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Abstract

We conducted a study on multilayer solar cells based on a GalnP/GaAs heterojunction,
analysing the performance of both single-junction and dual-junction tandem solar cells under
standard solar irradiation conditions (AM1.5), with an optical power of
P,y = 0.099271 W /cm? at a temperature of T = 300K. Using Solis-1D simulation software,
we determined the electrical characteristics of these solar cells, including current density-
voltage (J — V) and power-voltage (P — V) profiles, and extracted key photovoltaic parameters
such as short-circuit current density (Js.), open-circuit voltage (V,.), maximum power (P, ),
fill factor (FF), and conversion efficiency (Es). For the single-junction solar cell, our
investigation focused on optimizing layer thickness and doping concentrations to maximize
conversion efficiency. The results revealed that reducing the thickness of the N*-type
Ing4GageP and N*-type InysGagsP layers to 0.01 pm, while simultaneously increasing the
P-type GaAs base layer thickness to 3.5 pm and doping it at a concentration of 10Y7cm™3,
significantly enhanced the conversion efficiency (Eff) from 26.92% to 29.088%. For the dual-
junction tandem solar cell, performance was further improved by increasing the thickness of
the P-type Ing4Gay 4P base layer in the top sub-cell to 0.94 pm. This optimization facilitated
current density matching (J;.) between the top and bottom sub-cells, ultimately raising the
overall efficiency from 25.77% to 35.93%. These findings underscore the crucial role of doping
concentration and layer thickness optimization, as well as current matching between sub-cells,

in enhancing photovoltaic performance and maximizing solar cell efficiency.

Keywords: GalnP/GaAs heterojunction; Solar cells; Multilayers; Solis-1D; Conversion

efficiency; Solar energy.
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General introduction




Solar energy is one of the most prominent sources of renewable energy due to its
continuous availability and minimal environmental impact. Solar cells play a key role in directly
converting sunlight into electrical energy, making them an effective solution to meet the
growing demand for energy. Since the invention of the first solar cell, this technology has
progressed significantly, leading to the emergence of several generations and types of solar cells
that differ in their structure, efficiency, and cost. Recent advancements in solar cell technologies
have contributed to improving performance and increasing efficiency, especially with the
development of multilayer cells. These cells are characterized by their ability to absorb a wider
range of the solar spectrum, which improves energy conversion compared to traditional
designs. Additionally, integrating them into tandem structures helps reduce energy losses and
enhances the overall performance of the device, making them a promising option for a

sustainable energy future [1-4].

Heterojunction solar cells based on GalnP/GaAs are among the most effective and
advanced structures in the field of photovoltaic technology. These cells employ semiconductor
materials known for their exceptional electronic and optical properties. The tunable bandgap
allows for optimized light absorption across a wide range of the solar spectrum, while the good
lattice matching between GalnP and GaAs layers minimizes structural defects at the interface,

thereby enhancing energy conversion efficiency and reducing losses [5,6].

The GalnP/GaAs solar cells have demonstrated remarkably high performance, making them a
preferred choice for advanced applications, particularly in the aerospace sector. They are widely
used to power satellites and spacelab due to their ability to survive harsh environmental
conditions and deliver high conversion efficiencies. These cells are indeed among the most
efficient photovoltaic technologies, primarily due to their high bandgap tunability, low defect
density, and excellent lattice matching properties. Additionally, advancements in multijunction
architectures involving GalnP/GaAs layers have paved the way for next-generation solar

technologies with higher efficiencies. [7,8].

The GalnP/GaAs solar cells are available in two primary configurations, each differing in design
and light absorption efficiency. The first type, single-junction solar cells, utilize a single junction
to absorb sunlight and generate electrical energy. However, their spectral absorption is limited,

restricting their overall efficiency. The second type, tandem (multi-junction) solar cells,

2



incorporate multiple layers with varying bandgaps (E,), allowing them to capture photons
across a wider range of the solar spectrum. This layered structure significantly enhances energy
conversion efficiency. The transition toward multi-junction architectures has been recognized
as a key advancement in modern solar energy technologies, enabling improved performance

and more effective utilization of solar radiation [9, 10].

Study objectives:

In this study, we will focus on the analysis of multi-layer solar cells based on GalnP/GaAs
heterojunction structures, specifically examining two distinct configurations: a single-junction
solar cell and a dual-junction tandem cell. The single-junction solar cell is composed of the
following layers: a highly doped N-type (N*) ZnO region, a highly doped N-type (N*) In, ,Gay ¢P
region, a highly doped N-type (N*) In, 5 Ga, 5P region, a doped P-type GaAs region, and a highly
doped P-type (P*) Aly4Ga,¢As region. The dual-junction tandem solar cell consists of the
following layers: a highly doped N-type (N*) ZnO region, a highly doped N-type (N*) Iny ,Gag ¢P
region, a doped P-type Iny,Ga,¢P region, a highly doped P-type (P*) Iny,Ga,¢P region, a
highly doped N-type (N*) Iny sGa, 5P region, a highly doped N-type (N*) GaAs region, a doped
P-type GaAs region, and a highly doped P-type (P*) Al, ,Ga, ¢As region.

In this investigation, the solar cells are subjected to standard solar irradiation AM1.5, with
an optical power (P,,; ) of 0.099271 W/ cm? at an ambient temperature of T = 300K. The
performance of these cells is evaluated through numerical simulations using the Solis-1D
simulation software, which facilitates the computation of their electrical properties, such as
current density-voltage (J — V) and power-voltage (P — /) characteristics. From the simulation
results, we extract key photovoltaic output parameters, including: short-circuit current density
(Jsc), open-circuit voltage (V,.), maximum output power (P,,,), fill factor (FF) and

photovoltaic conversion efficiency (Ef ).

By systematically analysing the effects of varying layer thickness and doping concentrations, this
study aims to enhance the photovoltaic conversion efficiency of both the single-junction and
dual-junction tandem solar cells, paving the way for further optimization in solar energy

technologies.



Thesis organization:

The master's thesis is structured into three main chapters, framed by a comprehensive

introduction and a conclusion. Below is an overview of each chapter:

Chapter I: Photovoltaic Solar Cells; this chapter provides a detailed examination of
photovoltaic solar cells, covering fundamental aspects such as the solar spectrum, principles of
photovoltaic conversion, operational mechanisms, and key photovoltaic parameters.
Additionally, it explores the evolution of solar cell technologies across different generations,

highlighting their advancements and efficiency improvements.

Chapter II: GaInP/GaAs Solar Cells; this chapter explores the fundamental principles,
materials, and recent advancements that define GalnP/GaAs solar cells. It underlines their
technological significance and potential applications, particularly in next-generation renewable
energy systems. The discussion also highlights their structural advantages and superior

performance in energy conversion.

Chapter III: Study of Multilayer Solar Cells Based on GalnP/GaAs Heterojunction; this
chapter focuses on analysing the performance of multi-layer solar cells based on GalnP/GaAs
heterojunctions using the advanced Solis-1D simulation software. The study includes numerical
modelling of single-junction and dual-junction tandem configurations under standard AM1.5
solar irradiation. Key findings, including the current density-voltage (J — V) and power-voltage
(P — V) characteristics, will be presented, discussed, and analyzed. The objective is to gain
deeper understandings of the operational behavior of these solar cells and contribute to the

development of high-efficiency photovoltaic devices.

The general introduction provides a comprehensive context for the research topic and
offers an overview of the study. The general conclusion summarizes the major findings and

discusses their potential implications.
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I.1. Introduction

Solar cells are the electrical devices that directly convert solar energy (sunlight) into electric
energy. This conversion is based on the principle of photovoltaic effect in which DC voltage is
generated due to flow of electric current between two layers of semiconducting materials
(having opposite conductivities) upon exposure to the sunlight [1]. A solar cell is a type of
photoelectric cell which consists of a p-n junction diode. Solar cells are also called photovoltaic
(PV) cells. An intrinsic (pure or undoped) semiconducting material like silicon (Si) or
germanium (Ge) does not contain any free charge carriers. They contain four electrons in their
outermost shell and just act like resistors [2]. The conductivity of such intrinsic semiconductors
can be improved by adding specific impurities within the crystal lattice of it. This process is

called doping.

This chapter provides an overview of photovoltaic solar cells, addressing the following
aspects: the solar spectrum, the fundamental principles of solar cells, their operation and

photovoltaic parameters, and finally, the different generations of solar cells.
1.2 The Solar Spectrum

Sun is the ultimate source of energy on earth, and various radiations emitted by the sun are
called solar radiations [3]. A solar spectrum as shown in Figure 1.1 is obtained when solar

radiations are plotted in terms of wavelength (nanometers) and irradiance (Wm=nm™) [4].
Some of the important points concluded from the solar spectrum are [4]:

¢ Below 750 nm, majority of the solar energy falls in the visible region.

e For wavelengths less than 300 nm, O3 and O2 gases absorb most of the UV radiations. The O3
gas also absorbs some visible radiations.

e When visible radiations fall on earth, 70% of these radiations reach the sea level.

e Large portion of the visible light falling on earth reflects back or gets scattered by the clouds
and particles in atmosphere. Thus, a large share of visible energy never reaches the earth.

e Water vapours, O3, and CO: absorb infrared radiations in the large wavelength regions.

° The major absorbers of the IR radiations are carbon dioxide, water vapours, and ozone.

The energy in solar irradiation comes in the form of electromagnetic waves of a wide
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spectrum [5]. The energy and wavelengths of the radiations are inversely proportional, i.e.,

shorter wavelengths have high energy and longer wavelengths have less energy [4].

Spectrum of Solar Radiation (Earth)

2.5 . -
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Figure I.1: Solar spectrum along with various atmospheric absorbing these radiations in range

of 240 nm to 2.5 pm wavelengths [4].
I.3 Solar Cell as p-n Junction Diode

The function of a solar cell is basically similar to a p-n junction diode [6]. The construction
of a solar cell is very simple. A thin p-type semiconductor layer is deposited on top of a thick n-
type layer. Electrodes from both the layers are developed for making contacts. A thin electrode
on the top of the p-type semiconductor layer is formed. This electrode does not obstruct light to
reach the thin p-type layer. Thus, a p-n junction is formed just below the p-type layer. Similarly,
a current collecting electrode is formed at the bottom of the n-type layer. The whole assembly is
then encapsulated inside a thin glass to protect the solar cell from any mechanical shock. Figure

1.2 shows the constructional details of basic p-n junction diode solar cell [7].
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Figure 1.2: Solar cell as p-n junction diode [4].

When light is incident on a solar cell, it can easily enter the p-n junction through the
extremely thin N-type layer. The photons from the light contain sufficient energy to break the
thermal equilibrium of the junction and thus create many electron- hole pairs in the depletion
region. The electrons travel toward the n-type side of the junction, and holes travel toward the
p-type side of the junction [8]. After crossing the junction, the electrons and holes cannot return
to the depletion layer due to creation of a potential barrier at the junction. As the concentration
of electrons and holes starts to increase on their respective sides, the p-n junction starts to
behave as a battery cell. A current flow through an external load connected across the junction
[4]. Plotting current vs. voltage for a particular solar cell, is called its I — V characteristics. Using
I — V characteristics, the efficiency and energy conversion ability of a solar cell is calculated. By
knowing P,,, of a solar cell, the performance and solar efficiency of the device can be
determined [9]. The current produced in a solar cell is directly proportional to the intensity of
radiation and is governed by the photoelectric effect, i.e., with an increase in the intensity, the
current increases. However, an increase in the temperature of the solar cell reduces its voltage
[4]. The I — V characteristics of a solar cell are actually the graph plotted between the current
and voltage of the solar cell at a particular temperature and intensity of radiation. I —V
characteristic curves help in providing information regarding the operating conditions where a
solar cell can perform to its optimum capacity known as maximum peak power point (MPP) [4].
Figure 1.3 shows the basic I — V characteristics of a solar cell. Power delivered is equal to the
product of current and voltage of the solar cell. For a specific intensity of radiation, the power

curve as shown in Figure 1.3 can be obtained by multiplying all voltages with corresponding

10
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currents from point to point, both for short-circuit and open-circuit condition. When the solar
cell is in open-circuit condition (no load), the current will be minimum and the voltage will be
maximum. This voltage is known as solar cell open-circuit voltage (V,.). However, in short-
circuit condition, the voltage will be minimum and the current will be maximum. This current
is known as solar cell short-circuit current (Is.). Thus, maximum voltage is available in a solar
cell for open-circuit condition, and maximum current is available for short-circuit condition [4].
However, it is important to note that no power generates in the cell under these two conditions.
A solar cell generates maximum power at a point in between these two extremes known as
maximum power point (MPP). At MPP, current (I,p) and voltage (Vy,p) are maximum in the
solar cell. On an I — V curve, the MPP is located near the bend as shown in Figure 1.3. Because
the output voltage and current of a solar cell are both temperature dependent, the actual output

power will vary with variations in ambient temperature [4].
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Figure L.3: | — V characteristics of a solar cell [4, 9].
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I.4 Equivalent Circuit and Analysis of a Solar Cell as a Diode

The light shifts I — V curve of a solar cell into 4th quadrant as shown in Figure 1.4 [3]. Without
illumination, the solar cell has the same characteristics as that of a normal p-n junction diode
under forward bias condition. This current is known as dark current. However, when sunlight
shines on the solar cell, the I —V curve starts shifting to fourth quadrant thereby generating
power and with increase in the intensity of sunlight, the shift toward fourth quadrant also
increases. Illuminating a cell adds to the normal “dark” currents in the diode so that the diode
law becomes [4]:

I=1Io|exp (%) —1]-1, (L1)

Where [ is the current generated due to sunlight, I, is the saturation current, n the ideality
factor, kg is the Boltzmann constant, T the temperature in degrees Kelvin and g the charge of

the electron.

The above equation (Eq.I.1) is only valid for the I — V curve in the 4th quadrant. For the [ — V

curve in the first quadrant, the equation becomes [4]:

I=1,—1, [exp (%) - 1] (L2)

For voltages < 100 mV, the value of exponential term is very large and at further lower voltages,

I, term dominates. Hence, -1 term can be neglected in the equation, to give:

=1 -1, [exp (i)] (1.3)

nkgT

Plotting the above equation gives the I — V curve as shown in Figure 1.4 with the relevant points

on the curve [4].

12



Chapter I : Photovoltaic Solar Cells

1A ( a) I A (b) A
|
I 'dlodel y

v ! v J v ! |v
Y Y
! © \W 1 )\

N I |.,.,¢.l T b I lm.l S

v D) |y v O
_v \

Figure 1.4: | — V Curve of a solar cell: (a) without light; (b) when sunlight shines on the cell; (c)

with greater light intensity; and (d) solar cell curve is flipped by convention [3, 4]

1.5 Parameters of a Solar Cell

1.5.1 Short-Circuit Current (I¢.)

The current that flows through a solar cell when there is no voltage across the cell is called
short-circuit current [10, 11]. In other terms, when solar cell is in short-circuit condition, the
current that flows through the cell is called short-circuit current (Is-). The creation and
collection of light-generated carriers cause the flow of short-circuit current in a solar cell. The
light-generated current (/;) and short-circuit current for an ideal solar are identical. Therefore,
the largest current that may be extracted from a solar cell is the short-circuit current. The short-

circuit current depends on the following factors [4]:

e Solar cell area: The area of a solar cell strongly affects the short-circuit current. Hence, to

remove this dependence, we mostly used short-circuit current density (Js¢) in place of short-

circuit current. The unit of /¢, is mA/cm?.

13
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e Number of photons: /5. from a solar cell is directly proportional to the intensity of light.
e Spectrum of the incident light: AM1.5 spectrum is considered as standard for solar cell

measurements.

While comparing solar cells made from same material, the most important parameters are
surface passivation and diffusion length. For a solar cell with uniform generation and perfect

passivation, /s can be calculated as [4]:

Jsc = qG(Ly, + Ly) (1.4)
where G is the rate of generation, and L,, and L, are the diffusion length of electrons and holes,
respectively. The relation between Jg- and Ig. is as follows:

Isc
Jsc = %5 (1.5)

Where S(cm?) is the cell area.
1.5.2 Open-Circuit Voltage (V)

The maximum voltage available at zero current in a solar cell is called open-circuit voltage
(Voc)- The V¢ in a solar cell depends upon the amount of forward bias applied to the cell [8, 11-

14]. Using current equal to zero in the solar cell equation, the equation for V. is as follows:
_ T]kBT I_L ~ nkBT I_L
Voc === In (10 + 1) = == In (10) (1.6)

From Eq.I.6, V. depends directly on the temperature, i.e., with increase in temperature, V,
increases. However, in reality, the V. decreases with an increase in temperature and this is due
to the fact that increase in temperature also increases the value of . The increase in I, with
temperature is more rapid and as a result, the V. of a solar cell decreases with the temperature
[4]. It is also evident that the V- depends on the value of 7, the ideality factor of the diode. The
value of n for an ideal diode is equal to unity (n = 1.00). But with current-transport dominated
by recombination and generation (R&G), n value is equal to 2.00, indicating a helpful parameter

to improve V. But in real devices, [} is drastically reduced and, hence, V, . decreases [15].

14
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1.5.3 Fill Factor (FF)

Fill factor (FF) determines the maximum power that can extracted from a solar cell. It
depends upon V,. and Is. because at these two conditions, no power is generated from the solar
cell [8, 11-14]. The fill factor (FF) is defined as the ratio of the maximum power (B, ) from the

solar cell to the product of V- and Isc and is given as:

P, P Vmpl
FF = max __ mp_ __ YMP'MP (107)
Voc Isc Voc Isc Voc Isc

Fill factor measures the “squareness” of solar cell and can also be calculated from the area of
largest rectangle that can fit in the I — V curve of a solar cell. From Eq. 1.7, the cell with larger

Vyp will have higher value of FF [4].
1.5.4 Conversion Efficiency (Ey)

Conversion Efficiency of a solar cell is the ratio of energy output provided by the solar cell
to the energy input taken for that output. However, the efficiency does not depend only on the
energy input and output. It depends upon the temperature of solar cell, spectrum of the light,
and intensity of the radiation. Hence, before calculating the efficiency, these parameters must
be controlled [8, 11-14]. For example, for terrestrial solar cells, the efficiency is calculated at 25
°C temperature under AM1.5 conditions. Mathematically, the efficiency (E¢;) of a solar cell is
the ratio of maximum power output to the power input:

E Pax _ Vmp Imp . Voc Isc FF (I 8)
7 Pin Pin Pin '

When P;, is taken as the solar power incident on a unit area. The 5. should be replaced by the

current density ( Js¢), giving

_ VocJsc- FF

The standard AM1.5 condition provides the value of P;,, = 100 mWcm ™2 as the solar constant to

evaluate the efficiency of the device.

15



Chapter I : Photovoltaic Solar Cells

1.5.5 Characteristic Resistance (Rcy)

The output resistance of a solar cell at its MPP is called its characteristic resistance (Ry). In
other words, a solar cell operates at its MPP when its characteristic resistance (Ry) is equal to
the resistance of load (R;) [3, 8, 10-14]. In order to understand the mechanism of parasitic loss
in a solar cell, Ry is an important parameter. The Ry is equal to the inverse of slope ofan — V

curve of a solar cell and is shown in Figure. 1.5 [4].

lsc| -

(Vmp: Imp)

inverse of slope is characteristic
resistance

Current

Voltage

VOC
Figure 1.5: Characteristic resistance of a solar cell [3, 4].
For most cells, Ry is equal to [4]:

Imp Isc

Here, Ry is expressed in Q (ohms) when I,,p or Isc is used, and it is expressed in Q cm? (ohm

cm?) when J;p or Jsc is used [4].
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1.5.6 Series (Rs) and Shunt (Rsy) Resistances

One of the characteristics of a solar cell that can be reduced but not entirely removed is
series resistance (Rs). It mostly reduces the FF of a solar cell [8, 13, 14]. However, the high value
of series resistance can also decrease the value of /5. The series resistance exists in a solar cell
due to three main reasons: passage of current between base and emitter, resistance due to top

and rear metal contacts, and resistance at contact between the semiconductor and metal [4].

Shunt resistance (Rgy ) reduces the efficiency of a solar cell and causes significant power loss
by providing an alternate path to the flow of current generated by light [8, 13, 14]. As aresult, less
current passes through the solar cell junction that reduces the output from the solar cell [4].
Figure 1.6 represents the equivalent circuit diagram of a solar cell with series and shunt

resistances.

Ideal circuit

=
-
- -
- -
LT am
L T

Figure 1.6: A schematic diagram of the equivalent circuit of a solar cell.

The solar cell equation with series and shunt resistances is given as [15]:

= o (S5252) 1) (0] o (H2252) 1)+ (2] o
1.5.7 Quantum Efficiency (QE)

Quantum efficiency (QF) is an important parameter to investigate the performance of a
solar cell. The quantum efficiency of a solar cell can be defined as “the ratio of number of charge

carriers collected by a solar cell to the number of photons of particular energy incident on it

17
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QE of a solar cell can be unity or we can say that a solar cell behaves as an ideal one when all the
charge carriers produced by all the photons (of particular energy or wavelength) are collected
inasolar cell [3, 16]. Itis important to note that if the energy of a photons is less than the bandgap
of the material, the quantum efficiency will always be zero. For an ideal solar cell, the gold

square line shown in Figure 1.7 represents the quantum efficiency [4].

The red response is
reduced due to rear
surface recombination,

4 Blue response is reduced reduced absorption at

due to front surface recombination. long wavelengths and
[ low diffusion lengths.
1.0 . \ Ideal quantum
3 \ efficiency
®
g A reduction of the overall QE is
w caused by reflection and a low
g diffusion length. No light is absorbed
- below the band gap
g so the QE is zero at
9 long,wavelengths
3
i
w
B TomEm. . h >
. h. = € Wavelength
Eg

Figure 1.7: Graphical representation of QE of a silicon solar cell [3, 4].

The entire light incident on a solar cell is not used for generating charge carriers. Some of the
light is transmitted through the cell, and some part is reflected. Considering such optical loss of
the energy, the quantum efficiency is further classified as external and internal quantum
efficiency. The efficiency calculated after considering such optical losses is called external
quantum efficiency (EQE). The internal quantum efficiency (IQE) is the quantum efficiency
calculated for the photons that are neither reflected nor transmitted by the solar cell. Mostly,
IQE is calculated for the solar cell. However, the EQE can be obtained from the IQE curve after

measuring the transmission and reflection of the cell [4].
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1.5.8 Spectral Response (SR)

Conceptually, the spectral response (SR) is very similar to the QE. However, the spectral
response is the ratio of current produced by the solar cell to the power incident on the cell [17].
The choice of using SR or QE depends upon the application. The SR uses power of light at each
wavelength, whereas QF uses number of photons incident on cell. The SR can be calculated

from QE using equation [4]:
_ a4
SR = 3= QE (1.12)
1.6 Solar Cells Generations

In the past decade, photovoltaics have become a major contributor to the ongoing energy
transition. Advances relating to materials and manufacturing methods have had a significant
role behind that development. However, there are still numerous challenges before
photovoltaics can provide cleaner and low-cost energy. Research in this direction is focused on
efficient photovoltaic devices such as multi-junction cells, graphene or intermediate band gap
cells, and printable solar cell materials such as quantum dots [18, 19]. There are several
technologies involved with the manufacturing process of photovoltaic cells, using material
modification with different photoelectric conversion efficiencies in the cell components. Due to
the emergence of many non-conventional manufacturing methods for fabricating functioning
solar cells, photovoltaic technologies can be divided into four major generations, which is
shown in Figure 1.8 [19, 20]. The generations of various photovoltaic cells essentially tell the story
of the stages of their past evolution. There are four main categories that are described as the
generations of photovoltaic technology for the last few decades, since the invention of solar cells

[21]:

e First Generation: This category includes photovoltaic cell technologies based on
monocrystalline and polycrystalline silicon and gallium arsenide (GaAs).

e Second Generation: This generation includes the development of first-generation
photovoltaic cell technology, as well as the development of thin film photovoltaic cell
technology from “microcrystalline silicon (pc-Si) and amorphous silicon (a-Si), copper indium
gallium selenide (CIGS) and cadmium telluride/cadmium sulfide (CdTe/CdS) photovoltaic
cells”.
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¢ Third Generation: This generation counts photovoltaic technologies that are based on more
recent chemical compounds. In addition, technologies using nanocrystalline “films,” quantum
dots, dye-sensitized solar cells, solar cells based on organic polymers, multi-junction solar cells
etc., also belong to this generation.

e Fourth Generation: This generation includes the low flexibility or low cost of thin film
polymers along with the durability of “innovative inorganic nanostructures such as metal oxides
and metal nanoparticles or organic-based nanomaterials such as graphene, carbon nanotubes

and graphene derivatives” [21].

| ]
First Second generation|  [Third generation Fourth

generation (Thick (Thin-film solar (Emerging generation
crystalline films) cells) technologies) (Hybrid)
. Co indium Dye-sensitized Metal
Mon:iclli-zzt:llmc — gall?tll);rselcnidc —{ solarcells || mnanoparticles
(CIGS) cells (DSSC) and metal oxides
. Cadmium
| Polyerystalline | | | : | Quantumdots || | Carbon
sillz:son tcllmgeen(dec) (QD) solar cells nanotube
. . Cadmium Organic
__|Multicrystalline| | | Il __| Graphene, and
silicon sulﬁ:i:n(stS) so(lgrscé)lls its derivatives
|| II-V Single | Amorphous | l::;'::':lcc“t:
Junctions silicon (a-Si) (PSC)
Mieroerystalline | | CQEHCASS
silicon (uc-Si) (CPV)
Cells with
—{  multiple
junctions. Etc

Figure L.8: Various solar cell types and current developments within this field [19, 22].

Examples of solar cell types for each generation along with average efficiencies are shown in

Figure 1.9 [19, 23].
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Figure 1.9: Examples of photovoltaic cell efficiencies [19, 23].

I.6.1. First Generation of Photovoltaic Cells

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 III-V junctions (GaAs) [19, 24, 25].
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The III-V materials give the greatest photovoltaic conversion efficiency, achieving 29.1%
with a GaAs single junction under single sunlight and 47.1% for a six-junction device under
concentrated sunlight. These devices are also thinner (absorption layers typically being 2 to 5
pum thick) and thus could be fabricated as lightweight, flexible devices capable of being placed
on curved surfaces. The III-V devices have high stability and have a history of high performance

for challenging applications such as space [19, 26].
Comparison of first-generation photovoltaic cells [19, 25]:
« Solar cells based on monocrystalline silicon (m-si)

Efficiency: 15 - 24%; Band gap: ~1.1 eV; Life span: 25 years; Advantages: Stability, high
performance, long service life; Restrictions: High manufacturing cost, more temperature

sensitivity, absorption problem, material loss.
« Solar cells based on polycrystalline silicon (p-si)

Efficiency: 10 - 18%; Band gap: ~1.7 eV; Life span: 14 years; Advantages: Manufacturing
procedure is simple, profitable, decreases the waste of silicon, higher absorption compared to

m-si; Restrictions: Lower efficiency, higher temperature sensitivity.
« Solar cells based on GaAs

Efficiency: 28- 30%; Band gap: ~1.43 eV; Life span: 18 years; Advantages: High stability, lower
temperature sensitivity, better absorption than m-si, high efficiency; Restrictions: Extremely

expensive [25].
1.6.2 Second Generation of Photovoltaic Cells

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
solar 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 [19, 27].
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The second-generation photovoltaic cell comparison [19, 25]:
« Solar cells based on amorphous silicon (a-si)

Efficiency: 5 - 12%; Band gap: ~1.7 eV; Life span: 15 years; Advantages: Less expensive, available
in large quantities, non-toxic, high absorption coefficient; Restrictions: Lower efficiency,

difficulty in selecting dopant materials, poor minority carrier lifetime.
e Solar cells based on cadium telluride/cadium sulfide (CdTe/CdS)

Efficiency: 15 - 16%; Band gap: ~1.45 eV; Life span: 20 years; Advantages: High absorption rate,
less material required for production; Restrictions: Lower efficiency, Cd being extremely toxic,

Te being limited, more temperature-sensitive.
e Solar cells based on copper indium gallium selenide (CIGS)

Efficiency: 20%; Band gap: ~1.7 eV; Life span: 12 years; Advantages: Less material required for
production; Restrictions: Very high-priced, not stable, more temperature-sensitive, highly

unreliable [25].
1.6.3 Third Generation of Photovoltaic Cells

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 (III-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

(19, 28].

The latest trends in silicon photovoltaic cell development are methods involving the
generation of additional levels of energy in the semiconductor’s band structure. The most
advanced studies of manufacturing technology and efficiency improvements are now
concentrated on third-generation solar cells. One of the current methods to increase the
efficiency of PV cells is the introduction of additional energy levels in the semiconductor’s band
gap (IBSC: Intermediate Band Solar Cells and IPV: Impurity Photovoltaic cells) and the
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increasing use of ion implantation in the manufacturing process. Other innovative third

generation cells that are lesser-known commercial “emerging” technologies include [19, 29]:
e Organic materials (OSC) photovoltaic cells;

e Perovskites (PSC) photovoltaic cells;

¢ Dye-sensitized (DSSC) photovoltaic cells;

¢ Quantum dots (QD) photovoltaic cells; and

e Multi-junction photovoltaic cells [29].

Multi-junction (M]) solar cells consist of plural p-n junctions fabricated from various
semiconductor materials, with each junction producing an electric current in response to light
of a different wavelength, thereby improving the conversion of incident sunlight into electricity
and the efficiency of the device. The concept to use various materials with different band gaps
has been suggested to utilize the maximum possible number of photons and is known as a
tandem solar cell. An entire cell could be fabricated from the same or different materials, giving
a broad spectrum of possible designs [30]. Usually, the cells are integrated monolithically and
connected in series through a tunnel junction, and current matching between cells is obtained
through adjusting each cell’s band gap and thickness. Figure 1.10 illustrates a scheme of an
InGaP/(In)GaAs/Ge triple solar cell and presents crucial technologies to enhance efficiency of

conversion [19, 30, 31].

24



Chapter I : Photovoltaic Solar Cells

Legend: 1 - Ag electrode
2 - n-GaAs Contact

1 ' 3 - AR Coating
2 3 4 - InGaP top cell
= i 5 - (In)GaAs middle cell
T 4 6 - Buffer-layer
10 7 - Ge bottom cell
i 8 - n-AlInP window
13 9 - n-InGaP emitter
3 10 - p-InGaP base
13 5 11 - p-AlInP BSF
15 12 - p-AlGaAs / n-InGaP
_ 13 - n-InGaP window
16 : 14 - n-InGaAs emitter
17 6 15 - p-InGaAs base
18 16 - p-InGaP BSF
19 17 - p-GaAs / n-GaAs
2 R 7 18 - n-InGaAs buffer
] 19 - InGaP 1st hetero-layer
i 20 - n-Ge
21 - p-Ge

Figure 1.10: Schematic illustration of a triple-junction cell and approaches for improving

efficiency of the cell [19, 30, 31].
Third-generation photovoltaic cell comparison [19, 25]:
e Solar cells based on dye-sensitized photovoltaic cells

Efficiency: 5 - 20%; Advantages: Lower cost, low light and wider-angle operation, lower internal
temperature operation, robustness, and extended lifetime; Restrictions: Problems with

temperature stability, poisonous and volatile substances.
e Solar cells based on quantum dots

Efficiency: 11 - 17%; Advantages: Low production cost, low energy consumption; Restrictions:

High toxicity in nature, degradation.
e Solar cells based on organic and polymeric photovoltaic cells

Efficiency: 9 - 11%; Advantages: Low processing cost, lighter weight, flexibility, thermal stability;

Restrictions: Low efficiency.
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e Solar cells based on perovskite

Efficiency: 21%; Advantages: Low-cost and simplified structure, light weight, flexibility, high

efficiency, low manufacturing cost; Restrictions: Unstable.
¢ Multi-junction solar cells

Efficiency: 36% and higher; Advantages: High performance; Restrictions: Complex, expensive

[25].
I1.6.4 Fourth-generation of photovoltaic cells

Fourth-generation of photovoltaic cells are also known as hybrid inorganic cells because
they combine the low cost and flexibility of polymer thin films, with the stability of organic
nanostructures such as metal nanoparticles and metal oxides, carbon nanotubes, graphene,
and their derivatives. These devices, often referred to as “nanophotovoltaics’, could become the

promising future of photovoltaics [32].

The technologies used for third- and fourth-generation cells are still in the prototyping
stage. Production-scale prototypes have also been built and have been successful (10-17%
efficiency). The third-generation multi-junction cells are already commercially available and
have achieved exceptional conversion factors (from 40% to over 50%) that place this alternative

as the best [19, 33].
1.7 Conclusion

This chapter has provided a comprehensive overview of photovoltaic solar cells, exploring
their fundamental principles, operational mechanisms, and key performance parameters. The
discussion began with an analysis of the solar spectrum, highlighting its impact on solar energy
conversion. The role of the p-n junction diode in solar cell operation was examined,
emphasizing charge carrier generation and transport under illumination. Essential photovoltaic
parameters, including short-circuit current, open-circuit voltage, fill factor, and conversion
efficiency, were detailed to illustrate the factors influencing solar cell performance.
Additionally, the chapter reviewed the equivalent circuit model, series and shunt resistances,

and quantum efficiency, all of which play crucial roles in optimizing solar cell operation.
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Furthermore, advancements in photovoltaic technology were categorized into four generations,
each representing significant progress in materials, efficiency, and manufacturing techniques.
From first-generation crystalline silicon cells to the emerging fourth-generation hybrid and
nanostructured materials, the evolution of solar cells continues to drive the development of
more efficient and cost-effective energy solutions. Future advances aim to enhance efficiency,

stability, and affordability, ensuring that solar energy becomes more accessible and widely

adopted worldwide.
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I1.1 Introduction

Solar energy represents one of the most promising alternatives to traditional fossil fuels,
driven by the urgent need for sustainable and renewable energy sources. Among the various
photovoltaic technologies, GaInP/GaAs (Gallium Indium Phosphide/Gallium Arsenide) solar
cells have emerged as a leading candidate for high-efficiency applications due to their
exceptional performance characteristics. These cells are part of a class of multi-junction solar
cells, where GalnP/GaAs forms the top two layers of a tandem cell structure, optimizing the

absorption of the solar spectrum and significantly enhancing energy conversion efficiency.

The GalnP/GaAs tandem cell structure takes advantage of the distinct electronic properties of
each semiconductor material. GalnP, with its direct bandgap of approximately 1.8-1.9 eV,
absorbs high-energy photons, while GaAs, with a bandgap of about 1.42 eV, captures lower-
energy photons that pass through the GalnP layer. This arrangement maximizes the spectrum
of light absorbed and converted into electricity, leading to higher overall efficiencies compared

to single-junction cells.

Through both numerical simulations and experimental work, several significant advancements
have been made in the conversion efficiencies of GaInP/GaAs solar cells. For example, high-
efficiency GalnP single-junction solar cells achieved 23.73% efficiency as reported by the work
of H Charane etal. [1]. Quantum well-enhanced GalnP/GaAs cells reported efficiencies of 32.9%
by integrating strain-balanced GalnAs/GaAsP quantum wells, marking a new record for tandem
solar cells [2]. Improved GalnP/GaAs tandem solar cells with enhanced efficiency were
developed, achieving a simulated efficiency around 30% [3], [4]. Further advancements in
quantum well technology for GalnP/GaAs cells have shown simulated efficiencies exceeding
33% under standard conditions [5]. Further theoretical predictions indicate potential
efficiencies up to 35.15% as reported by Kharchich et al. [6], and up to 43.55% as reported by the
work of Sabri et al. [7]. These advancements highlight the ongoing improvements in material
science and cell architecture that continue to push the boundaries of solar cell efficiency.
GalnP/GaAs solar cells represent a pinnacle of photovoltaic technology, combining high
efficiency with robust performance. As research and development continue to advance, these

cells are controlled to play a crucial role in the future of solar energy, both on Earth and beyond.
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This chapter explores the foundational principles, materials, and recent advancements that
underline the capabilities of GalnP/GaAs solar cells, emphasizing their role in the future of

renewable energy technologies.

I1.2 Overview of I1I-V Compound Semiconductors for Photovoltaics and High-

Efficiency Solar Cells

[II-V compound semiconductors, composed of elements from groups III and V of the
periodic table (Figure II.1), are vital for photovoltaics and high-efficiency solar cells due to their
superior electronic and optical properties. Materials such as Gallium Arsenide (GaAs), Indium
Phosphide (InP), Gallium Indium Phosphide (GaInP), Gallium Nitride (GaN), Indium Gallium
Arsenide (InGaAs), and Indium Gallium Nitride (InGaN) are particularly renowned for their
unique electronic characteristics and their use in high-performance optoelectronic devices.
These compounds typically include elements like gallium (Ga), indium (In), phosphorus (P),
and arsenic (As), among others, which contribute to their exceptional performance in these

applications [8-13].
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Figure IL.1: Diagram illustrating various compound semiconductors [14].
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II-V compound semiconductors, such as Gallium Arsenide (GaAs) and Indium Phosphide
(InP), are well-known for their direct bandgaps, high absorption coefficients, and high electron
mobility. These properties make them highly efficient in absorbing and emitting light, leading
to better photon absorption and electron-hole pair generation, which is crucial for high-
performance solar cells. The high absorption coefficients of these materials allow for effective
sunlight absorption in thin layers, reducing material usage and manufacturing costs.
Additionally, their high electron mobility enhances electrical conductivity and overall solar cell

efficiency [8,15-19].
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Figure I1.2. Bandgap energy as a function of lattice constant for different III-V materials [19].

ITI-V semiconductors can be binary, ternary, or quaternary alloys, formed by two, three, or four
chemical elements, respectively. The concentration of pairs of elements in ternary or
quaternary alloys can be varied to adjust the bandgap energy and optical properties, such as the
refractive index and absorption coefficient. In Figure 1.2, we present the bandgap energy as a
function of the lattice constant for various III-V compounds. The wavelength equivalent of the
bandgap energy is displayed on the right vertical axis. Binary compounds are represented in the
graph by dots. The lines connecting two dots represent ternary compounds formed from the
corresponding binary compounds. The areas subtended by the lines of the same color represent

quaternary compounds formed from the four binaries (red for InGaPN, blue for AlGalnP, black
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for AlGaAsSb and grey for InGaAsP). The mutual concentrations of binaries in a ternary alloy
provide a degree of freedom that can be varied to modify the alloy’s optical properties. The
concentration dependence can be schematically represented as AxB1-xC where A, B, and C are
single elements from the groups III and V of the periodic table, and x is the content or fraction
of the element A. In this regard, quaternary alloys have two degrees of freedom, and therefore

provide more flexibility in achieving desired optical properties. They can be represented as
A;B1.xCyD1-y. Vegard's law provides a description of the desired bandgap energy, parameterized
by the relative concentration of the III-V elements:

Eg(AxB1xC) = xE4(AC) + (1 — x)E4(BC) (II.1)
where E; corresponds to the bandgap energy and A, B, and C are the III-V single elements
[20,21].
Other material properties, like the refractive index, can also be calculated by this law. However,
for some compositions or properties, a quadratic dependence on the concentration parameter
x, known as the bowing parameter, is required [20]. In a similar way, Vegard’s law for a
quaternary compound takes the form [23]:

Eg(AxB1—xCyD1—y) = xyEg(AC) + x(1 — y)E4(AD) + (1 — x)yEg(BC)
+(1—x)(1 — y)Eg(BD). (IL.2)

Epitaxial growth of ITII-V semiconductors provides high-quality films having low defect density,
which is crucial for quantum and nonlinear photonic applications [23].
The ternary and quaternary alloys can be grown on binary substrates or on a previously grown
epitaxial layer (epilayer). However, the lattice constant of the new layer must be matched to the
previous one. Lattice mismatch leads to structural imperfections in the epilayers, which can act
as recombination and scattering centers. The presence of such defects can result in significant
scattering losses, hampering the integrated optical device’s performance [19].

If the two materials lie on the same vertical line on the graphic of Figure I1.2, they can be grown
lattice-matched. AliGai-xAs, for instance, can be grown lattice-matched on GaAs with all

possible concentrations of aluminium. Substrates also play a crucial role in epitaxial growth. If
the substrate is the same as the growth material, the growth is called homoepitaxy. Conversely,
if the growth material is different from the substrate, the growth is referred to as heteroepitaxy

[24]. The presence of defects in heteroepitaxial growth from lattice and thermal mismatches
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presents a significant challenge. Therefore, buffer layers are often used to optimize the growth

of high-quality heteroepitaxial thin films [24].

Various epitaxial growth techniques are utilized for III-V semiconductors, such as molecular beam
epitaxy (MBE) [25], metal-organic chemical vapor deposition (MOCVD) [26], and liquid phase
epitaxy (LPE) [24]. MBE has a thickness precision at the angstrom level. A molecular beam is focused
at a heated substrate and deposits atom-by-atom under controlled growth dynamics. It is capable
of growing sharp interfaces and is widely used for electronic and optical devices. However, this
growth technique is very costly and offers a slow growth rate, which limits its applicability and
availability. MOCVD provides several advantages in this aspect. In particular, MOCVD provides a
faster growth rate and lower cost. MOCVD is a chemical vapor deposition technique, which uses a
flow of a gas-phase mixture containing precursors over a heated substrate for layer-by-layer
deposition. This technique is capable of depositing a controlled thin layer with higher wafer
throughput. It is widely used for integrated circuit applications. Finally, LPE is a low-cost deposition
technique, which deposits material from a supersaturated solution. However, it is not capable of
forming sharp junctions between two material layers. More recently, other cost-effective, large-area,
and faster growth techniques have been explored for III-V semiconductors such as hybrid vapor
phase epitaxy (HVPE) [27], close-spaced vapor transport (CSVT) [28], and thin-film vapor-liquid-
solid (TF-VLS) growth [29,30]. The ongoing development of these techniques provides a pathway
towards the commercialization of a cost-effective approach for I1I-V semiconductors for photonics

[19].

In photovoltaics, III-V semiconductors are pivotal in multi-junction solar cells, which layer
different semiconductors to capture a broad spectrum of solar energy, achieving efficiencies
over 40% in labs. They are also preferred in space applications for their efficiency and radiation
resistance, and in concentrated photovoltaics (CPV), where sunlight is concentrated onto a
small, high-efficiency cell to reduce costs. Advances included the development of materials like
Gallium Nitride (GaN) and Indium Gallium Nitride (InGaN), which offer tunable bandgaps and
potential for third-generation solar cells, along with high-throughput manufacturing processes
like metal-organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE).
Future directions focus on reducing manufacturing costs, enhancing durability and stability
under real-world conditions, and integrating I1I-V semiconductors with emerging technologies
like perovskites and organic photovoltaics to create hybrid solar cells with unprecedented

efficiencies [31-34].
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II.3 Gallium Arsenide and Gallium Indium Phosphide for photovoltaics and

high-efficiency solar cells

Both GaAs and GalnP offer distinct advantages over silicon (Si) in solar cell applications,
primarily due to their efficient absorption of a broader range of solar spectrum wavelengths.
This characteristic is crucial for achieving high conversion efficiencies, especially under

concentrated sunlight conditions [35,36].

I1.3.1 Gallium Arsenide (GaAs): is a typical III-V semiconductor material, composed of

gallium and arsenic atoms in a 1:1 ratio, forming a zinc blende crystalline structure. GaAs has a
direct bandgap of about 1.42 eV at room temperature, ideal for solar cells as it efficiently absorbs
sunlight with a thinner layer compared to indirect bandgap materials like silicon. Its high
electron mobility (about 8500 cm?/V-s) enables efficient charge carrier transport, while its
thermal stability and radiation resistance make it suitable for space and high-temperature
applications. GaAs can be used in thin-film solar cells, which are lightweight and flexible,
beneficial for aerospace and portable devices. The advantages of GaAs in photovoltaics include
higher efficiency, thin-film capability, durability in harsh environments, and its potential in
multi-junction cells. GaAs is also suitable for applications in high-speed electronic devices and
lasers. Among all types of single junction solar cells, GaAs solar cells experimentally
demonstrate the highest power conversion efficiency and approach the Shockley-Queisser (SQ)

limit (Figure I1.3) [37, 38].

The GaAs single-junction solar cells have achieved a record conversion over 28%. More
precisely, Alta Devices Inc. has reported a certified world record efficiency of 28.8% for single
junction GaAs solar cells under AM1.5G illumination [37, 38]. The multi-junction GaAs solar
cells exhibited conversion efficiencies exceeding 40%. Despite its higher cost and toxicity
concerns, GaAs remains a key material in advanced solar technologies and space applications

due to its efficiency, durability, and resistance to extreme conditions. [40,41]
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Figure I1.3 Theoretical Shockley-Queisser (SQ) detailed balance efficiency limit as a function of
bandgap for single junction solar cells under AM1.5G illumination [39]. The points
represent the record efficiencies for the typical III-V cells including GaAs, InP, and
InGaP [37, 38].

I1.3.2 Indium Phosphide: Crystalline indium phosphide (InP) is another important ITI-V

compound semiconductor for photovoltaic (PV) devices, whose bandgap of 1.35 eV lies close to
the optimum for single junction solar cells. Even though the current efficiency of InP solar cells
is less than that demonstrated for GaAs ones due to their lower open-circuit voltages and fill
factors, they still offer a suitable option for both space and terrestrial PV applications, especially
for the multijunction (M]) solar system. In addition, the inherently high resistance of InP to
radiation damage gives it a special advantage for space applications compared to GaAs or silicon
materials [42]. There has been significant interest in the development of InP solar cell
technology for several years after the discovery of its high radiation resistance during the middle
1980s [43]. Nowadays, an efficiency of 24.2% has been reported for a 1 cm? InP cell fabricated
and measured at the US National Renewable Energy Laboratory (NREL) [44, 37].
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I1.3.3 Gallium Indium Phosphide (GaInP): Indium gallium phosphide

(InyGa;_,P; 0 < x < 1), a pseudo-binary III-V alloy with tunable band gaps in the range of
1.3-2.3 eV and strong visible light absorption, is a promising material for high efficiency solar
cells [45], [46], [47]. Over the past few decades, many studies have been focused on exploring
and enhancing the photovoltaic performance of In,Ga;_,P -based solar cells. The reported
photoelectric conversion efficiencies (PCEs) of InGaP-based single-junction cells are around
21% [48] or 23.73% as reported by the work of H Charane et al. [1]. Double-junction cells based
on IngesGagssP and Ing49Gag s, P have been reported with PCE of 25.5% and over 30%,
respectively [49,50]. For InGaP-based triple-junction cells, the reported PCEs can be even higher
than 40% [49,50]. Considering the rich chemical compositions of In,,Ga;_,P alloys, it is possible
to optimize the photovoltaic performance by the tuning of compositions [50]. In general,
In, Ga;_,P alloys could be crystallized in zinc blende (ZB) or wurtzite (WT) structure; and it

could be also easily formed in disordered structures [50].

The bandgap of GalnP, particularly at a composition of Ga, 5In, 5P with a value around 1.9 eV, is
optimal for top cells in multi-junction solar cells, enabling efficient absorption of the visible
spectrum of sunlight. GalnP is frequently used alongside other III-V materials like Gallium
Arsenide (GaAs) in these cells, achieving efficiencies exceeding 40% under concentrated
sunlight conditions [51-54]. Its direct bandgap makes it ideal for LEDs and laser diodes,
especially in the red and yellow wavelengths, while its high electron mobility enhances
performance in high-speed, high-frequency devices. The precise control of Ga and In
composition during growth processes like Metal-Organic Chemical Vapor Deposition
(MOCVD) and Molecular Beam Epitaxy (MBE) allows fine-tuning of its properties for specific
applications. Efforts to integrate GalnP with other semiconductors, especially silicon, aim to
combine its superior optoelectronic properties with the cost-effectiveness and scalability of
silicon-based technologies. Challenges such as lattice mismatch with other materials like GaAs
and silicon can introduce defects that impact performance, but advances in growth techniques
and buffer layers help mitigate these issues. Ongoing research focuses on improving the
efficiency and stability of GalnP-based devices, with future advancements to expand its
application in next-generation solar cells, particularly in perovskite tandem solar cells, through

several developments [55-61].
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I1.4 Multi-Junction Solar Cells

I1.4.1 Single Junction Solar Cells:

According to the Shockley-Queisser (SQ) theory [39], the limiting PV energy conversion
efficiency for a single junction solar cell is 33.7% with an optimum semiconductor bandgap of
1.34 eV. The previous Figure I1.3 shows the maximum theoretical efficiency of the single p-n
junction solar cell with different bandgap materials and some of the record efficiencies under
the standard AM1.5G solar spectrum illumination [38, 39]. In order to approach the
thermodynamic efficiency limits, solar cells should employ perfect semiconducting materials,
as well as ideal electronic and optical structures to capture as many photons as possible and

effectively convert them into free carriers that can generate electricity [37, 62].

I1.4.2 InGaP/GaAs Double Junction Solar Cells

As shown in Figure I1.4 (a), single junction solar cells can only have a maximum work
condition when absorbing a certain wavelength of photons, the energy of which is equal to the
bandgap (hv = E;)[37]. For incident light with a photon energy higher than the cell bandgap
(hv > E;), only part of the photon energy can be converted to electrical energy and the
remaining excess energy (hv — E,) is wasted as thermalization loss. On the other hand, photons
with energies lower than the bandgap (hv < E;) cannot be absorbed and converted into
electricity. Since photovoltaic (PV) cells are operated under broadband solar irradiation with
photons at wavelengths from ultraviolet to infrared (300-1700 nm), such thermalization loss and
sub-bandgap transparency result in low efficiencies in single junction solar cells. To overcome
this obstacle of energy loss in solar cells, multi-junction PV structures that comprise sub-cells
with different bandgaps are developed [37]. Figure I1.4 (b) schematically presents the operation
principal of a typical multi-junction solar cell, in which the broadband sunlight penetrates into
multiple cells, with high-energy photons being absorbed by the top cells with large bandgaps
and low-energy photons absorbed by the corresponding lower cells with small bandgaps.
Conventional multi-junction solar cells are formed by epitaxial growth methods, with each
subcell being electrically connected in series. To obtain MJ solar cells with ideal efficiencies,
issues including lattice matching and current matching among the subcell junctions are to be
considered [37]. Double junction (2]) AlGaAs/GaAs solar cells were first developed in early days,

and efficiencies less than 20.2% were achieved due to low performance and unstable tunnel
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junctions, and the defects related to the oxygen in the AlGaAs materials [63]. Thus, a tandem
combination of InGaP material for the top cell with GaAs cell in the bottom was proposed by
Olson et al. [64]. With the improved performance on the tunnel junction between the subcells
and top cell of the InGaP layer in the epitaxial growth process, Takamoto et al. achieved
InGaP/GaAs tandem cells with an efficiency over 30% under AM1.5G illumination [65, 66]. In
2013, Alta Device Inc. reported a 30.8% efficiency 2] InGaP/GaAs solar cell [67]. In the same year,
NREL achieved a new record of 31.1% under AM1.5G illumination with improved voltage in the

bottom cell, mainly due to the enhanced photon recycling effect with a gold back mirror contact
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Figure I1.4 (a) Schematic illustration of the electron-hole pairs generation process in the
bandgap material (E,) excited by light photons with different energies (hv). (b)
Schematic illustration of the absorption of solar spectrum for each subcell in
multijunction (M]) solar cells. (c) Schematic illustration of flexible InGaP/GaAs

tandem solar cells, (d) and the corresponding EQE spectrum of each subcell [37].

Recent works in both simulation and experimental studies have reported impressive conversion
efficiencies for GaInP/GaAs dual junction solar cells. One notable advance is the development
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of a tandem solar cell with strain-balanced GalnAs/GaAsP quantum wells, which demonstrated
a record efficiency of 32.9% under one-sun illumination [69]. Another significant contribution
of Makambo. et al. presented a numerical simulation of a dual-junction tandem GalnP/GaAs
cell, achieving an efficiency of 36.86% under AM 1.5 G solar spectrum [70]. The research
highlighted the importance of optimizing the top GaInP layer thickness and current matching

between the top and bottom cells to achieve these high efficiencies.

The external quantum efficiency (EQE) spectra of each subcell in a typical InGaP/GaAs cell are
shown in Figure I1.4 (d), indicating the fraction of the incident light of given wavelengths that
are converted into electricity [68]. Furthermore, the InGaP/GaAs cells have great potential for
future space applications and have shown superior radiation-resistant properties in comparison
to single junction solar cells [71]. The 2] solar cells serve as a starter for MJ cell research, and
then triple, quadruple, and even more than four junction (4])-based cells have been designed
to further make the best use of the entire solar spectrum. With the development of material
properties and advanced concept designs, efficiency record-breaking has been occurring

continuously recently, with an absolute efficiency increase of about 1% each year [72], [37].
II.5. Bandgap Engineering in GaInP/GaAs Solar Cells

Bandgap engineering is a critical technique in optimizing the performance of GalnP/GaAs
solar cells. By precisely tuning the bandgap of the materials, researchers can maximize the
absorption of the solar spectrum, leading to higher conversion efficiencies. GalnP, with its
adjustable bandgap, can be optimized to absorb higher-energy photons, while GaAs absorbs
lower-energy photons, ensuring efficient use of the solar spectrum. Figure IL.5 illustrates the
layered structure of a GalnP/GaAs tandem solar cell. The diagram shows several key

components that are vital for the cell’s efficiency [73]:

e Anti-Reflective Coating (ARC): The top layer is a ZnS/MgF, anti-reflective coating,

which minimizes reflection losses and enhances light absorption.
e Top Contact: Above the ARC is the Au top contact, which facilitates efficient current
collection.

¢ n* GaAs Contact: This layer ensures effective electron flow from the cell.
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e n* GalnP Emitter and p GaInP Base: These layers form the first junction, optimized for
high-energy photon absorption. The bandgap of GalnP is personalised to maximize the
absorption of photons with energies greater than 1.9 eV.

¢ Tunneling Interconnect: This connects the two sub-cells and allows for efficient charge
carrier transport.

e p* GalnP Back Surface Field (BSF): Enhances carrier collection by reducing
recombination at the rear surface.

¢ n' GalnP Window and p GaAs Base: These layers form the second junction, optimized
for lower-energy photon absorption. The GaAs bandgap is around 1.42 eV, which is ideal
for absorbing the remaining lower-energy photons.

e p* GalnP Emitter and Au Back Contact: Ensures efficient hole collection and minimal

recombination losses.
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Figure I1.5: The layered structure of a GaInP/GaAs tandem solar cell [73]

Recent advancements in growth techniques, such as metamorphic and lattice-matched
structures, have enabled the integration of GalnP and GaAs layers with minimal defects [73].

This precise engineering minimizes lattice mismatch, which could otherwise introduce
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dislocations and defects that degrade performance. Techniques like hydride vapor phase
epitaxy (HVPE) have been instrumental in achieving high-quality layers. These advancements
have led to the development of high-efficiency multijunction cells that can achieve efficiencies
exceeding 30% under concentrated sunlight. The intricate layering and precise engineering of
these materials are key to achieving such high performance with the complex design of tandem

solar cells [73].

Carrier transport mechanisms in this tandem solar cell (Figure IL.5) involve the generation,

separation, and collection of electron-hole pairs. When sunlight enters the cell, it first passes
through the ZnS/MgF, anti-reflective coating (ARC), which minimizes reflection losses and

enhances light absorption. Photons are absorbed in the n* -GalnP emitter and p -GalnP base,
generating electron-hole pairs. The built-in electric field at the n-p junction of the GalnP layers
drives electrons towards the n* GalnP emitter and holes towards the p GaInP base. The
tunneling interconnect facilitates the transfer of carriers between the GalnP and GaAs sub-cells.
In the GaAs sub-cell, photons are absorbed in the n*-GaInP window and p- GaAs base,
generating additional electron-hole pairs. The electric field at the GaAs n-p junction drives
electrons towards the n* GaInP window and holes towards the p* GalnP emitter. Finally, the
electrons and holes are collected at the Au top contact and Au back contact, respectively,
generating a current. The tandem structure allows for the absorption of a broader spectrum of

sunlight, enhancing the overall efficiency of the solar cell [74, 75].
I1.6 Multi-junction approach

The multi-junction approach involves directing incident photons onto a junction tuned to
the photon's energy. The simplest approach is to use an optically dispersive element like a prism
to distribute photons with different energies to different locations. However, the approach
illustrated in Figure I1.6 (a) is often undesirable due to its mechanical and optical complexities.
A more preferable approach is to arrange cells in a stacked configuration; asillustrated in Figure
11.6 (b), with sunlight hitting the highest band gap first, and then going to the progressively lower
band gap junctions. This arrangement avoids the need for a separate optical element and can be

mechanically assembled into a compact package called a mechanical stack [76].
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Figure IL.6: Schematic comparison of (a) spatial-configuration approaches and (b) stacked
configuration approaches to distributing light to subcells of different band gaps.
(c) Nlustration of two-, three-, and four-terminal connection to a two-junction
cell. The figure shows the subcells as mechanically separate, but the two- and

three-terminal devices can be monolithic [76].

Consequently, the sunlight strikes the highest band gap first, and then goes to the progressively
lower band gap junctions. This arrangement makes use of the fact that junctions act as low-pass
photon energy filters, transmitting only the sub-band gap light. Thus, in Figure I1.6 (b), photons
with hv > E,; get absorbed by that junction, photons with E;; < hv < E,; get absorbed by
the E,, junction, and so on; in other words, the junctions themselves act as optical elements to
distribute the spectrum to the appropriate junctions for multijunction photoconversion. The
band gaps must decrease from top to bottom of the stack. The stacked configuration requires, of
course, that all the junctions in the stack except the bottom one be transparent to light below
their band gaps [76].

There are several ways to connect power leads to the junctions comprising a multijunction stack.
These configurations, which provide for varying degrees of electrical isolation of the subcells,
are illustrated in Figure I1.6 (c) for a two-junction stack. The two-terminal series-connected
configuration provides the most restrictions for interconnection of the devices. This
configuration requires that the subcells be of the same polarity and that the photocurrents of the
subcells be closely matched, since in this series connection the subcell with the least
photocurrent limits the current generated by the entire device [76]. In the three-terminal

configuration the subcells are not electrically isolated; the bottom of each cell is electrically
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connected to the top of the cell beneath it. The fabrication of a monolithic three-terminal device
is relatively straightforward, although more complex than the fabrication of a two-terminal
device. The semiconductor structure must be designed to provide a layer for contact to the
intermediate terminal, and to accommodate the processing steps necessary to put the
intermediate terminal in place. With this intermediate terminal, the different subcells in the
stack do not have to have the same photocurrents. Furthermore, in this three-terminal
configuration, the different subcells in the stack may have different polarities, for example, p/n
for the top cell and n/p for the bottom cell [76]. In the four-terminal configuration, each subcell
has its own two terminals and is electrically isolated from the other subcells. This configuration
has the advantage that it sets no constraints on the polarities (p/n vs. n/p) of the subcells, or on
their currents or voltages. However, the terminals and the electrical isolation between subcells
in the four-terminal configuration would be very difficult to accomplish monolithically, because
it requires a complicated cell structure and processing [76].
Since the sub-cells are series-connected in the two-terminal multi-junction solar cell, the
overall current Iy ¢ is limited by the sub-cell that photo-generates the lowest current according
to Eq. I1.3 for a two-junction stack (tandem or double junction):

Iyysc = Min (Irop, Ipottom) (IL.3)
On the other part, the multi-junction voltage is the sum of all sub-cells voltages minus the
voltage of the tunnel diode because they are in reverse bias (see Eq. I1.4) [77].

Vuse = XiVi — 2 Vrunnet diodze = Viop + Veottom — (Vrp) (I.4)
One of the advantages of this configuration, is the low photo-generated current (compared to
single junction) hence the reduced series resistance effects especially at high light intensity

levels [77].
I1.7 Conclusion

Solar energy has emerged as a foundation for sustainable development, offering a clean and
renewable alternative to fossil fuels. Among the cutting-edge advancements in photovoltaic
technology, GaInP/GaAs (Gallium Indium Phosphide/Gallium Arsenide) solar cells stand out
for their exceptional energy conversion efficiencies. These cells leverage the unique electronic
and optical properties of III-V semiconductors to optimize the absorption of the solar spectrum.
The tandem structure of GalnP/GaAs solar cells integrates materials with complementary

bandgaps—GalnP for high-energy photons and GaAs for lower-energy photons—thereby
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capturing a broad range of sunlight. Recent innovations, including strain-balanced quantum
wells and advanced epitaxial growth techniques, have pushed the efficiency of these cells to
record-breaking levels, making them pivotal in high-performance terrestrial and space
applications. Through a combination of advanced material engineering and optimized cell
architectures, these devices demonstrate not only high performance under standard conditions
but also robustness in extreme environments, paving the way for their integration into next-
generation solar technologies such as hybrid and multi-junction systems. This chapter explored
the foundational principles, materials, and recent advancements that underline the capabilities

of these solar cells, emphasizing their role in the future of renewable energy technologies.
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Chapter III: Study of Multilayer Solar Cells Based on GaInP/GaAs Heterojunction

I1I1.1 Introduction

Multi-layer solar cells based on the GalnP/GaAs heterojunction offer several advantages
due to the unique electronic properties of the semiconductor materials GaInP and GaAs, such
as high absorption coefficients and the ability to tune the energy bandgap E,. Additionally, the
excellent lattice matching between GalnP and GaAs when integrated into a multi-layer
structure allows for better utilization of the solar spectrum, facilitating the enhancement of the

photovoltaic conversion efficiency of the resulting solar cell [1-3].

In this chapter, we will study multi-layer solar cells based on the GalnP/GaAs heterojunction,
considering two types of solar cells: a single-junction and a dual-junction tandem cell. In this
study, we assume that the cells are exposed to standard solar irradiation AM1.5 with optical
power of P,y = 0.099271 W /cm? at an ambient temperature of T = 300K. The research
primarily involves numerical simulations of the considered cells using the Solis-1D simulation
software, which enables the calculation of their electrical properties, such as the current
density-voltage (J — V) and the power -voltage (P — V) characteristics. From these results, we
derive the photovoltaic output parameters of the cells, including short-circuit current density
(Jsc), open-circuit voltage (V,.), maximum output power (P,q.), fill factor (FF) and

photovoltaic conversion efficiency (Ef ).

By analyzing the effects of varying thickness and doping concentrations in different layers, we
aim to optimize the photovoltaic conversion efficiency of both the single-junction and dual-

junction tandem cells.

I11.2. 1D Semiconductor Device Simulator: Solis

Solis (Semiconductor One-dimensional Lateral and Interfacial Simulator) is a
sophisticated one-dimensional semiconductor device simulator designed with a high-
performance, modular computational engine coded in C++. It features a user-friendly interface
developed in C, which operates independently from the simulation engine. Solis utilizes the
drift-diffusion model to simulate both graded and abrupt heterostructures—ideal for
applications such as solar cells and detectors—while accounting for various recombination
mechanisms, including Auger, radiative, and Shockley-Read-Hall (SRH). It also models donor-

like and acceptor-like traps, incomplete dopant ionization, Schottky rectifying contacts, and
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spontaneous and piezoelectric polarization in III-N materials. Moreover, Solis supports
photogeneration using the AM1.5 solar spectrum or any user-defined spectrum. The simulator
provides outputs such as current-voltage and capacitance-voltage characteristics, quantum
efficiency, band diagrams, and spatial distributions of carrier densities, ionized dopants and

traps, generation/recombination rates, and electric fields [4].

Solis offers advanced capabilities that set it apart from earlier one-dimensional simulators
like PC1D and AMPS-1D. It supports spontaneous and piezoelectric polarizations, a crucial
feature for wurtzite-structured semiconductor materials such as gallium nitride and its related
alloys. Additionally, it provides a more detailed approach to modeling Schottky contacts and

heterostructures while enabling integrated simulation of graded semiconductor devices [4].
II1.2.1 Modeling, numerical methods, and implementation

The Solis simulation engine employs the drift-diffusion model, widely recognized as the
standard physical framework for analyzing and determining the electrical characteristics of
semiconductor devices [5]. Solis utilizes both the coupled Newton method and the decoupled

Gummel method to efficiently solve the model equations [4].

The drift-diffusion model consists of the Poisson equation along with two current
continuity equations, presented in a one-dimensional (x) and normalized format in Egs. (II1.1)
-(I11.3). The Poisson equation is normalized by setting its factor to unity, employing the Debye

length as the reference parameter for position normalization [4].

2L (0D 1 p(x)) = nx) = pG) + Ny (1) = N () + e Na(0) = e Np() (1IL)

djn _ 2
— = —GR(x)/y

II1.2
Yo — 1GR()/y? (I1L.2)
Ju(x) = () 2222
] s (II1.3)
Jp(x) = +p (), —-

with the electrostatic potential i, the spontaneous and piezoelectric polarization P (if any), the
permittivity ¢, the free electron concentration n, the free hole concentration p, the ionized donor
N7 and ionized acceptor concentration N; , and the ionized donor- N}, and acceptor-like trap

concentration N¢,. The concentrations can vary with the position coordinate x. J, and J, are the
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electron and hole current densities, and GR is the net generation term. y? is a normalization
parameter (the continuity factor shown in Table IIL.1). u, and p, are the electron and hole

mobilities, while ¢,, and ¢,, are the normalized quasi-Fermi levels [4].

Table III.1: The normalization factors employed in the drift-diffusion model [4].

Parameter Normalization factor
Permillivily £q

Polential Thermal vollage, kT/q

Energy Thermal energy, T

Carrier concentration N=102m

Space Debye length, .= \"‘W
Mobility py =0.1m?/V-g

Recombination By =107 m? /5

Continuity factor 2 = uokT/(PogNL?)

All the parameters in these equations are dimensionless, meaning they are normalized
using the normalization parameters defined in Table III.1. The currents are expressed in terms
of quasi-Fermi levels for simplicity and include both drift and diffusion components. The net
generation term GR(x) accounts for light-induced carrier generation (photogeneration) and
various recombination processes, including nonradiative Shockley-Read-Hall (SRH), radiative,

and Auger mechanisms [4].

The drift-diffusion model as defined in Eqgs. (III.1) -(II1.3) is solved to determine the
potential ¥(x) and the quasi-Fermi levels ¢,(x) and ¢,(x). The other quantities are then
calculated using these fundamental parameters. The Scharfetter-Gummel discretization
scheme [6] is used to ensure the numerical stability needed in this partial differential equation
(PDE) system.

The discretized system of partial differential equations (PDEs) is subsequently solved using
two different methods available in Solis, providing full flexibility in the solution process.

- The Gummel iterative decoupled method. In this method, the three equations are solved
iteratively until convergence: Starting with initial guess vectors ¥(x), ¢,(x), and ¢,(x), Solis
solves the discretized Poisson system using the Newton-Raphson method and determines the

new value of the potential vector ¥(x), which is then used to solve the electron continuity
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equation and determine the ¢, (x) vector. (x) and ¢, (x) are then used to solve the hole
continuity equation to obtain the ¢, (x) vector, and the process iterates until convergence. A
damping strategy is implemented in Solis to ensure convergence in most cases, since this
method can converge slowly for problems where the three drift-diffusion equations are highly
coupled [4].

- The Newton method solves the full discretized nonlinear drift-diffusion PDE system
simultaneously using the Newton-Raphson method. This method is suitable for highly coupled
cases and can converge fast, providing that a good starting solution is given. Solis provides a
starting point for the solver to speed up the convergence, and can also use the Gummel method

to refine the initial guess [4].

Solis can handle both Dirichlet and Neumann boundary conditions. The device contacts
can be nonideal ohmic or rectifying (Schottky). The numerical parameters, such as the starting
initial guess, the damping parameter and tolerance, and the boundary conditions, can be set by
the user to handle specific structures, even if Solis automatically adapts these parameters for
convergence. Solis has been developed with modularity, versatility, and performance as the
main criteria and guidelines. Its general architecture is shown in Figure III.1, and its main
components are [4]:

- The simulator driver, soliscomp.exe (or soliscomp under Linux), controlling the simulator
engine. The driver and the simulation engine are developed in standard C++, implementing the
numerical methods described above and handling the whole simulation process: input file
format and device definition, memory management, data input and output, and solving
procedures. The simulator driver also controls the embedded Lua scripting engine that can be
used to implement user-defined physical models and parameters, permitting advanced control
of the simulation process. The simulator driver is a command-line executable with a device
input in a simple and clean text format. It can be easily controlled and automated by any
language (and thus the embedded Lua interpreter), giving the user unprecedented flexibility
and control over the simulation.

- A graphical device editor, solisdevice.exe (or solisdevice under Linux), implemented in C. This
tool provides an easy-to-use graphical frontend to Solis.

- An advanced code editor, solisedit.exe (or solisedit under Linux), implemented in C, to edit the
device structure using the straightforward Solis syntax. This editor offers all the functionality

found in modern editors and can be used as a general code editor.
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- A data plotter, solisplot.exe (under Windows) or solisplot (under Linux), implemented in C and
C++. This tool is used by Solis to plot the simulation results but could also be used as a
standalone data plotter.

- An advanced scientific calculator, soliscalc, implemented in C.

Solis Tools

Solis Code Editor [C] SolisDevice Editor [C]
solisedit.exe (Windows) solisdevice.exe (Windows)
solisedit (Linux) solisdevice (Linux)
Solis Driver [Standard C++] Solis Plotter [C/C++]
soliscomp.exe (Windows) —3» solisplot.exe (Windows)
soliscomp (Linux) solisplot (Linux)
Y Solis Core

Solis 1D Semiconductor Device Simulator [Standard C++]

Yyl v A

Lua Scripting Engine [Standard C]

Figure IIL.1: A schematic of the Solis architecture. The core part of Solis is entirely coded in
standard C++ (the Lua engine being coded in standard C) and is easily portable to
almost all operating systems, in addition to the natively supported Windows and
Linux systems. The Solis code editor, device editor, and data plotter are developed
in C and use the IUP GUI toolkit coded in C [7] and the Scintilla component coded
in C++ [8].

These tools are independent and can be used in a complementary way; For example,
solisdevice can be used to perform simulations in a complete graphical environment. To
develop a complete simulation framework, with custom physical models and optimization
scripts, one can use solisedit to achieve full control over the code. These tools are, by design,
compatible; e.g., an input file created with the code editor can be open/modified by the

graphical device editor, and vice versa [4].
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II1.2.2 Solis Input File Format

The Solis input format is an easy-to-use plain-text format with a simple syntax and some
useful features such as variable definition and a mathematical parser.
Solis simulates a device structure such as shown in Figure II1.2. To describe such a device, Solis
uses a very simple input file format, inspired by the INI format. With this text format, Solis input
file is simple to generate/handle, to read and understand. The Solis input file extension is .solis.

The basic syntax of a Solis input is shown in Figure II1.3 [9].

Light
_T

I
Anode

Layer2

——  Voltage

Figure II1.2: A schematic structure of a device as simulated by Solis [9].
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fig-Origin-graded0405-nkSingleGalnP08-GaAs12solis X ]
1 # Solis <SL» AI
# Solis <Version 3.0 Build 2311>

{1

[Device] I

# Name="NP-GaInP/GaAs single solar cell”

Temperature=300
[Layerl]

Material="InGaP"

Composition.x=0.4

Thickness=0.8

Mesh.Points=500 I
3 [Layer2]
Material="GaAs"
Thickness=1.2
Mesh.Points=600
3 [Anode]
ﬁncde.Type="0hmic1
Anode . Boundary="Neumann"
2 [Cathode]
Cathode.Type="0hmic"
Cathode.Phi=0
Cathode.Boundary="Neumann"

I I T B ey
L A - T T T B R PEI
{1] ] r

T
~ o
o

RO MR R
F P R -
1) i

[Voltage]
Voltage.Source="lpne"
Voltage.Start=-2
Voltage.End=2
Voltage.Step=0.005
Voltage.linf=-2000

- Voltage.lsup=2800

B [Light]

Light.Source="AM1.5"

Light.5tart=0.2 v

Solis n17/53 Col 23 CRLF

W oW MR R R R
M P @M E s O

w
(v

Figure IIL.3: Solis Input Syntax [9].
I11.2.3. Solis tools

Five independent tools are distributed with Solis [9]:

- A code editor, solisedit.exe (or solisedit under Linux).

- A graphical device editor, solisdevice.exe (or solisdevice under Linux).
- A data plotter, solisplot.exe (or solisplot under Linux).

- Only for Linux: solisparallel, to run solar cell parallel simulations using MPI (Message Passing

Interface).
- A scientific calculator, soliscalc.exe (or soliscalc under Linux).

- A database tool, solisdatabase.exe (Windows) or solisdatabase (Linux).
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In addition, Solis includes an interactive terminal emulator (solisterm, only under Linux), a

standalone version of the embedded terminal in SolisEdit.

The Solis code editor, SolisEdit, is completely configurable and provides all of the features

of contemporary editors, including syntax highlighting, autocompletion, markers, indentation

control, find/replace, and file explorer (Figure I11.4).

The Solis input files (. solis) and model files (.lua) may be edited using SolisEdit. It also supports

a number of languages that scientists and engineers use, including C/C++, Bash, Python,

Octave, Fortran, LATEX1, and Makefile. The language is automatically selected based on the file

extension.

To make working with files easier, SolisEdit incorporates a File Explorer. One can configure

the File Explorer to display just certain files (filter) based on their extension by right-clicking the

root directory and choosing the appropriate filter [9]. A system of colored markers that are

shown in the margins of the current documents in SolisEdit (Figure I11.4) allows users to view

the edited or saved parts of the document in real time. By choosing Edit/Remove Markers from

the menu, one can reset the markers at any moment [9].

Origin-graded0405-nkSingleGalnP01-GaAs12solis X

[3 Origin-graded0405-nkSingleGalnP01-GaAs12.solis - SolisEdit
File Edit View Search Run Options Tools Window Help
EEEH|E = = T | cl|P e @
File Explorer All supported files fig-Origin-graded0405-nkSingleGalnP08-GaAs12.solis
MY e | 1 # Solis <SL»
) inetpub 2 # The above first line is mandatory
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Figure IIL.4: SolisEdit Screenshot [9].
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SolisDevice is the Solis graphical device editor to build graphically the device to simulate. It

offers a very easy way to perform simulations with a simple and functional user interface

(screenshot in Figure IIL.5).

rj C\Users\admin\Desktoph2025\Solis- 2025\ examplesisimulatorifinal-GaP- GaAs-2024-2025\Figure- Origin-graded(403-nkSingleGalnP01- GaAs12.solis - SolisDe... - O *
File View Device Excitation Run Options Help

EEdEEEEFEEER|E|N -G
| solar Cell | Doping (1/cm3) Thickness (um) Bandgap (eV)
1200 ) [1zno ) v Ter2D | | 0.1 | | 33 |
A | Parameters... | | Doping... | | Mobility... | | Index*... |
4 Gahs (P} Start (V) End (V) Step (V)
[ voltage, None v| 2 2 0.005
O Light, Mono 1 aM1.5 O Sweep <0FE> File

Simulation Output| 2]
1

NA = 1e+17 [1/cm3]
t=1.2 [um]
Mesh = 600 [points]

5 AlGaAs (P}

Figure IIL5: SolisDevice Screenshot [9].

It generates the same input file than entered with SolisEdit. An input graphically created
with SolisDevice can be edited with SolisEdit and vice-versa. With SolisDevice one can
add/move/resize/delete a layer and set the material parameters. In the layer parameters dialog
(Figure II1.6), one can enter the semiconductor material properties: bandgap, affinity,
permittivity, direct, Auger and SRH recombination, etc. The layer material can be set using the

integrated Solis database: Device/Material... menu. In this dialog, one can also select Lua model

files for bandgap and permittivity [9].
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= Layer Parameters X
4 Gahs (P) v NA | Label |
Thickness (um) Bandgap (V] Affinity (eV]
| 12 | 142 || 407 |
NC (1/em3) NV (1/em3) Permittivity
| 47e+17 | 9e+18 || 12.9 |
Beta (cm3/s) Cn (cmb/s) Cp (cmé/s)
| 7.2e-10 | 5e-30 || 1e-31 |
Taun (5] Taup (=) Doping (1/cm3)
| le-7 | le-7 I 1e+17 |
Bandgap... Permittivity... Recombination...
Apply Ok

Figure IIL.6: SolisDevice: Parameters Dialog [9].

By selecting the Doping button, the relevant window (Figure II1.7) may be used to adjust the
layer doping settings. These parameters correspond to the dopant type and concentration, the
reference concentration, and the electron and hole lifetimes. the doping Lua model file can also

be selected in this dialog.

= Doping >
4 Gahs () w | | Acceptor L
M (1/cm3) MNr (1/cm3)
1e+17 le+20
Taun (=) Taup (s)
le-7 le-7
Model...
Apply OK

Figure I11.7: SolisDevice: Doping Dialog.
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Traps can be added/deleted/modified using the corresponding dialog shown by selecting the
Device/Traps... menu (Figure II.8). Defect parameters correspond to the type and
concentration of defects, the reference concentration, the activation energy, the lifetimes of

electrons and holes, and the trap degeneracy. A Lua model file for traps can also be selected in

this dialog.
= Traps >
4 Gahs (P) W
M (1/cm3) Mr (1/cm3)
Te+13 Te+14
Taun (s) Taup (s)
le-8 le-8
E (eV] Type
0.2 Donor
Mo trap e Madel...
Apply 4

Figure IIL.8: SolisDevice: Traps Dialog.

By selecting the Device/Index... menu, the Refractive Index and Extinction Coefficient are
configured in the window that appears (Figure II1.9). Selecting the Lua model file for extinction

coefficient and refractive index spectra may also be done in this box by pressing the Model...

button.
'@ Refractive Index >
4 Gals (P) e Database
n k
File File
Fille™... Model...
Apply O

Figure IIL.9: SolisDevice: Refractive Index and Extinction Coefficient Dialog.
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Anode and Cathode parameters are defined in the dialog shown by selecting the

Device/Contacts... menu (Figure II1.10). To define the Lua model file for the anode and cathode

refractive index and extinction coefficient spectra, one press the Model... button.

= Contacts >

|Anode V| |Ghmic V|
Thickness {urm) Phi (eV]

| 0.01 || 0 |
Rn (m/s) Rp (m/s)

| le+7 | | le+7 |

n k
| 1 | 0 |
Boundary Condition: |Neumann V|

Model...

| Apply

oK

Figure II1.10: SolisDevice: Anode and Cathode Dialog.

To define the Voltage and Light parameters, one uses the corresponding dialog shown by

selecting the Device/Voltage... or the Device/Light... menu (Figure II1.11). To set custom voltage

sweep, one press File... in the voltage dialog. Similarly, one can define custom light spectrum by

selecting File... in the light dialog.

[ Light

= Voltage X X
| Osweep [ File... | Olight, Moo (AAM1S '
Start (V) End (V) Step (V) Flux (1/cm2/s)
| -2 | 2 | 005 | | Osweep<ae>
Jinf (A/cm2) Jsup (A/cm2) Start (umn) End (um) Step (um)
| -2000 I 2000 | | 02 I 09 I 0.001 |
T Ay | oK | [ Ay || OK |

Figure III.11: SolisDevice: Voltage and Light Dialog.

The Solis data plotter, SolisPlot (screenshot in Figure II1.12), is usually not used as a standalone

application. It is rather used by the simulator driver soliscomp, the code editor SolisEdit or the
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graphical device editor SolisDevice to plot the simulation results. But it can be used alone to
directly plot simulation results or other data. To do so, one just launches SolisPlot, browse to the
simulation output directory and select the corresponding file as shown on Figure II1.13 for
(J — V) characteristic curve of a simulated solar cell. With SolisPlot, one can control every aspect

of the plot curves, axes, scale, add lines, etc. The plot can be saved in the SVG format (and PDF

format under Linux).

[E7 Plot Data bt

Data File Mames

Data File Content:

< >
Delimitern Lines to skip: X Column(s) Y Column(s)
Te vl | 0 | | 1 || 2 |
X,Y-Axis Labek: | X | | ¥ |
| Update | | Ok | | Cancel |

Figure III.12: SolisPlot Screenshot.
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F solis Device Simulation Results - J-V Characteristic - O et
B EE| w2 BV g‘ J-V Characteristic ‘ >
—_ C
le+d

1e+3 f—\%——— %

-
le+1 =‘E|E$
1e0 —\ﬁ—lg———%
le-1 —\§—=$
P —
1le-3 —LJ%%
le-4 —HE——:%

le-5

Current (Af/cm?)

Voltage (V)

Figure I11.13: (J — V) curve from SolisPlot.

II1.3 Description of the studied multilayer solar cells based on GaInP/GaAs

heterojunction

The studied solar cells based on GalnP/GaAs heterojunction are designed in single and

tandem configurations and are illustrated respectively in cases (a) and (b) of Figure III.14. The

input parameters related to each layer of the simulated solar cells are summarized in Table III.2.

In addition to the top anode and bottom cathode, the single solar cell (Figure I11.14 (a)) consists

of the following layers:

v
v
v
v
v

A highly doped N-type (N*) ZnO region of 0.1 um thickness.

A highly doped N-type (N*) Iny 4Ga, ¢P region of 0.1 pm thickness.
A highly doped N-type (N*) Iny sGa, 5P region of 0.04 um thickness.
A doped P-type GaAs region of 1.2 pm thickness.

A highly doped P-type (P*) Al 4Ga, ¢As region of 0. 1 pm thickness.

The tandem solar cell (Figure I11.14 (b)) consists of the following layers:

v
v
v

A highly doped N-type (N*) ZnO region of 0.1 pm thickness.
A highly doped N-type (N*) Iny 4,Ga, ¢P region of 0.1 pm thickness.
A doped P-type Ing 4,Gag ¢P region of 0.1 pm thickness.
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A highly doped P-type (P*) Iny 4Ga, P region of 0.01 um thickness.
A highly doped N-type (N*) Iny 5Gay 5P region of 0.01 um thickness.
A highly doped N-type (N*) GaAs region of 0.1 pm thickness.

A doped P-type GaAs region of 1.2 pym thickness.

A highly doped P-type (P*) Aly ,Ga, ¢As region of 0. 1 um thickness.

7n0 (N+) (a) Anode
Ing4GageP (N¥)

Ing5GagsP (N¥)

GaAs (P)

Alj 4Gag 6As (P)

Cathode
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b
(b) Anode

ZnO (N*) |

Top cell —— Ing4GageP (NT)
Ing 4GaggP (P) —

Ing 4GageP (PF)

Tunnel junction [Iﬂo sGagsP (N)

. GaAs (NH

Bottom cell GaAs (P) ——

—— Alg,GageAs (PF)

— Cathode =

Figure III.14: Structure of the studied solar cells based on GalnP/GaAs heterojunction: (a)

Single solar cell, (b) tandem solar cell.

Table III.2. Baseline parameters for modeling the single and tandem solar cells based on

GalnP/GaAs heterojunction at T = 300 °K.

Parameters Zn0O | Ing4GageP | IngsGagsP GaAs Al 4GageAs

Energy  band

gap, E,(eV) 3.3 1.8936 1.802 1.42 1.716
»Eg

Relative

. . 9 10.466 10.7033 12.9 11.764
dielectric

permittivity, &,

Electron

: : : 842
affinity, x,, (V) | ° 4.032 4.09 4.07 38
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Effective density

5 1.8x 10 | 1.8 x 10*° 4.7 x 1017 1.8 x 1019

of state at E, % 1018

N; (em™3)

Effective density 1.9x 10%°

19 19 18 19
of state at Ey, 10 1.9x10 9x10 1.9x10

Ny (em™)

Electron

mobility, i, 50 950 1125 8500 2800

(cm?V~1s71)

Hole mobility,

10
o (cm?V1s71) 130 125 400 280

Density of N-type

20 20 20 _ _
doping Ny(cm™3) 10 10 10

Density of P-type

_ 20 _ 17 20
doping N, 10 10 10

(em™)

Electron life

. 1077 1077 1077 1077 1077
time, 7,,(s)

Hole life time, | 1077 1077 1077 1077 1077

Tp(S)

I11.4 Results and discussion

II1.4.1 Single solar cell based on GalnP/GaAs heterojunction

Figures II1.15, I11.16 and III.17 display, respectively, the band gap diagram at thermal
equilibrium, short circuit and open circuit conditions for the single solar cell based on
GalnP/GaAs heterojunction. The variations in conduction band (E.) and valence band (Ey)
levels across the layers reflect the material properties and doping concentrations, with distinct
band offsets at the interfaces. These offsets play a crucial role in reducing recombination and
facilitating efficient charge transport. At thermal equilibrium, the Fermi level alignment
throughout the device indicates energy equilibration and provides information on doping

characteristics in the N* and P* regions. The presence of band bending signifies internal
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electric fields at the junctions, which are essential for effective electron-hole pair separation and

transport.

Under short-circuit conditions, the built-in voltage remains at V;, as in thermal equilibrium,
since no photo-carrier accumulation occurs at the cell edges. Consequently, the photo-bias
voltage between the cell edges is zero, and the significant band bending observed at the
depletion layer remains unchanged, consistent with thermal equilibrium. However, light
absorption leads to photogeneration and an increase in carrier density within the device,
causing the quasi-Fermi levels to split into Ef,, for electrons and Ef, for holes. These changes
enhance charge separation and charge carrier dynamics within the structure. As no photo-
carrier accumulation occurs at the cell edges, the resulting photocurrent reaches its maximum

value, known as the short-circuit current density.

Under open-circuit conditions, photo-carrier accumulation at the cell edges reaches its
maximum, meaning that charge photogeneration and separation occur without current flow.
This leads to a greater splitting of the quasi-Fermi levels, E¢,, and Ef,, indicating the generation
of a significant photovoltage due to efficient photon absorption and charge carrier separation.
As a result, the built-in voltage decreases relative to V; due to the influence of the forward bias

photovoltage, and the band bending at the depletion layer is significantly reduced.

2,0
1,5 e

4 VY 2202202222002000200002 0000220002020 02702 20270222722222222 N
1,0 a

0,5 3
o 0.0
2 .05 | |
1.0 Y —o0—E,
é -1,5 I —O0— Eﬁ,
20] W —A—E,
“2,5 7 ——E,
3,0
3,5

00 02 04 06 08 10 1,2 14 1,6
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Figure III.15: Band gap diagram at thermal equilibrium for the single solar cell.
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Figure I11.16: Band gap diagram at short circuit conditions for the single solar cell
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Figure III.17: Band gap diagram at open circuit conditions for the single solar cell.

Figure II1.18 illustrates the distribution of free carrier densities (electrons and holes) within
the solar cell under thermal equilibrium, short circuit, and open circuit conditions. At thermal
equilibrium, the carrier densities are relatively stable and reflect the balance of intrinsic and
dopant-induced carriers. Under short circuit conditions, a noticeable variation in carrier

densities appears in regions where carriers are minorities, as well as near the depletion layer,
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due to the photogeneration and carrier flow toward the contacts. Under the open circuit
condition, the significant splitting of the quasi-Fermi levels results in pronounced carrier
density variations, especially in regions where carriers are minorities, , as well as near the
depletion layer, reflecting the establishment of a significant photovoltage. These observations
highlight the dynamic behavior of charge carriers across different operational states, which is

critical for understanding the solar cell's performance and efficiency.
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Figure II1.18: Free carrier density distributions at thermal equilibrium, short and open circuit

conditions for the single solar cell.

Figure III.19 displays the /] —V and P — V electrical characteristics under the AM1.5 standard
solar spectrum for the single solar cell. The ] — V curve, characterized by its steep slope and high
current density at lower voltages, indicates efficient carrier generation and collection, with a
short-circuit current density (J;.) of 29.227 mA/cm? and an open-circuit voltage (V,.) of 1.039 V.
The P — V curve reaches a peak power density (P,,4,) of 0.02671 W /cm?, demonstrating the
solar cell's capability to convert sunlight into electrical power effectively. The fill factor (FF) of
87.58% shows a minimal series resistance effect and effective charge transport leading to an
overall efficiency (Eff) of 26.90%. These curves reflect the critical interplay between current,

voltage, and power. The photovoltaic output parameters of the solar cell are also presented in

Table III.3.
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Figure III.19: /] —V and P —V electrical characteristics under the AM1.5 standard solar

spectrum for the single solar cell.

Table III.3: Photovoltaic output parameters of the single solar cell based on GalnP/GaAs

heterojunction
]sc(m/cmz) Voc(V) FF(%) Pmax (W/sz) Eff(%)
Single solar cell
based on 29.227 1.039 87.88 0.02671 26.90
GalnP/GaAs
heterojunction

I11.4.2 Effect of thickness variation on the photovoltaic output parameters of

the single solar cell based on GalnP/GaAs heterojunction

As shown on Figure I11.20, varying the thickness of the N*-type ZnO layer (first layer) from
0.01 pum to 0.5 pm has no discernible effect on the key output photo-parameters, including J.,
Voc» FF, and Eff. Each parameter remains relatively constant across this range, indicating that
the thickness of the N*-type ZnO layer does not play a critical role in determining the

photovoltaic performance of the cell under the AM1.5 standard solar spectrum. This stability
suggests that the optical and electrical properties of the ZnO layer are sufficient to maintain

consistent solar cell performance within the given thickness range.
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Figure II1.20: Dependence of photovoltaic output parameters on the thickness of the N*-type

Zn0 layer in the single solar cell.

Figure II1.21 shows the thickness variation effect of the N*-type In, ,Ga, (P layer (second
layer) on : (a) ] — V characteristics and (b) photovoltaic output parameters of the single solar
cell. Increasing the thickness of the N*-type In, ,Ga, ¢P layer within the range [0.01 pm - 0.5 pm]
significantly affects the ] — V characteristics of the cell (Figure II1.21 (a)), leading to a notable
reduction in current density. This decline indicates a reduced ability of the active layer to absorb
photons and convert them into charge carriers, or increased carrier losses due to
recombination. The curves show that the highest current is achieved at the smallest thickness
(0.01 pm), and it decreases progressively with increasing thickness, suggesting that excessive
thickness weakens photo-collection efficiency. Figure I11.21 (b) and Table IIL.4 further display a
substantial reduction in /5., which directly diminishes the cell's conversion efficiency (E¢ ;) from
27.15% to 20.88%, while V. shows a slight decrease and FF remains relatively stable. This
implies that the efficiency variations are mainly due to changes in J,. , rather than FF, and
thinner layers of In ,Ga, ¢P are more effective in enhancing the solar cell's performance. These
observations underline the critical role of the N*-type In, ,Ga, ¢P layer's thickness in optimizing
charge transport and maintaining high photovoltaic efficiency, highlighting the necessity of

precise thickness calibration for this layer.
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Figure IIL.21: Thickness variation effect of the N'-type Iny,Ga,cP layer on: (a) | —V

characteristics and (b) photovoltaic output parameters of the single solar cell.

82



Chapter III: Study of Multilayer Solar Cells Based on GaInP/GaAs Heterojunction

Table II1.4: Dependence of photovoltaic output parameters on the thickness of the N*-type

Ing 4Gag P layer in the single solar cell.

Thickness (nm) J,.(mA/cm?)  V,.(V) FF(%) Pax (W/cm?) E (%)
0.01 29.545 1.040 87.70 0.02695 27.15
0.1 29.227 1.039 87.88 0.02671 26.90
0.2 28.246 1.039 87.96 0.02581 26.00
0.3 26.721 1.037 8791 0.02437 24.55
0.4 24.804 1.035 87.89 0.02257 22.74
0.5 22.849 1.033 87.79 0.20072 20.88

Figure II1.22 highlights the significant impact of varying the thickness of the third layer,

composed of N*-type In, s Ga, 5P, from 0.01 pm to 0.5 um, on the solar cell's performance.
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Figure IIL.22: Thickness variation effect of the N'-type In,sGa,sP layer on: (a) J =V

characteristics and (b) photovoltaic output parameters of the single solar cell.

In particular, Figure II1.22 (a) reveals a clear decline in current density across the ] — V
characteristics as the layer thickness increases. The highest current density is achieved at the
minimal thickness of 0.01 pm, after which it gradually diminishes with increasing thickness. This
reduction signifies a decline in charge carrier transport efficiency, attributed to diminished
photon absorption and an increase in carrier recombination phenomena. These factors
collectively limit the generation of photogenerated carriers, eventually confirming that

excessive layer thickness deteriorates photo-collection efficiency.

Complementary, Figure II1.22 (b) and Table IIL5 illustrate a significant decline in the short-
circuit current density (Js.), which directly contributes to a reduction in the solar cell’s
conversion efficiency (E¢;) from 27.01% to 18.17%. Meanwhile, the open-circuit voltage (V)
exhibits only a slight decrease, while the fill factor FF remains nearly unchanged. This indicates
that variations in efficiency are predominantly influenced by changes in J;. rather than FF,
reinforcing the conclusion that thinner layers of Iny sGa, 5P are more beneficial for improving

solar cell performance. These findings suggest that increased layer thickness imposes
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limitations on carrier collection, underlining the importance of precisely optimizing this

parameter to maximize photovoltaic efficiency.

Table II1.5: Dependence of photovoltaic output parameters on the thickness of the N*-type

Ing 5Gag 5P layer in the single solar cell.

Thickness (um) J,.(mA/cm?)  V,.(V) FF (%) Pax (W/cm?) E;(%)
0.01 29.292 1.039 88.03 0.02681 27.01
0.1 28.675 1.039 87.99 0.02623 26.42
0.2 27.051 1.037 88.02 0.02471 24.89
0.3 24,772 1.035 87.89 0.02254 22.71
0.4 22.283 1.032 87.87 0.02022 20.37
0.5 19.95 1.029 87.82 0.01804 18.17

Figures I11.23 (a) and (b), together with table IIL6, illustrate the profound impact of
increasing the thickness of the fourth layer, composed of P-type GaAs, which serves as the base
layer of the solar cell. As the thickness increases from 0.1 pm to 3.5 pm, there is a clear
enhancement in /i, leading to a significant improvement in the cell's conversion efficiency
(Efs) from 18.23% to 28.68%. This increase can be attributed to the fact that the P-type GaAs layer
is the primary region where optical absorption occurs, generating a larger number of electron-
hole pairs with thicker layers. The enhanced photogeneration of carriers increases J,
improving the overall efficiency despite a slight reduction in open-circuit voltage (V,.), which
could result from increased recombination losses or altered electric field distributions. The
stability of the fill factor (FF) across these thicknesses indicates that the cell's capacity to
effectively convert absorbed light into electrical power remains consistent, and the thickness
effect primarily impacts light absorption and current generation rather than internal resistance.
These results underscore the critical role of the P-type GaAs layer in determining the cell's
optical and electrical properties, highlighting the importance of optimizing its thickness to

balance absorption and carrier collection for maximum photovoltaic performance.
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Figure I11.23: Thickness variation effect of the P-type GaAs layer on: (a) ] — V characteristics and

(b) photovoltaic output parameters of the single solar cell.
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Table I11.6: Dependence of photovoltaic output parameters on the thickness of the P-type GaAs

layer in the single solar cell.

Thickness (um) = J..(mA/cm?) Voc(V) FF(%) Ppax (W/cm?) Ezr(%)
0.1 19.094 1.088 87.13 0.01810 18.23
0.5 25.210 1.057 87.91 0.02367 23.61
1 28.423 1.043 88.00 0.02611 26.30
1.5 29.944 1.035 88.00 0.02727 27.47
2 30.764 1.028 88.10 0.02787 28.08
2.5 31.304 1.023 87.92 0.02816 28.37
3 31.610 1.019 87.99 0.02834 28.55
3.5 31.860 1.015 87.99 0.02847 28.68

Figure I11.24 demonstrates that varying the thickness of the fifth (last) layer, composed of
P*-type Al 4,Ga, ¢As, has no discernible effect on the output photo-parameters of the solar cell,

including the Js, V., FF, and Eff..
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Figure I11.24: Dependence of photovoltaic output parameters on the thickness of the P*-type

Aly 4Gag ¢As layer in the single solar cell.

This invariance can be attributed to the role of the P*-type Al, ,Ga, ¢As layer within the cell. As

the heavily doped lowest layer, its primary function is to facilitate hole collection at the back
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contact and improve overall junction stability rather than contribute significantly to optical
absorption or carrier generation. Since this layer is positioned at the bottom of the cell and does
not interact substantially with the incident light, increasing its thickness does not enhance
photogeneration or absorption. Furthermore, its electrical properties, such as conductivity, are
sufficiently optimized at minimal thickness, ensuring consistent performance regardless of
further thickness increments. Thus, the cell's design minimizes the influence of this layer's

dimensions on the critical output parameters.

I11.4.3 Effect of doping variation on the photovoltaic output parameters of the

single solar cell based on GaInP/GaAs heterojunction

Figures I11.25 and I11.26 display, respectively, the dependence of the single solar cell output
photo-parameters on the donor doping concentration (N;) in the second layer (of N*-type
Ing4GayeP) and in the third layer (of the N*-type InysGaysP ). Decreasing the doping

concentration from 10%2° cm=3 to 101° ¢cm™3

in the emitter layers, including the second and
third layers, has no discernible effect on the output photo-parameters of the solar cell. The
invariance of key parameters including the J., V;,., FF, and Ef; across this wide range of doping
concentrations suggests that the emitter layers' doping level is not a critical factor in
determining the solar cell's overall performance. This behavior can be explained by the
sufficient carrier transport and collection mechanisms already established within the emitter
layers at lower doping concentrations, alongside the negligible influence of higher doping levels
on the optical absorption and carrier generation processes. The emitter layers effectively fulfill

their roles in facilitating carrier flow and maintaining device efficiency regardless of doping

concentration adjustments.
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Figure III.25: Dependence of photovoltaic output parameters on the donor doping

concentration (N,;) of the N*-type Iny ,Ga, ¢P layer in the single solar cell.
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Figure III.26: Dependence of photovoltaic output parameters on the donor doping

concentration (N;) of the N*-type In, sGa, 5P layer in the single solar cell.

Figure I11.27 illustrates the influence of varying the doping concentration (N,) of the P-type
GaAs layer (fourth layer), on: (a) / — V characteristics and (b) photovoltaic output parameters,

-3

within the range of 10* cm™3 to 10'° cm™3. As the doping concentration increases, the

photocurrent and then J,. exhibit a slight decline, primarily due to elevated recombination rates
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at higher carrier densities, which delay the effective collection of photogenerated carriers. In
contrast, I, and FF steadily improve, likely as a result of enhanced electrical conductivity and
stronger electric fields that facilitate better carrier separation. Additionally, higher doping levels
can reduce resistive losses, thus contributing to an improved FF. Moreover, increasing the P-
type doping concentration in the GaAs base layer reduces the dark saturation current, as the
latter is inversely related to the doping concentration. Since V, is inversely proportional to the
saturation current, its reduction leads to a corresponding increase in V,.. These combined
effects drive an increase in the conversion efficiency (Ef¢) up to a peak of 27.01% observed at a
doping concentration of 10'® cm™3 as shown in Table II1.7. Beyond this threshold, efficiency
begins to decline, as the opposing effects of sensitive recombination surpass the advantages of
improved conductivity and field strength. This behavior underlines the dual role of the P-type
GaAs layer as both the primary region for optical absorption and photogenerated carrier
collection, highlighting the critical importance of optimizing its doping concentration to

achieve the best photovoltaic performance.
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Figure I11.27: Effect of the acceptor doping concentration (N,) of the P-type GaAs layer on:
(a) J — V characteristics and (b) photovoltaic output parameters of the single

solar cell.

Table III.7: Dependence of photovoltaic output parameters on the acceptor doping

concentration (N,) of the P-type GaAs layer in the single solar cell.

Doping concentration (cm™3)  J.(mA/cm?) Vo (V) FF(%) Ppae (W/cm?*) Egp(%)

1014 29.231 0.978  83.38 0.02385 24.02
1015 29.174 0.986  84.98 0.02444 24.62
1016 29.192 1.019  86.87 0.025860 26.05
1017 29.227 1.039  87.88 0.02670 26.90
1018 29.083 1.044  88.29 0.02681 27.01
1019 28.371 1.046  88.499 0.02626 26.46

Increasing the P-type doping concentration in the GaAs base layer significantly amplifies
recombination rates as shown in Figure II1.28, where cases (a), (b) and (c) display, respectively,

the distribution of the direct (radiative) recombination rate (R ), the Auger recombination rate
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(R4) and the Shockley-Read-Hall recombination rate (Rggy). The optical generation rate (G) is

also presented.
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Figure III.28: Effect of the P-type doping concentration in the GaAs base layer on the
distribution of: (a) the direct (radiative) recombination rate (Rp), (b) the Auger

recombination rate (R,) and (c) the Shockley-Read-Hall recombination rate
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Higher doping introduces more acceptor atoms, which increases the concentration of
holes—the majority carriers—thereby raising the probability of recombination as the minority
electrons encounter holes more frequently. This process reduces the minority carrier lifetime,
as scattering and trapping events become more pronounced at elevated carrier densities.
Additionally, at high doping levels, Auger recombination becomes significant; this non-
radiative mechanism involves energy transfer to another carrier, effectively removing charge
carriers from contributing to the current. Higher doping can also introduce defects or impurities

in the crystal lattice, serving as recombination centers that accelerate carrier annihilation.

Figure II1.29 reveals that varying the p-type doping concentration in the fifth layer,
composed of Al, ,Ga, ¢As, from 101> ¢cm™3 to 102° cm ™2 has no discernible impact on the solar
cell's output photo-parameters, including J, V,, FF, and E¢. This invariance can be attributed
to the specific role of the Aly ,Ga, ¢As layer within the cell structure. As a heavily doped P* layer,
its primary purpose is to serve as a cover layer that facilitates hole collection at the back contact
and enhances the stability of the junction. Unlike the active regions such as the base layer or

emitter, this layer does not contribute significantly to optical absorption or photogenerated
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carrier dynamics. Furthermore, its electrical properties, such as conductivity and band
alignment, are already optimized at relatively low doping concentrations, ensuring consistent
performance even as the doping level increases. Consequently, variations in the doping
concentration of this layer have no substantial influence on the cell's overall photovoltaic

behavior.
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Figure III.29: Dependence of photovoltaic output parameters on the acceptor doping

concentration (N,) of the P*-type Al, ,Ga, ¢As layer in the single solar cell.

The optimization of the single solar cell based on the GalnP/GaAs heterojunction can be
achieved by reducing the thickness of the second and third layers to the minimum possible
value of 0.01 pm, while increasing the thickness of the base layer (fourth layer) to 3.5 ym and
doping it with N, = 107 ¢m™3. This configuration yields impressive output photo-parameters,
including an efficiency (Ef;) of 29.088%, /. of 32.29 mA/cm?, V,. 0f 1.0158 V, and FF of 88.032%.
This optimized structure provides a conversion efficiency value close to 29.1 % stated in recent

researches [10, 11].

I11.4.4 Tandem solar cell based on GalnP/GaAs heterojunction

The tandem solar cell, based on the GaInP/GaAs heterojunction, consists of a top sub-cell
and a bottom sub-cell connected via a tunnel junction, as previously described in Section III.3.
This configuration enhances solar energy conversion efficiency by allowing the top sub-cell,

with its wide bandgap (E,), to absorb high-energy photons, while the bottom sub-cell captures
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lower-energy wavelengths, thereby optimizing utilization of the solar spectrum. The energetic
band diagrams of the tandem solar cell are presented in Figures I11.30, II1.31, and IIL.32,

corresponding to thermal equilibrium, short-circuit, and open-circuit conditions.
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Figure I11.30: Energetic band gap diagram at thermal equilibrium of the tandem solar cell based

on GalnP/GaAs heterojunction.
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Figure II1.31: Energetic band gap diagram at short circuit conditions of the tandem solar cell

based on GalnP/GaAs heterojunction.
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Figure I11.32: Energetic band gap diagram at open circuit conditions of the tandem solar cell

based on GalnP/GaAs heterojunction.

These diagrams highlight the conduction band edge (E.), valence band edge (Ey), and
quasi-Fermi levels (Ef, for electrons and Ef,, for holes), which are crucial for carrier transport
and junction behaviour. The tunnel junction, composed of highly doped P*-type Ing,Gag¢P
and N*-type Ing 5Ga, 5P, ensures efficient charge transfer between sub-cells while minimizing
resistive losses. Under thermal equilibrium, strong band bending is observed within the P-type
Ing 4Ga, P base layer of the top sub-cell, and the P-type GaAs base layer of the bottom sub-cell,
identifying them as the primary regions where depletion layers are established. The Fermi level
alignment throughout the device reflects the equilibrium condition maintained under thermal
equilibrium, ensuring structural stability while optimizing charge extraction. In this state, the
Fermi level remains constant across all materials, indicating no charge carrier flow, with
electron density being higher in N-type regions, while hole density is higher in P-type regions.
The diagram also highlights the variation in band gaps between different semiconductor
materials, where GalnP layers possess a larger band gap compared to GaAs layers, creating
energy barriers that help in charge carrier separation and preventing unwanted recombination.
The doping concentration influences the position of the Fermi level, as increasing the doping
concentration improves charge separation efficiency but may also lead to higher recombination

rates at excessively high doping levels.
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Under short-circuit conditions, light absorption induces photogeneration, leading to increased
carrier density within the device and the splitting of the quasi-Fermi levels into Ef,, for electrons
and Ef, for holes. The separation of charge carriers improves photovoltaic conversion
efficiency, allowing the cell to operate at maximum short-circuit current (/) without external
voltage influence. Although the band bending is reduced, particularly within the P-type GaAs
base layer of the bottom sub-cell, the overall built-in voltage remains at V;, as in thermal
equilibrium. This is because no photo-carrier accumulation occurs at the cell edges under
short-circuit conditions, where the current density reaches its maximum value, /.. Under open-
circuit conditions, photo-carrier accumulation at the cell edges reaches its peak, as charge
photogeneration and separation occur in the absence of current flow. This leads to a
pronounced splitting of the quasi-Fermi levels, Ef, and Ef,, indicating the generation of a
substantial photovoltage due to efficient photon absorption and charge carrier separation.
Consequently, band bending is significantly reduced within both the P-type Iny ,Ga,¢P base
layer of the top sub-cell and the P-type GaAs base layer of the bottom sub-cell, while the built-

in voltage decreases relative to V; due to the forward bias photovoltage effect.

Figure II1.33 presents the | — V characteristics of the top sub-cell, bottom sub-cell, and
tandem solar cell, showcasing the impact of combining different absorber layers on overall

photovoltaic performance.
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Figure I11.33: /] — V characteristics of the top sub-cell, bottom sub-cell, and tandem solar cell

based on GalnP/GaAs heterojunction, under the AM1.5 standard solar spectrum.
97



Chapter III: Study of Multilayer Solar Cells Based on GaInP/GaAs Heterojunction

Table II1.8: Photovoltaic output parameters of the top sub-cell, bottom sub-cell, and tandem

solar cell based on GalnP/GaAs heterojunction.

]sc(mA/sz) Voc(V) FF(%) Pmax (W/sz) Eff(%)
Top sub-cell 11.529 1.342 90.32 0.01398 14.08
Bottom sub-cell 16.768 1.023 88.38 0.01516 15.27
Tandem solar 11.529 2.366 93.81 0.02559 25.77

cell

The top sub-cell exhibits a short-circuit current density (Js.) of 11.529 mA/ cm?and an open-
circuit voltage (V,.) of 1.342 V, leading to a conversion efficiency of 14.08%, while the bottom
sub-cell demonstrates a higher ;. of 16.768 mA/cm? but a lower V. of 1.023 V, achieving an
efficiency of 15.27%. The tandem solar cell, integrating both sub-cells, follows the characteristic
behavior of multi-junction devices, where the J. is limited by the lowest J;. among the sub-
cells—resulting in a value of 11.52 mA/cm?. However, the open-circuit voltage in the tandem
structure is additive, yielding a higher V,. of 2.366 V. Consequently, the enhanced voltage
compensation enables the tandem solar cell to achieve a conversion efficiency of 25.77% as

shown on Table I11.8.

To enhance the output photo-parameters of the tandem solar cell, we aim to achieve current
matching between the top and bottom sub-cells by optimizing the base layer thickness (P-type
Ing 4Gag ¢P) of the top sub-cell within the range of [0.1 um - 1 um]. As illustrated in Figure I11.34,
and Table II1.9, increasing the base layer thickness of the top sub-cell leads to a notable rise in
its short-circuit current density (J5.), from 11.529 mA/cm? to 16.768 mA/cm?, aligning it with
the J,. value of the bottom sub-cell. Additionally, the open-circuit voltage (V,.) of the top sub-
cell experiences a slight improvement, reaching 1.357 V. Consequently, the conversion
efficiency of the top sub-cell is significantly enhanced to 20.65% when its base layer thickness is
optimized at 0.94 pm. This adjustment successfully balances the photogeneration and carrier

collection processes, contributing to better overall tandem solar cell performance.

Figure II1.35 and Table IIL.9 illustrate the remarkable enhancement of the tandem solar
cell's output photo-parameters following the achievement of the current matching condition

between the top and bottom sub-cells.
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Figure II1.34: Dependence of the top sub-cell output photo-parameters on the base layer

thickness (P-type Ing ,Gag ¢P) of the top sub-cell.
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Figure I11.35: /] — V characteristics of the top sub-cell, bottom sub-cell, and tandem solar cell
based on GalnP/GaAs heterojunction under the AM1.5 standard solar spectrum,
with the achievement of the current matching condition between the top and

bottom sub-cells.
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Table II1.9: Photovoltaic output parameters of the top sub-cell, bottom sub-cell, and tandem
solar cell based on GaInP/GaAs heterojunction, with the achievement of the

current matching condition between the top and bottom sub-cells.

]sc(mA/sz) Voc(V) FF(%) Pmax (W/sz) Eff(%)
Top sub-cell 16.768 1.357 90.04 0.02050 20.65
Bottom sub-cell 16.768 1.023 88.38 0.01516 15.27
Tandem solar 16.768 2.381 89.33 0.03566 35.93

cell

This optimization results in a significant increase in the short-circuit current density (J.),
reaching 16.768 mA/cm?® while the open-circuit voltage (V,.) improves to 2.381 V.
Consequently, the conversion efficiency (Eff) is elevated to an impressive 35.93%,
demonstrating the effectiveness of current matching in maximizing the photovoltaic
performance of the tandem solar cell. The improved obtained Ef; is within the range

[35%- 36.86%] reached by recent works of Makambo. et al. [12].
I11.5 Conclusion

This chapter analysed the performance of multi-layer GaInP/GaAs heterojunction solar
cells, focusing on single-junction and dual-junction tandem configurations under standard
AML.5 solar irradiation, with an optical power of P,,; = 0.099271 W /cm? and an ambient
temperature of T = 300K. Using Solis-1D simulation software, we examined the electrical
properties, including | —V and P — V characteristics, deriving key photovoltaic parameters
such as short-circuit current density (J;.), open-circuit voltage (V,.), maximum output power
(Pmax), fill factor (FF) and photovoltaic conversion efficiency (Eff). For the single-junction cell,
optimization focused on adjusting the thickness and doping levels of various layers. The results
showed that increasing the thicknesses of N*-type In, ,Gay 4P or N*-type In, sGa, 5P layers led
to a continuous decrease in /. and Ef; . However, increasing the thickness of the P-type GaAs
base layer significantly enhanced efficiency, while variations in doping concentration
influenced recombination rates and voltage stability. The optimal configuration was achieved
by reducing the thickness of the second (N -type In, ,Ga, cP) and the third (N*-type In, sGay sP)
layers to their minimum possible value of 0.01 pm while increasing the thickness of the P-type

GaAs base layer (fourth layer) to 3.5 pm and doping it with N, = 10*”¢m™3. This configuration
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provided impressive output photo-parameters, achieving an efficiency (Ef) of 29.088%, J. of

32.29 mA/cm?, V,. 0of 1.0158 V, and FF of 88.032%.

The tandem solar cell initially exhibited a J,. of 11.52 mA/cm? and a V,. of 2.366 V with a
conversion efficiency of 25.77%. However, further optimization through current matching
between the top and bottom sub-cells, achieved by increasing the thickness of the P-type
Ing 4Gay P base layer of the top sub-cell, led to a final efficiency of 35.93%. These findings
highlight the critical role of current matching in maximizing the photovoltaic performance of

GalnP/GaAs tandem solar cells.
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General Conclusion

Multi-layer solar cells utilizing the GaInP/GaAs heterojunction offer significant advantages,
primarily due to the exceptional electronic properties of GalInP and GaAs, such as high
absorption coefficients and the ability to tune the energy bandgap Ej; which ensure optimal
utilization of the solar spectrum, and contribute to enhanced optical absorption and efficient
charge carrier transport. Furthermore, the excellent lattice matching between GalnP and GaAs
minimizes defect formation at the interface, preserving carrier mobility and reducing
recombination losses. When incorporated into a multi-layer architecture, this interaction
between the materials enables improved spectral absorption, enhancing the generation of
photogenerated carriers and leading to a substantial increase in photovoltaic conversion
efficiency. The precise control over the energy bandgap in this heterojunction structure allows
for personalised performance optimization, making GalnP/GaAs-based multi-junction solar

cells a convincing choice for achieving higher efficiency in advanced photovoltaic technologies.

In this work, we presented a study of a multi-layer solar cell based on the GalnP/GaAs
heterojunction, examining both single-junction and dual-junction tandem configurations. The
analysis assumes standard AMI1.5 solar irradiation with an optical power
Pype = 0.099271 W /cm?at an ambient temperature of 300 K. Numerical simulations using
Solis-1D software enabled the evaluation of key electrical properties, including current density-
voltage (J — V) and power-voltage (P — V) characteristics, from which crucial photovoltaic
performance parameters were derived: short-circuit current density (J,.), open-circuit voltage

(Vo¢), maximum output power (P4, ), fill factor (FF) and photovoltaic conversion efficiency

Single-junction cell findings

The initial configuration of the single-junction solar cell yielded J,. of 29.227 mA/cm?, V.
of 1.039 V, B4, of 0.02671 W /cm?, FF of 87.58% and overall efficiency (Efs) of 26.90%. By
adjusting the thickness of the second layer (N*-type In; ,Ga, ¢P) between 0.01 pm and 0.5 pm,
a significant reduction in J;. was observed, decreasing the efficiency from 27.15% to 20.88%.
Similarly, modifying the thickness of the third layer (N*-type Iny sGa, 5P) in the same range led
to a pronounced decline in /., reducing efficiency from 27.01% to 18.17%. However, increasing
the thickness of the fourth layer (P-type GaAs) from 0.1 pm to 3.5 pm resulted in a notable
improvement, enhancing /;. and boosting efficiency from 18.23% to 28.68% due to increased

optical absorption. Adjusting the doping concentration (N,) of the P-type GaAs layer between
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10'* cm™ and 10" cm™ revealed a slight decline in J. due to sensitive recombination, while V.
and FF steadily improved, peaking at an efficiency of 27.01% for a doping level of 10" cm™.
Optimizing the single-junction cell by minimizing the second- and third-layers’ thickness to
0.01 pm, expanding the base layer to 3.5 pm, and doping it at 10'” cm™, resulted in J,. of
32.29 mA/cm?,V,. 0of 1.0158 V, FF of 88.032%. and efficiency of 29.088%.

Dual-junction tandem cell findings

The initial tandem solar cell configuration produced ;. 0of 11.52 mA/ cm?and V,, 0of2.366 V,

yielding an efficiency of 25.77%. The top sub-cell exhibited J;. of 11.529 mA/cm? and V. of

1.342 V, achieving 14.08% efficiency, while the bottom sub-cell recorded J,. of 16.768 mA/cm?
and V. of 1.023 V, achieving 15.27% efficiency. To enhance the tandem cell's output, current
matching between the top and bottom sub-cells was achieved by increasing the base layer

thickness (P-type Ing,Gage¢P) of the top sub-cell from 0.1 pm to 1 pm. This modification
improved J,. in the top sub-cell from 11.529 mA/ cm? to 16.768 mA/ sz, ensuring alignment

with the bottom sub-cell’s /., while V. of the top sub-cell increased slightly to 1.357 V, raising
its efficiency to 20.65% at an optimized base layer thickness of 0.94 pm. The optimization

strategy led to a remarkable improvement in tandem cell performance, enhancing J,. to
16.768 mA/cmz, V,c to 2.381 V, and achieving an impressive final efficiency of 35.93%. These

results underscore the critical role of current matching in maximizing photovoltaic performance

for GalnP/GaAs-based tandem solar cells.
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Abstract

We conducted a study on multilayer solar cells based on a GaInP/GaAs heterojunction, analysing
the performance of both single-junction and dual-junction tandem solar cells under standard
solar irradiation conditions (AM1.5), with an optical power of P,,, = 0.099271 W/cm? at a
temperature of T = 300K. Using Solis-1D simulation software, we determined the electrical
characteristics of these solar cells, including current density-voltage (J — V) and power-voltage
(P — V) profiles, and extracted key photovoltaic parameters such as short-circuit current density
(Jsc), open-circuit voltage (V,.), maximum power (B, ), fill factor (FF), and conversion efficiency
(Eff). For the single-junction solar cell, our investigation focused on optimizing layer thickness
and doping concentrations to maximize conversion efficiency. The results revealed that reducing
the thickness of the N*-type Ing,GagcP and N*-type IngsGagsP layers to 0.01 pm, while
simultaneously increasing the P-type GaAs base layer thickness to 3.5 pm and doping it at a

concentration of 1017

cm™3, significantly enhanced the conversion efficiency (E, rr) from 26.92% to
29.088%. For the dual-junction tandem solar cell, performance was further improved by increasing
the thickness of the P-type In, ,Ga, ¢P base layer in the top sub-cell to 0.94 um. This optimization
facilitated current density matching (/,.) between the top and bottom sub-cells, ultimately raising
the overall efficiency from 25.77% to 35.93%. These findings underscore the crucial role of doping
concentration and layer thickness optimization, as well as current matching between sub-cells, in
enhancing photovoltaic performance and maximizing solar cell efficiency, thus contributing to

the development of advanced solar energy technologies.
Keywords: GalnP/GaAs heterojunction; Solar cells; Multilayers; Solis-1D; Conversion

efficiency; Solar energy.
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