.7607 0.7614 0.7621 0.7633 0.7634 0.7632 0.7629
FF (%) 84.83 85.04 85.09 85.18 85.22 85.25 85.26
n (%) 22.44 22.92 23.27 23.14 22.17 20.50 19.44
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30 H / 44* g 7
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Fig.111.7 (a) 1V curves of the PN- Fig.111.7 (b) Quantum efficiency curves
junction InGaN solar cell structure. of the PN-junction InGaN solar cell
structure.
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Fig 111.7 (c) Effect of thickness of top Fig 111.7 (d) Effect of thickness of top
layer on Jsc and VVoc layer on FF and eta

Figure 111.7 (a) depicts the J(V) characteristics of p- Ing7Gag 30N /n- Ing 7Gag 30N single
junction solar cells of varying p- Ing7GagsN thicknesses (dp). We can see that the p-
Ing.e5Gap3sN layer thikness of 10 nm has the highest Jsc (35.88 mA/cmZ) and Jsc decrease
with increasing p- Ing7Gag3N layer thikness. On the other hand Voc increases slowly of
few mV from 0.7607 to 0.7634 V at 500 nm and drop at 0.7629V

when p-Ing7Gag 3N layer thikness is of 1000 nm. Although a thicker p- Ing;Gag 3N
layer improves absorption and creates more carriers, a longer drift length makes it more
difficult for photogenerated carriers to reach the p contact. Jsc reduces slightly 2121,

The quantum efficiency of p-Ing;GagsN /n-Ing;GagzoN single junction solar cells
under AM1.5 is displayed in Figure 111.7 (b). was around 98% with dp of 0.1um to 75% with
dp of 1um, throughout a broad spectral range (200—600 nm), and it progressively decreased at
longer wavelengths. These findings demonstrate the efficiency of the suggested single-
junction solar cell construction and the near total conversion of all absorbed photons into
charge carriers 12,

Figure.lll.7 (c) represents both the variation of short-circuit density current Jsc and open
circuit voltage (Voc), as function of the p-Ing;GagsoN layer thikness (dp) ranging from 0.01
pum to 1 um. As we can see, the short circuit density current Jsc is decreasing linearly with

increasing p-Ing-Gao soN layer thikness (dp) "4

Figure.ll11.7 (d) shows the effects of the p-Ing7Gag 30N layers’ thickness on the Efficiency (n)
and FF. It can be seen that the Efficiency (1) and FF are more sensitive to the thickness
variation of p-Ing;GagsoN. In this range, it can be noticed that the n of the p-Ing7Gag 30N solar

cells reduces with increasing p-Ing;GagsoN thickness, while the FF increase slowly with

(%) &30
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increasing p-1ng7GaogsoN thickness. It’s clear that the p-Ing;GagsoN layer thikness of 0.1 pm

gives maximum efficiency of about 23.27% and fill factor FF starts to increase slowly beyond

this value of p-Ing;Gag 30N layer thikness.

b-Influence of the thickness in bottom n-In0.7Ga0.3N region (dn)

The thickness of bottom layer n-In0.7Ga0.3N (dn) was varied from 0.01 um to 1.0 pum while
maintaining the thickness of top layer p-In0.7Ga0.3N at 1.0 um and carrier density Na and Nd
at 1018 cm-3. The results are provided in table 2 and Figure. 111.8.(a-d).

Table 111.4 : Influence of the thickness of bottom n-InGaN region (dn)

dp = 1lum, Na=1.10"° cm™, Nd = 1.10° cm™

dn (um) 0.01 0.05
Jsc(mA/cm?) 29.507892 29.528137 29.585752 29.726687 29.801548 29.866861 29.895391

0.1

0.3 0.5 0.8 1

Voc (V) 0.7496 0.7500 0.7516 0.7561 0.7591 0.7617 0.7629
FF (%) 84.97 85.12 85.14 85.18 85.19 85.23 85.26
n (%) 18.79 18.85 18.93 19.14 19.27 19.39 19.44
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In figure 111.8 we can see that the thickness of the bottom n-InGaN (dn) layer in the PN
jonction did not have any notable effects on Voc and FF (Fig.111.8 (a) and [b]) but had a
remarkable effect on Jsc and ) (Fig. I11.8 (¢) and (d)).

I11.3.3.2 Influence of the doping concentration in the p-In0.70Ga0.30N and n-
In0.70Ga0.30N regions.

The effects of the doping concentration in the p-Ing70Gag3oN and n-Ing70Gag 3N regions on
the photovoltaics parameters sush as Voc, Jsc, FF, and » of the PN junction solar cells were
investigated.

a- Influence of the doping concentration in the top p-1ng70Gag 3N region
The doping concentration of the top layer p-Ing;GagsN (Na) was varied from 1.10"° to 1.10%°
cm™ while maintaining the thickness of top (dp) and bottom (dn) layer at 0.01 and 1.0 pm
respectivelly and carrier density Nd of the bottom layer at 10*® cm™, The results are provided
in table 3 and Figure. 111.9.(a),(b).

Table 111.5 : Influence of the doping concentration in the top p-InGaN region

dp = 0.01um, dn = 1um, Nd = 1.10® cm™

20
Na (cm’) 1.10% 1.10% 1.10%7 1.10% 1101 110

Jsc(mA/cm?) 34686092  34.707217 34729528 34767576  34.875249 34911269

Voc (V) 0.5882 0.6478 0.7068 0.7607 0.7905 0.7973
FF (%) 82.02 83.15 84.10 84.83 85.26 85.29
1 (%) 16.74 18.69 20.64 22.44 2351 23.74

In the PN structure, as the doping concentration of top layer increased from 10~ cm™ to 10
cm, Voc gradually increased from 0.5882 V to 0.7973 V . Jsc and FF
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Fig 111.9 (a) Effect of the doping concentration of Fig I11.9 (b) Effect of the doping concentration of
top layer on Jsc and VVoc top layer on FF and eta
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Remained constant and eta increase (Figure. 111.9.(a),(b)).

The doping concentration of the top layer p-Ing7GagsN (Na) was varied from 1.10"° to 1.10%°
cm™ while maintaining the thickness of top (dp) and bottom (dn) layer at 0.01 and 1.0 pm
respectivelly and carrier density Nd of the bottom layer at 10?° cm™. The results are provided
in Table 6.

Table 111.6 : Influence of the doping concentration in top layer (dp = 0.01 um, dn = 1um,
Na = 1.10%° cm™®)

dp = 0.01um, dn = 1um, Nd = 1.10° cm™

20
Na (cm®) 1.10% 1.10% 1.10%7 1.10% 1.10%° 110

Jsc(mAlcm?) 34140502  34.142734  34.144964  34.146764 34161853 4198341

Voc (V) 0.5880 0.6477 0.7073 0.7668 0.8259 0.8800
FF (%) 82.50 83.67 84.68 85.52 86.31 86.91
n (%) 16.56 18.50 20.45 22.39 24.35 26.16

The doping concentration of the top layer p-Ing;GagsN (Na) was varied from 1.10"° to 1.10%°
cm® while maintaining the thickness of top (dp) and bottom (dn) layer at 1.0 pm and carrier
density Nd of the bottom layer at 10 cm™.The results are provided in Table 7.

Table 111.7 : Influence of the doping concentration in top layer (dp = 1 um, dn = 1um,
Nd = 1.10?° cm™)

dp = 1um, dn = 1um, Nd = 1.10° cm™

20
Na (cm®) 1.10% 1.10% 1.10%7 1.10% 1.10%° 110

Jsc(mA/cm?) 38189579  30.718637  30.718637  29.998063  20.763546 2968799

Voc (V) 0.5925 0.6524 0.7120 0.7715 0.8302 0.8823
FF (%) 77.20 80.33 83.70 85.33 86.34 87.00
1 (%) 17.47 17.31 18.31 19.75 21.34 22.79

b- Influence of the doping concentration in the bottom n-Ing;GagsN region

The doping concentration of the bottom layer n-Ing7GagsN (Nd) was varied from 1.10" to

1.10%° ¢cm™ while maintaining the thickness of top (dp) and bottom (dn) layer at 0.01 and 1.0
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um respectivelly and carrier density Na of the bottom layer at 10'® cm™. The results are
provided in table 8 and Figure. 111.10.(a),(b).

Table 111.8 : Influence of the doping concentration in the bottom n-InGaN region

dp = 1um, dn = 0.02um, Na = 1.10" cm™

20
Nd (cm3) 1.10% 1.10% 1.10" LA L™ 1.10
Jsc(mAlcm?)  29.470475  29.480007  29.490156  29.507892  29.560180 29582094
voc (V) 0.5843 0.6438 0.7020 0.7496 0.7680 0.7709
FF (%) 82.18 83.34 84.29 84.97 85.30 85.32
1 (%) 14.15 15.82 17.45 18.79 19.36 19.46
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The change in the doping concentration of the bottom layer in the PN jonction from 10*° cm™
to 10%° cm™ resulted in little change in # (Fig. 111.10 (b)).However eta (5) increased from
14.15% to 19.46%.

The doping concentration of the bottom layer n-In0.7Ga0.3N (Nd) was varied from 1.1015 to
1.1020 cm-3 while maintaining the thickness of top (dp) and bottom (dn) layer at 1 and 0.01
um respectivelly and carrier density Na of the bottom layer at 1020 cm-3. The results are

provided in table 111. 9.
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Table 111.9 : Influence of the doping concentration in the bottom n-InGaN of PN
junction (dn =0.01um)

dp = 1um, dn = 0.02um, Na = 1.10° cm™

20
Nd (cm™®) 1.10% 1.10% 1.10Y 1.10% 1.10% 110

Jsc(mAlcm?) 29231984  29.235254  29.238405  29.243078  29.255813  29-270796

Voc (V) 0.5842 0.6438 0.7035 0.7630 0.8213 0.8684
FF (%) 82.34 83.52 84.54 85.42 86.24 86.88
1 (%) 14.06 15.72 17.39 19.06 20.72 22.08

The doping concentration of the bottom layer n-Ing7GagsN (Nd) was varied from 1.10" to
1.10%° cm™ while maintaining the thickness of top (dp) and bottom (dn) layer at 1 pm and
carrier density Na of the bottom layer at 10°° cm™. The results are provided in Table 111.10.

Table 111.10 : Influence of the doping concentration in the bottom n-InGaN of PN
junction (dn = 1um)

dp = 1um, dn = 1um, Na = 1.10° cm™

20
Nd (cm’®) 1.10' 1.10' 1.10Y 1.10' 1.10% 110

Jsc(mAlcm?)  29.702907  29.661760  29.620538  29.624532  29.675050  29-687996

Voc (V) 0.6036 0.6712 0.7333 0.7932 0.8483 0.8823
FF (%) 82.22 0.8395 85.06 85.89 86.60 87.00
1 (%) 14.74 16.71 18.47 20.18 21.80 22.79

111.3.4 Structure of PPN junction p-IngGag 4sN/p-1ng7Gag sN/n-Ing ;Gag sN

111.3.4.1 Influence of the thickness in PPN junction

The effects of the thickness layers in the p-IngsGag 4N/p-Ing 7Gag sN/n-Ing 7GagsN regions on
the photovoltaics parameters sush as Voc, Jsc, FF, and # of the PN junction solar cells were

investigated.

111.3.4.1.1 Influence of the thickness of top p-IngsGagsN region (dp;)

The tickness of the top layer p-lngeGagsN (dp1) was varied from 0.01 to lum while

maintaining the thickness of middle (dp,) and bottom (dn,) layer at 1.0 um and carrier density
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Na; of the top, Na, of the middle and Nd, of the bottom layer at 10'® cm™. The results are

provided in table 11 and Figure. 111.11.(a-d).

Table 111.11 : Influence of the thickness layer in the top p-InGaN of PPN junction

dp, = 1um, dn, = 1um, Na; = 1.10"® ecm™, Na, = 1.10® cm® | Nd, = 1.10"®* em™

dp; (um) 0.01 0.05

0.1

0.3 0.5 0.8

1

Jsc(mA/cm?) 38.576743 38.490464 38.281416 36.915074 35.333319 33.080020 S1.744137

Voc (V) 0.8019 08018 08016  0.8002 07989 07970  0-7959
FF (%) 85.93 85.94 85.94 85.98 85.98 85.97 85.97
1 (%) 26.58 26.52 26.37 25.40 24.27 22.67 2102
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The variations in quantum efficiency as a function of incident wavelength for solar cell is
shown in Fig.111.11.(b). The PPN structure achieved a higher quantum efficiency than the PN
structure because the thin p-In0.6Ga0.4N layer had an energy bandgap of approximately 1.44
eV (840 nm), which fell within the highest power in the AMO and AML1.5 spectra (800 nm—
900 nm). Moreover, the thin p-In0.6Ga0.4N layer caused the absorption edge to shift toward
higher energy photons %,

111.3.4.1.2 Influence of the thickness of the middle p-Ing;Gag 3N region (dpz)

The tickness of the middle layer p-lno;GagsN (dpz) was varied from 1.10" to 1.10% cm™
while maintaining the thickness of top (dp;) and bottom (dn,) layer at 1.0 um and carrier
density Na; of the top, Na of the middle and Nd, of the bottom layer at 10*® cm™. The results
are provided in table 12 and Figure. 111.12.(a),(b).

Table 111.12 : Influence of the thickness layer in the middle p-InGaN of PPN junction

dp: = 1um, dn, = 1um, Na; = 1.10® cm™, Na, = 1.10%¥ cm™® | Nd, = 1.10® cm™®

dp (um) 0.01 0.05 0.1 0.3 0.5 0.8 1
Jsc(mA/cm?) 30.094914 30.181155 30.405661 31.028006 31.376548 31.648247 S1.744137
Voc (V) 07943  0.7945 07947 07953 07956 07958  0-7999
FF (%) 85.62 85.84 85.86 85.92 85.94 85.96 85.97
n (%) 20.47 20.58 20.75 21.20 21.45 21.65 21.12
o s o I 0,7960 , ] _ID_ FE ‘ I l ;,_’(—"" ’
2154 —e—\Voc 57 | 07958 8585 —e—gta /J/./'
, /3/4' - 0,7956 85,80 /E ./ 215
31,04 / L 0,7954 85,85 e /
&g / F07952 < ' 8580+ /. o
< 30,5 8 < E zw,oi
E /j/ 07950 3 i 85,75 dp1 = 1um E
L a0 7 dp1=1um - 0,7948 /' gn2=tum
/‘ fdr;21==11u::1)|8 om’® 10,7946 . * ::; : 1:1518 Eza 208
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The bottom p-Ing;GapsN layer (dn;) of the PPN structures did not contribute to any
substantial change in Js; , Vo, FF and #.

111.3.4.2 Influence of the doping concentration in the PPN junction

The effects of the doping concentration in the p-IngsGagsN/p-Ing7GagsN/n-Ing7GagsN
regions on the photovoltaics parameters sush as Vi, Js, FF, and # of the PN junction solar

cells were investigated.

111.3.4.2.1 Influence of the doping concentration in the top p-1ngsGag.4N region (Naz)

The doping concentration of the top layer p-IngsGao4N (Nay) was varied from 1.10" to 1.10%°
cm™ while maintaining the thickness of top (dp.), middle (dp,), and bottom (dn,) layer at
0.01, 1.0 and 1.0 um respectivelly and carrier density (Nay) of the middle and (Nd,) of the
bottom layer at 10" cm™ respectivelly. The results are provided in Table 13 and Figure.
111.13.(a), (b).

Table 111.13 : Influence of the doping concentration in the top p-InGaN of PPN junction
(Nd2 = 1.10"® cm-3)

dp: = 0.02um, dp, =1um, dn, = 1um, Na, = 1.10® cm™, Nd, = 1.10® cm™

20
Nay (cm™®) 1.10" 110" 1.107 1.10* 110 1.10

Jsc(mAlcm?) 36948724  38.348353  38.549770 38576743 38579215  8:578846

Jsc (mAlch)

Voc (V) 0.7914 0.8000 0.8011 0.8012 0.8012 0.8012
FF (%) 85.90 85.98 86.01 86.01 86.01 86.01
1 (%) 25.12 26.38 26.56 26.58 26.59 26.59

—0

38,5

I 0,800 86,00
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38,0 —e— \Voc
L 0798 85,98 -| —o—FF
375" —e—eta
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Fig 111.13 (a) Effect of the doping Fig 111.13 (b) Effect of the doping
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The doping concentration of the top p-Ings0Gag4N layer (Na;) in the PPN structure did not
substantially affect Jsc and FF (Fig.l11.13 (a) and (b)). However, a noticeable change was
observed in Voc and # (Fig.111.13 (a) and (b)).

Voc: it changed from 0.7914 V to 0.8012 V and » from 25.12 % to 26.58 % as the doping

concentration of the top p-1ngoGao4oN layer (Na;) varied from 10%° cm>— 10" cm? .

The doping concentration of the top layer p-IngsGaosN (Na;) was varied from 1.10% to 1.10%°
cm™ while maintaining the thickness of top (dp.), middle (dp,), and bottom (dn,) layer at
0.01, 1.0 and 1.0 um respectivelly and carrier density (Nay) of the middle and (Nd,) of the
bottom layer at 10*® and 10?%cm™ respectivelly. The results are provided in (table 111.14) .

Table 111.14 : Influence of the doping concentration in the top p-InGaN of PPN junction
(Nd2 = 1.1020 cm-3)

dp: = 0.01um, dp, =1um, dn, = 1um, Na, = 1.10"® cm™®, Nd, = 1.10®° cm™®

20
Nay (cm™®) 1.10% 110" 110" 1.10% 1.10% 1.10

Jsc(mA/cm?)  36.961833 38.342601 38.541660 38.568384 38570831  38-570460

Voc (V) 08244  0.8746 0.9048 0.9115 0.9123 0.9124
FF (%) 86.27 86.84 87.06 87.11 87.11 8r.11
1 (%) 26.29 29.12 30.36 30.62 30.65 30.65

111.3.5 Conparaison between PN and PPN junction of InGaN solar cell 12 :

Optimized InGaN solar cells with PN and PPN junctions were compared. The best layer
thickness and carrier density, determined in the previous sections, were chosen (Table. 15).

With these optimized parameters, PN- and PPN-junction InGaN solar cells were simulated.

Table 111.15 : Comparaison of an optimized values of the photovoltaics parameters
between the PPN and the PN structurest®*?.

Optimized Values

PN PPN
dp = 1um, dn = 1um, dp; =0.01um, dp, =1um, dn, = 1um,
Na=1.10° cm™® Nd = 1.10° cm™® Na; = 1.10®° cm® Na, = 1.10%® cm™®,
Nd, = 1.10% cm®
Our work [Manzoor et al] Our work [Manzoor et al]
Jsc(mA/cmZ) 29.687996 32.20 38.570460 38.14
Voc(V) 0.8823 0.77 0.9124 0.91
FF(%) 87.00 85.36 87.11 87.13
n(%) 22.79 21.39 30.65 30.23
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Adding a p-InGaN layer as thin as 0.01 pm on the top of the PN-junction solar cell

substantially improved the conversion efficiency of the solar cell from 22.79% (PN) to
30.65% (PPN).
According to the simulated results, the optimized values of the photovoltaics parameters such
as the open circuit voltage (Voc), current density (Jsc), fill factor (FF), and conversion
efficiency (;7) for the PN solar cell were 0.8823 V, 29.687996 mA/cm?, 87.00 %, and 22.79
%, respectively, whereas those for the PPN solar cell were 0.9124 V, 38.570460 mA/cm?,
87.11 %, and 30.65 %, respectively.

The PPN jonction achieved a higher quantum efficiency than the PN jonction.

For the PPN-junction InGaN solar cell, the quantum efficiency was approximately 99% over a
wide spectral region (from 200 nm to 1000 nm). By contrast, the quantum efficiency of the
PN-junction InGaN solar cell was gradually reduced at 75% at 200 nm and increase to 80% at
1000 nm. These results implied that the proposed three-layer solar cell structure is very

efficient where all the absorbed photons are almost fully converted to charge carriers.

Conclusion :

In this third chapter, the optimized PN- and PPN-junction InGaN solar cells were compared.
According to the simulated results, the optimized values of the photovoltaics parameters such
as the open circuit voltage (Voc), current density (Jsc), fill factor (FF), and conversion
efficiency () for the PN solar cell were 0.8823 V, 29.687996 mA/cm?, 817.00 %, and 22.79
%, respectively, whereas those for the PPN solar cell were 0.9124 V, 38.570460 mA/cm?,
87.11 %, and 30.65 %, respectively.

The PPN structure achieved a higher quantum efficiency than the PN structure because the
thin p-IngsGaog 4N layer had an energy bandgap of approximately 1.44 eV (840 nm), which fell
within the highest power in the AMO and AM1.5 spectra (800 nm—900 nm). Moreover, the
thin p-IngsGag 4N layer caused the absorption edge to shift toward higher energy photons.

The results demonstrated that the thin p-InGaN layer on the top of the PN-junction solar cell
dramatically improved its performance. The PPN structure performed better than the PN
structure because it had an additional p-IngsGagsN layer with a slightly larger energy
bandgap.
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GENERAL CONCLUSION

This work involves studying and simulating solar cells with PN (p-In 0.7 Ga 0.3 N/n- In 0.7
Ga 0.3 N) and PPN (p-In 0.6 Ga 0.4 N/p-In 0.7 Ga 0.3 N/n-In 0.7 Ga 0.3 N) In order to
identify which of the two solar cells absorbs the maximum solar radiation and also delivers
the maximum electrical energy, we have also studied the influence of the thickness of the P
and N InGaN layers, as well as the doping concentration of these layers, on the photovoltaic
parameters of this solar cell. This simulation work is carried out using the SCAPS 1D

software designed for solar cell simulation.

In this case, the optimized PN- and PPN-junction InGaN solar cells were compared.
According to the simulated results, the optimized values of the photovoltaics parameters such
as the open circuit voltage (Voc), current density (Jsc), fill factor (FF), and conversion
efficiency (n) for the PN solar cell were 0.8823 V, 29.687996 mA/cm 2, 87.00 %, and 22.79
%, respectively, whereas those for the PPN solar cell were 0.9124 V, 38.570460 mA/cm 2 ,
87.11 %, and 30.65 %, respectively.

The PPN structure achieved a higher quantum efficiency than the PN structure because the
thin p-In 0.6 Ga 0.4 N layer had an energy bandgap of approximately 1.44 eV (840 nm),
which fell within the highest power in the AMO and AM1.5 spectra (800 nm—-900 nm).
Moreover, the thin p-In 0.6 Ga 0.4 N layer caused the absorption edge to shift toward higher

energy photons.

The results demonstrated that the thin p-InGaN layer on the top of the PN-junction solar cell
dramatically improved its performance. The PPN structure performed better than the PN
structure because it had an additional p-In 0.6 Ga 0.4 N layer with a slightly larger energy
bandgap.
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ABSTRACT

= The aim of this thesis is to study and simulate two solar cells on InGaN.
PPN(p-Ino_GGaOAN/p-Ino,7Ga0,3N/n-Ino,7Ga0,3N) and PN (p-Ino_7Gao,3N/n-Ino_7Gao,3N)
By studying the effect of the thickness of the N-InGaN and P layers, as well as the doping
concentration in these layers, on the photovoltaic media of these solar cells, these simulations were
carried out using SCAPS 1D software designed for solar cell simulation.
According to the simulation results, the optimal PV media values show that the PPN structure
(30.65%) achieved higher quantum efficiency than the PN structure (22.79%) because the p-
In0.6Ga0.4N thin film has an energy band gap of about 1.44 V (840 nm). In addition, the thin layer
of p-In0.6Ga0.4N shifted the absorption edge towards higher energy photons and has a slightly
larger band gap.
Keywords: InGaN, PN, PPN, 1D SCAPS, photovoltaic media, solar cells.

RESUME

= Le but de cette these est d'étudier et de simuler deux cellules solaires sur InGaN.
PPN(p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N) et PN (p-In0.7Ga0.3N/n-In0.7Ga0.3N)
En étudiant I'effet de I'épaisseur des couches N-InGaN et P, ainsi que la concentration dopage dans
ces couches, sur les milieux photovoltaiques de ces cellules solaires, ces simulations ont été
réalisées a I'aide du logiciel SCAPS 1D congu pour la simulation de cellules solaires.
Selon les résultats de la simulation, les valeurs optimales des milieux photovoltaiques montrent que
la structure PPN (30,65 %) a atteint un rendement quantique plus élevé que la structure PN (22,79
%) parce que le film mince p-In0,6Ga0,4N a une bande interdite d'environ 1,44 V (840 nm). En
outre, la couche mince de p-In0,6Ga0,4N a déplacé le bord d'absorption vers des photons d'énergie
plus élevée et a une bande interdite 1égérement plus grande.

Mots-clés : InGaN, PN, PPN, 1D SCAPS, milieux photovoltaiques, cellules solaires.
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