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General introduction

General introduction

The current crisis in energy sources, both economic, ecological and social, requires to
found changes in the transitions from renewable energies to renewable energies. In particular, our
environmental footprint has exceeded the biological capacities of our planet since the 1980s [1].
Current development is not sustainable. An energy economy based on fossil fuels cannot survive,
both because of the depletion of fossil resources, the climatic dangers induced by excessive

production of greenhouse gases and the need to secure our access to energy [2].

In addition, energy needs continue to grow, particularly in developing countries, if only
because more than a billion people do not yet have access to electricity. Renewable energy sources,
such as hydroelectricity, biomass, wind and solar energy, are therefore expected to develop widely
in the coming years. As demand is very high, and each energy has an intermittent nature and
different storage capacities, complementary development of different renewable energies is

necessary.

Within these energies, solar energy has a special place. The sun provides in one hour the
energy used by humanity in a year. It is moreover its energy which is indirectly at the origin of all
other sources of energy, apart from nuclear and geothermal energy, in particular thanks to

photosynthesis, the water cycle, or convection air.

Within the solar sector, photovoltaic energy differs from thermodynamic solar energy,
because it produces electricity directly, requiring neither a steam cycle nor rotating mechanical
parts. In addition, it does not require direct sunlight. It is therefore an energy of first choice in
temperate countries, where sunshine is rarely direct, due to diffusion by clouds. Photovoltaics can
be a significant source of energy: in France for example, 5000 km? of panels with a 10%
conversion efficiency would be sufficient to produce the equivalent of 550 TWh (current
electricity production) [6]. In addition, it is a decentralized energy, already competitive for the
needs of isolated sites (Algerian Sahara) whose connection to the electricity network is too
expensive. To promote rapid development of this energy, costs still need to be optimized: the final
cost for the consumer, but also the consumption of raw materials and energy through the processes

for transforming these raw materials into efficient photovoltaic modules.

The classic photovoltaic cell is based on a junction of two semiconductors which produces
an electric current when illuminated: this is the photovoltaic effect. A photovoltaic module consists
of photovoltaic cells associated in series or parallel and constitutes the basic unit for solar
installations. Several photovoltaic sectors have developed: The first generation was based on

silicon-based cells. Maximum laboratory efficiencies are 20% for cells based on polycrystalline
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silicon and 25% for cells based on monocrystalline silicon [3]. The efficiencies of industrial
modules reach 15 to 20% depending on the technology. Silicon-based cells still dominate the
market (85% of the global market in 2010 [4]). However, the numerous steps in the manufacturing
process and the high temperatures required make it a fairly expensive technology. The second
generation develops cells in thin layers, with significant absorption power, which require
approximately 100 times less material (a few pm thick) than silicon cells (approximately 0.2 mm
thick), and offer many other advantages: they can be deposited on flexible substrates (which
multiplies the number of possible applications), by simple, rapid processes, in a few steps, at
moderate temperatures. Thus the energy used to produce the modules represents approximately
one year of their own energy production, compared to approximately 2 years for silicon cells [5].
Thin film technologies are taking a growing share of the photovoltaic market (14% of the global
market in 2010, or 2.8 GW) [4].

The industrial thin film sectors are generally distinguished [2] from thin films made from
hydrogenated amorphous silicon a-Si:H. This is an already industrial sector: flexible solar panels
with a large surface area. The stabilized yields of the modules remain around 8%, for yields of
13% in the laboratory in tandem with microcrystalline Si [3]. Thin layers of copper, indium and
gallium diselenide, noted CIGS. This sector presents high conversion efficiencies (20.3% reached
in 2011 [7] in the laboratory, 11 to 13% in modules) and low cost prospects identical to those of
CdTe-based cells. Small production units exist and this sector is set to develop. The Japanese

company Solar Frontier has just opened a 1 GW factory [8].

This work addresses the study of the photovoltaic parameters of thin film solar cells based
on CuO and Cu20. The ZnO/CdS/CuO and ZnO/CdS/Cu20 heterojunction structure is constituted
by the p-type CuO or Cu20 thin films, which represents the absorbers of the cells (i.e. the zone
where the electron-hole pairs are generated under illumination). A PN junction is formed between
the p-type CuO and Cu20 absorbing layer and the n-type CdS buffer layer. ZnO is called a window
layer because it must allow radiation to enter the cell. The simulation of the solar cell is done by a
powerful one-dimensional tool called: SCAPS-1D simulator. We will calculate and study the
photovoltaic parameters of the cell such as: short circuit current density (Jcc), open circuit voltage
(Vco), fill factor (FF), and conversion efficiency. These parameters are taken directly or indirectly
from the current density-voltage (J-V) characteristic and the quantum efficiency (QE). A variation
in the physical and geometric quantities of the structure such as: the thickness of the CuO and
Cu20 layers, the density of defects and doping in the two regions which interface with the CuO

and Cu20 absorbers.

This dissertation is structured into three chapters distributed as follows:
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In the first chapter, we present generalities on the photovoltaic effect, the generation of

electron-hole pairs and recombination in solar cells.

The second chapter addresses the presentation of our simulator SCAPS-1D used to

simulate thin film solar cells based on CuO and Cu»O absorbers.

In the last chapter, we present the discussion of the results obtained from the simulation of
our heterojunction solar cell ZnO/CdS/CuO and ZnO/CdS/Cu,O structures. The characteristics
obtained are studied and analyzed under the variation of the physical and geometric quantities of
the different thin layers constituting our cell.

Finally, we concluded by a general conclusion and perspectives.
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Chapter 1 Physical properties of CuO and Cu;O materials

I.1. Introduction

In the rapidly evolving domain of microelectronics, the focus has always been on
refining materials that could potentially transform how we interact with technology. The
concerted effort to better understand these materials has led to a keen interest in
semiconductors such as Cupric Oxide (CuO) and Cuprous Oxide (Cu20) [1]. Despite many
similarities, these materials exhibit intriguing differences in their physical properties,

inviting potential applications in the field of microelectronics.

This chapter aims to delve into an in-depth exploration of the physical properties of
CuO and CuxO materials. These materials that have emerged as remarkably promising
candidates for microelectronic applications due to their versatile natures. We will journey
through their fundamental characteristics, understanding their structure, stability, electronic,
optical, mechanical, and thermal properties, and investigate their role in microelectronics
[2].

In doing so, our objective is to shed light on the importance and potential of these
materials. Furthermore, by comparing and contrasting CuO and Cu,O materials [3]. We will
provide valuable insights into their distinct features and applications, equipping readers with
the necessary knowledge to evaluate their future prospects in microelectronics. By
examining state of the art technological advances and recent findings, we set the stage for

contemplating new trajectories in microelectronics.

The study of CuO and CuxQO's physical properties will serve as a roadmap for future
developments, bridging the comprehension gap and charting a fresh course for technological

progression in microelectronics.
1.2. Basics of material science
1.2.1. Presentation of CuO and Cu;O compounds
a) CuO - Copper(Il) Oxide

CuO, or copper(Il) oxide, is an inorganic compound with the chemical formula CuO.
It is also known as cupric oxide and is a black, powdery solid that occurs in nature as the
mineral tenorite. It is a basic oxide, meaning it can react with acids to form copper(Il)

salts[4].

- Molecular weight: 79.545 g/mol
- Density: 6.31 g/cm®
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Melting point: 1,200 to 1,300 °C (decomposes)
Solubility: Insoluble in water and alcohol; soluble in ammonium chloride
and potassium cyanide solution when heated.

Crystal structure: Monoclinic

Copper(Il) oxide is used in various applications:

As a pigment in ceramics to produce blue, red, and green (and sometimes
black) colors.

In the production of copper salts, which can be used for applications in
agriculture as pesticides, fungicides, and feed additives.

CuO compound can be used as a precursor in the synthesis of many copper-
containing substances.

It serves as a catalyst in different chemical reactions, like the hydrogenation
of certain organic compounds.

In the field of semiconductors, CuO has prospective use, for example, in the
form of thin-film transistors.

For purifying hydrogen gas by removing traces of sulfur compounds.

Copper(Il) oxide is also a subject of interest in environmental and materials science:

It has been researched for use in batteries, like lithium-ion cells.

It's effective as a photovoltaic material for the degradation of organic
pollutants.

CuO nanoparticles have been explored for antimicrobial applications due to

their high surface area and chemical activity.

b) Cu;0 - Copper(I) Oxide

Cu20, or copper(I) oxide, is an inorganic compound with the chemical formula CuO.

It is also commonly referred to as cuprous oxide and appears as a red to brown solid with a

lower oxidation state of copper than copper(Il) oxide[5]. It occurs in nature as the mineral

cuprite.

Molecular weight: 143.09 g/mol

Density: 6.0 g/cm?

Melting point: 1,232 °C

Solubility: Insoluble in water and dilute acids; soluble in NH4OH and in

concentrated NH4Cl solution.

3
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Crystal structure: Cubic

Copper(I) oxide is used in many applications:

Cuz0 compound is used as a pigment in various types of glass and
ceramic glazes.

It has applications in the electronic industry, mainly in solar cells, due to
its semiconductor properties.

It is used in antifouling paints for ship hulls to prevent organisms from
attaching and forming a biofilm.

Like CuO, cuprous oxide also serves as a catalyst in specific chemical
processes.

Copper(I) oxide is investigated as a potential non-toxic replacement for

lead-based materials in various applications.

In materials science, Cu,O material has drawn attention:

Its p-type semiconductor characteristics make it interesting for solar
energy conversion.

It exhibits photovoltaic properties useful in the breakdown of organic
compounds.

Cu,0 is a potential material for gas sensors due to its capacity to react

with gases like hydrogen.

Both CuO and Cu,0 materials have complex electronic structures (see Figure I1.1) and

exhibit interesting magnetic and electrical properties at the nanoscale. Research into both

substances is ongoing, with new applications - especially in green technologies and

nanotechnology - being explored continually.
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CuO Cu,0

@ Copper ' Oxygen

Figure I.1: Unit cell structure of cupric (CuO) and cuprous (Cu20) oxide [6].

1.2.2 Chemical and physical properties of CuO and Cu;O materials
a) CuO - Copper(II) Oxide [7]

«»  Chemical Properties
e Oxidation State: In CuO, copper is in a +2 oxidation state.
e Reactivity with Acids: CuO reacts with acids to form corresponding
copper(II) salts. For example, with hydrochloric acid, it forms copper(II)

chloride:

CuO(s) + HCI(aq) =————— CuCl (s) + H20(I)

e Reactivity with Hydrogen: CuO reacts with hydrogen gas at high

temperatures to form copper metal and water in a reduction reaction:

Lose oxygen:Reduction

3CuO + NH3 — 3CU+ N2+ 3H,0

Lose Hydrogen: Oxidation
5
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e Thermal Stability: Copper(Il) oxide decomposes into copper(l) oxide
(Cu20) and oxygen when heated above 1026°C in a process known as
disproportionation.

% Physical Properties [8]

e Appearance: CuO is a black to a brownish-black powdery solid.

e Solubility: It is insoluble in water and organic solvents but becomes soluble
in ammonium chloride and potassium cyanide solutions under heating.

e Density: The density of CuO is approximately 6.31 g/cm’.

e Melting Point: CuO does not have a true melting point because it starts to
decompose when heated intensely at temperatures around 1200°C to

1300°C.

e Crystal Structure: It crystallizes in a monoclinic structure.
b) Cu,O - Copper(I) Oxide

s Chemical Properties |9]

e Oxidation State: Copper in CuzO is in a +1 oxidation state.

e Reduction and Oxidation: Cu;O can be further reduced to copper metal
and can also be oxidized to CuO. It acts as a reducing agent and can reduce
strong oxidizers, such as hydrogen peroxide.

e Reactivity with Acids: Copper(I) oxide reacts less readily with acids
compared to CuO, forming copper(I) salts with stronger acids.

s Physical Properties [10]

e Appearance: CuO generally has a red or reddish-brown color and is also a
powdery or crystalline solid.

e Solubility: It is insoluble in water and most acids but soluble in solutions of
ammonia or ammonium chloride due to the formation of complex ions.

e Density: The density is slightly lower than that of CuO, with a value close
to 6.0 g/cm®.

e Melting Point: CuO has a melting point of about 1232°C.

e Crystal Structure: It has a cubic crystal structure, more specifically a cubic

face-centered lattice known as the cuprite structure.

Both CuO and Cu;0 are semiconductors with differing band gaps. CuO is a p-type

semiconductor with a band gap of about 1.2 eV, whereas Cu,O has a band gap of

6
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approximately 2 eV, which also makes it a p-type semiconductor. These electronic properties

underscore their importance in solar energy and photovoltaic.

It's also relevant to point out that both oxides exhibit toxicity to aquatic life and can be
harmful if inhaled or ingested. They should be managed with care to mitigate occupational

exposure and environmental release.

1.3 In-depth Analysis of CuO

Copper(II) oxide (CuO) is an interesting compound due to its prominent role in
various industrial processes, including catalysis and the production of superconducting

materials. Here we will explore the structure and stability of CuO in detail:

I.3.1. Structure and Stability

7

s Structure of CuO [11]

CuO has a monoclinic crystal structure (see Figure I1.2). It belongs to the C2/c space
group, with lattice constants a=4.6837 A, b=3.4226 A, and ¢ = 5.1288 A, with a monoclinic
angle (beta) of approximately 99.54°.

Figure 1.2: CuO structure as crystallizes in the monoclinic C2/c space group[11].

Each Cu atom is coordinated by four oxygen atoms in a square planar arrangement.
This complex structural arrangement gives rise to strong antiferromagnetic ordering below

the Néel temperature, a characteristic of the material's magnetic properties.

% Stability of CuO [12]

Stability of CuO can be considered in terms of thermal and chemical stability:
7
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a) Thermal Stability

CuO is thermally stable under normal conditions. It starts to decompose into copper(I)
oxide (Cu20) and oxygen at temperatures above 1026°C through a disproportionation
reaction. However, this high thermal stability makes it suitable for high-temperature

processes.
b) Chemical Stability

Chemically, CuO is considered to be a stable oxide. It is insoluble in water and
resistant to corrosion. When heated, it behaves as a stoichiometric compound, maintaining
its composition without significant loss of oxygen. The compound's stability makes it a good

catalyst in organic synthesis reactions where stable and robust materials are required.

These properties are utilized in various functionalities like the fabrication of ceramics,

acting as a pigment in glasses, and the manufacturing of other copper salts.

1.3.2. Electronic and optical properties of CuO material

Copper(II) oxide (CuO) exhibits intriguing electronic and optical characteristics
owing to its semi-conducting nature and its interaction with electromagnetic radiation

across various energy ranges.

¢ Electronic Properties|13]

CuO is a p-type semiconductor that possesses a narrow band gap, typically reported
to be in the range of 1.2 to 2.0 eV depending on the measurement technique and sample

purity.

The valence band maximum is primarily composed of O 2p orbitals (see Figure II .3),
while the conduction band minimum is dominated by Cu 3d states. This leads to strong
electron correlation effects, which are responsible for the material's characteristic Mott

insulator behavior.
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Figure 1.3: Phase diagram of copper oxides calculated by the method of the equilibrium

state density functional (DFT) [14].

Due to its electronic structure, CuO features strong electron-electron and electron-
phonon interactions (see figure II .4), giving rise to various physical phenomena such as
high-temperature superconductivity in CuO-containing compounds and the formation of

charge density waves within the crystal lattice.
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Figure 1.4: Electronic band structure and density of states of CuO material [14].
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% Optical Properties [15]

Optically, CuO demonstrates significant absorption in the visible spectrum, which is
why it is often a black to brownish-black powder. The material's absorption properties are
chiefly exploited in the form of solar energy applications where CuO can be used as an

absorbent layer in photovoltaic cells.

Moreover, CuO thin films have displayed notable photoconductive properties.
Exposing CuO to light can change its electrical conductivity, a trait that is advantageous for
optoelectronic devices. The wide range of photon-induced effects in CuO makes it a flexible

material for sensors and other devices that respond to light.

The refractive index of bulk CuO is equal to 2.63. For thin CuO films, the refractive

index varies from 1.5 to 3.5 depending on the deposition conditions [16].

The extent of these electronic and optical properties is heavily dependent on the
methods used to synthesize CuO, with properties being influenced by factors such as particle

size, morphology, and the presence of crystallographic defects.

1.3.3. Mechanical and Thermal Properties of CuO material

When discussing materials such as Copper(Il) oxide (CuO), it is essential to consider
their mechanical and thermal properties, as these crucial parameters determine their

suitability for various applications.

R/

¢ Mechanical Properties [16]

Copper oxide as a ceramic material exhibits high hardness and moderate fracture
toughness. Its elastic modulus, a measure of its stiffness, and its hardness can be influenced
by the material's grain size and defect density. Higher defect densities can lead to a decrease
in the effective hardness. Despite its hardness, CuO exhibits brittleness, a common trait

among ceramic materials.

*

¢ Thermal Properties [17]

CuO is characterized by its exceptional thermal stability. It starts decomposing only at
temperatures above 1026°C (see Figure I1.6), dissociating into Cu,O and O2. Furthermore,
the material exhibits a rather high thermal conductivity for a ceramic, which, combined with

its thermal stability, makes it well suited for use in high-temperature applications.

On the other hand, CuO is high heat capacity makes this material an excellent choice

for thermal energy storage systems. The heat capacity of a material refers to its ability to
10
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store thermal energy (see Figure I1.5), with higher values allowing the material to store more

energy for the same temperature change.

114
+
112
1.1 O
X
1.08
< 4 ®
1.06 ®s5i02
B AI203
1.04
TiO2
1.02 + cuo
X 2r02
1
2 3 6 7

p (g/cm?)

Figure L.5: Relative thermal conductivity coefficient versus density [18].
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Figure 1.6: Heat transfer rate (Q) of CuO [19].
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1.3.4. Applications of CuO material in Microelectronics

Copper(Il) oxide (CuO) has gained considerable attention in the field of

microelectronics due to its unique set of properties, such as its semiconducting behavior, the

availability of a range of oxidation states, and compatibility with established micro

fabrication processes.

Following are some notable applications of CuO in microelectronics:

Gas Sensors: CuO has been extensively used in the fabrication of gas sensors
due to its high reactivity with gases like hydrogen and carbon monoxide. Its
change in resistance when exposed to these gases allows for the detection and
measurement of gas concentration, which is important in safety systems and
environmental monitoring [20].

Photovoltaic Cells: Due to its favorable band gap for absorbing sunlight,
CuO is investigated for use in solar cells. It is often used as an active layer or
a hole-transporting layer in thin-film solar cells because of its ability to absorb
a wide spectrum of visible light [21].

Thin-Film Transistors (TFTs): The semiconducting nature of CuO is
explored for use in TFTs, which are components of liquid crystal displays
(LCDs), organic light-emitting diode (OLED) displays, and in radio-
frequency identification (RFID) tags. TFTs with CuO active layers are
appreciated for potential low-cost and low-temperature processing [22].
Memory Storage: CuO thin films are evaluated for non-volatile resistive
random access memory (ReRAM) applications due to their ability to exhibit
resistive switching behavior, which is crucial for the development of next-
generation memory devices.

Energy Harvesting: The unique electronic properties of CuO are also
exploited in piezoelectric devices for energy harvesting. These devices
convert mechanical strain into electrical energy and can be used in various
applications, including self-powered Nano devices.

Catalysis in Micro reactors: Copper oxide, owing to its excellent catalytic
properties, is utilized in micro reactors for facilitating chemical reactions at
the micro-scale. This is beneficial in micro fabrication processes that require

precise chemical modification of surfaces or materials.

12
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e Interconnects: CuO can be used in the formation of conductive interconnects
in integrated circuits. While pure Cu is typically used, CuO forms on the
surface and must be managed carefully during manufacturing since it affects
the reliability and performance of the microelectronic device.

e LED and Transducers: It is also investigated for application in light-
emitting diodes (LEDs) and transducers due to its optoelectronic properties

which can be tailored for specific wavelengths.

These are just snapshots of what CuO can do in the field of microelectronics. There
is ongoing research to fully realize the potential of CuO and overcome challenges such as
improving the material's stability and compatibility with current silicon-based

microelectronics technology.

I.4. In-depth Analysis of CuO material

1.4.1. Structure and stability
Copper(I) oxide (Cuz0) is a fascinating p-type semiconductor with a cubic crystal
structure. It is known for its use in various applications due to its low-cost synthesis and

unique properties [23].
*» Structure

Cu,0 crystallizes in a cubic lattice with a space group of Pn3m. The structure can be
seen as a simple cubic array of anions with half of the cubic sites occupied by captions

(see Figure 11 .7).

Figure 1.7: Illustration of Cu2O Cubic structure [11].
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This arrangement forms a crystal lattice where each copper atom is at the center of a

tetrahedron, with oxygen atoms at the vertices. The unit cell contains two molecules of Cu,O.
% Stability

Cux0 is relatively stable under ambient conditions but deteriorates in moist air by
oxidizing to Copper(Il) oxide (CuO). It is stable up to temperatures of approximately
1230°C, beyond which it starts to decompose into copper metal and oxygen gas. When

exposed to light, Cu,O can exhibit photo corrosion, leading to degradation of the material

and affecting its structural integrity [24].

In the context of thermodynamic stability, CuzO is stable over a wide range of oxygen
partial pressures and temperatures, which contributes to its prevalence as a naturally

occurring mineral known as cuprite.

1.4.2. Electronic and optical properties [25]

Copper(I) oxide (Cuz0) is valued for its distinctive electronic and optical properties,

making it a significant material in various electronic and optoelectronic applications.
s Electronic properties

Cu.0 is a p-type semiconductor with a direct band gap, which equips it for use in
semiconductor devices. It has a band gap of approximately 2.0 to 2.2 eV, which makes it

absorb visible light.

This property is leveraged in applications like photovoltaic cells. The high hole
mobility in Cu0 also contributes to its utility in electronics, where efficient charge transport
is necessary.

% Optical properties

The optical properties of Cu,O arise from its band structure, giving rise to absorption
in the visible region. This absorption is associated with the creation of exciting, which are

bound states of an electron and a hole.

Cu20O exhibits a strong excited binding energy, which allows for the formation of

exciting even at room temperature, contributing to its high optical absorption coefficient.

These exciting are also responsible for the photoluminescence seen in Cu20O, which

can be harnessed in applications like light-emitting diodes (LEDs).
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Additionally, due to the band gap of Cu;O falling in the red region of the visible

spectrum, it is used for creating red-colored glass and ceramics (see Figure I1.8).
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Figure L1.8: Cu 2p3/2 core-level XPS spectra of Cu,0, CusO3, and CuO thin films [26].

1.4.3. Mechanical and thermal properties of Cu,O material

<> Mechanical properties [27]
- Cu20 has a Mohs hardness of about 3.5 to 4, indicating that it is relatively soft and,
therefore, not suitable for applications that require high wear resistance.
- The material has a moderate Young's modulus, reflecting a reasonable degree of
stiffness and rigidity for a semiconductor.
- It also exhibits a Poisson’s ratio that is typical for ceramic materials, which is an
indication of its ductility under stress.
X Thermal properties 28]

- The melting point of Cuz0 is around 1235°C (2255°F), allowing it to
withstand high temperatures but also limits its applications in environments
exceeding this temperature.

- Cu20 has relatively low thermal conductivity, consistent with typical
semiconductors, which might necessitate thermal management in

electronics applications.
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- The specific heat capacity of CuxO is in the range consistent with
semiconducting oxides, reflecting its ability to absorb heat energy.

- The material experiences thermal expansion, and its coefficient of thermal
expansion is essential in applications where it may undergo significant
changes in temperature.

- As a semiconductor, the band gap of Cu2O can be affected by temperature,
impacting its electronic and optical properties under varying thermal

conditions.

1.4.4. Applications in microelectronics

e Photovoltaic Devices: CuzO is used as a p-type semiconductor layer in
photovoltaic cells due to its suitable band gap for solar absorption.

e  Photocathodes for Water Splitting: The material's band structure is also
favorable for photovoltaic reactions in photo electrochemical cells for
hydrogen production.

e Gas Sensors: Cu,0 is sensitivity to gases such as CO makes it a viable
candidate for use in chemical and gas sensor applications [28].

e Transparent Conductive Oxide (TCO) Layers: With adequate doping,
Cu.0 can serve as a TCO, useful in display technologies and solar cells.

e Energy Storage: CuO is investigated in battery technologies,
particularly in lithium-ion batteries as an electrode material.

e  Memory Storage Devices: There are emerging applications of Cu,O in
resistive switching memory devices due to its electrical conductivity
properties.

e Field-Emitter Arrays: The material's electron emission properties when

under an electric field make it suitable for use in field-emitter arrays.
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L.5. Comparison between CuO and Cu,O materials

Table I.1: Comparison between CuO and Cu>O materials.

Materials Cu;O CuO
Structure Cubic Monoclinic
Spatial Groups Pn-3m C2/c
a=4.46°A
o b=3.42 °A
Mesh parameters (°A) a=b=c= -29%0A c=5.13 °A
a=pmr= o=y=90°
B =99.57°
Density (g/cm?) 6.09 6.51
Volume of a cell (10°pm?) 71.31 81.12
Z 2 2
Cu-0O bond length (°A) 1.849 1.96
0-0O separation (°A) 3.68 2.62
Cu-Cu separation (°A) 3.012 2.90

L.5. Conclusion

The in-depth analysis of CuO reveals its robust structure and stability, which underpins
its mechanical and thermal endurance. The detailed examination of its electronic and optical
properties highlights its potential in advancing microelectronics, indicating how these

properties can be harnessed for technological innovation.

Similarly, the comprehensive study of CuxO echoes the structure of the discussion on
CuO, mapping a close, nuanced comparison of their structures, stability, and thermal and
mechanical attributes. The compilation underscores how the slight differences in electronic
configuration between CuO and Cu,O result in significantly different electronic and optical

behaviors, thus differentiating their applications in the field of microelectronics.

The comparison section adeptly synthesizes the properties of both compounds,
contrasting their merits and explaining the implications of using one over the other in specific
applications. It is evident that while both oxides share some similarities due to their copper
content, their distinct features make them suitable for diverse applications, reflecting the

interplay between structure at the atomic level and macroscopic functionality.

In essence, the journey through the chapters encapsulates not only the foundational

knowledge of the materials in question but also provides insights into the scientific and
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technological implications of their properties. This narrative accentuates the significance of

material science in innovating and optimizing materials like CuO and Cu2O for specialized

roles in technology, especially within the microelectronics industry. As the quest for smaller,

faster, and more efficient electronic devices continues, understanding and manipulating the

properties of such materials remain pivotal. This comprehensive literature primes the

scientific community for future explorations, aiming to exploit the full potential of CuO and

Cuz0 in emerging technologies.
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Chapter 11 Presentation of SCAPS-1D simulator

11.1. Introduction

SCAPS-1D (The One-Dimensional Solar Cell Capacity Simulator) was developed to
simulate the electrical characteristics of a thin-film heterojunction solar cell in the dark or under
illumination [1,2]. This simulator allows us to see the 1(\V) characteristic close to the real case. It
is intended to broadly simulate CdTe and Cu(In,Ga)Se> thin film solar cells [3].

The SCAPS-1D program finds solutions for structures that consist of an arbitrary number of
layers of the semiconductor, with arbitrary dopant profiles (as a position function), with arbitrary
energy distributions of deep acceptor levels and/or or donors (single as well as uniform level, Gau
or tail distribution) in the semiconductor charge and at the heterojunction interfaces (surface
states), for arbitrary spectra of light (e.g. superposition of monochromatic lights or AM1.5G light).
The permitted spectrum (in an arbitrary frequency band) can be calculated for each operating point

(applied voltage, illumination and temperature).

11.2. Different panels in SCAPS-1D program

The program consists of several panels (or windows, or pages). The main panel is the action
“panel”. It allowed us to pose the problem and list the requested calculation, execute the

calculations, enter other panels, save and draw the results and also exit the program.

The EXIT button on the action panel is the only tool to exit the program see (Figure 11.1).

Do you really want to quit SCAPS ?

[ I

Figure 11.1: EXxit window.

The other panels are the “EB, IV, AC, CV, Cf and QE” panels. They are used to display
results of energy band calculations, and of IV, AC, CVS, Cf and QE calculations if these had been
carried away. Finally, there are secondary panels which are only used when the user is asked to
enter data, select files or confirm choices. Switching between panels is when clicking the

corresponding buttons with the mouse.
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11.2.1. Creation, modification and use a Definition File
When the program starts the first window is the action panel. The complete problem

organization is contained in a file, it is a text format file with extension (.def) and has the name
(problem definition file).

By clicking the "calculate new" button in the action panel, you can load an existing definition
file or create a new definition file (create new). When there is already a definition file in active
memory, it can be modified (edited). When starting, (create new) and (edit) are equivalent. Now

we will discuss in detail how to install a problem.

11.2.2. Construction of a New Definition File or the Editing of an Existing

In the following, the word left means the rear contact, the word right is the other side. The

light is always incident on the contact in front, i.e. on the right.

After clicking the "Create New" or "Edit" options, the Solar Cell Definition panel is active.
It allows the user to create a structure and define all its characteristics. It allows up to 9 layers. The
first layer is the back contact, and the last is the front contact. The user can specify the properties
of the intermediate semiconductor layers (max. 7). For each layer, up to three different SRH
recombination centers (discrete or distributed in energy) can be defined, and also for interface

recombination [5].

11.2.3. Rear Contact

If the rear contact button is pressed (see Figure 11.2), its properties can be set: a velocity
parameter for electron and holes and information on the output work. If the (OK) button is pressed
the data is accepted, and the solar cell definition panel reappears. The meaning of the parameters

is as follows:
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Figure 11.2: Rear or front contact window.

1) for majority carriers, the model is that of thermionic emission. The meaning of the velocity

parameter is thermal velocity vth. The majority carrier current jc, maj at back contact is given

by:

. @ \2
Jemsj = QVgNeexp(—128) (exp(59) — 1) (I1.1)
. @ \2

Jemaj = @V Nyexp(= 2 (exp (9 — 1) (11.2)

Depending on the type of majority carriers (electrons or holes respectively); Vcis the step of

the voltage on the contact. The height of the barrier is calculated from the work function ®n, of the
metal, the electron affinity ¢ and the gap band Eg:
Sy =0, — x (p-type; the electron barrier height). (1.3)
&g = x + E; — @, (n-type; the barrier height of the holes). (1.4)

2) For minority carriers, the model is the classical description of minority carrier surface
recombination. The meaning of the velocity parameter is speed of recombination of the

minority carrier then. The minority carrier current jc,min behind contact is therefore given by:

jc,min = qSC(C - CO) (”5)
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Where ¢ denotes concentration of the electron or hole, and thecOdenotes the concentration

of the balance of electrons or holes in contact with the back.

3) The metal work function ¢m (for majority carriers) can be entered by the user. However, the
user can also choose the flat "strips" option. In this case, SCAPS calculates for each
temperature the metal work function ¢m in such a path that the flat band conditions

predominate:

@, =y +1In (Nd”_CNa) (n-type) (11.6)
N¢
O = 2+ Eg = In (25-) (ptype) (1.7)

Here, Nd represents the shallow donor concentration and Na for the shallow acceptor
concentration, specified in the layer definition. Although this option does not correspond to a
physical situation, it allows the user to define a perfect ohmic contact conveniently.

4) All parameters relevant to back contact are assumed to be independent of temperature.

11.2.4. Semiconductor layers

If the (add layer) button is pressed in the solar cell definition panel (Figure 11.3), the layer
characteristics can be defined in a new screen. The user can now enter the layer name and

properties.

Layers

left contact

CIGS

ovC

Cds

i-Zn0O

add layer

Figure 11.3: The Semi-conductor’s layers. right contact
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When the right mouse button is clicked, with the cursor placed at one of the layers of the
semiconductor, a menu appears which allows the user to duplicate and remove an already existing
layer. allows the user to duplicate and remove an already existing layer. When the (duplicate)
option is chosen, the new layer is inserted below the already existing layer. A new interface is
created between the recently created layer and the previous one. When the (remove) option is
chosen, the selected layer and the previous interface are removed from the structure.

Remarks:
1) The densities of states in the conduction band and the valence band, NC and NV, depend on

temperature as:

Ne(T) = Neo (%)15 (11.8)

T 1.5
Ny(T) = Nyo | = .
V(1) = Nyo (7) (11.9)
Where the reference temperature TO equals 300 K. The reference evaluates NCO and NVO
at room temperature are the values to be specified. The thermal velocity vth(T) depends on

temperature as:

() = 1o (5) (11.10)

To
Again, the value vin at ambient temperature is the specified value.
2) The diffusion coefficient is set to kTO times mobility. The diffusion coefficient and mobility are

independent of temperature.
3) The optical absorption constant a(A) of a layer with band gap Eg is given by:
a() = (4+2) JWv=E, (111.11)
Where hv is the energy of the photon, and A and B are constants defined.

If the user presses the button (default 1), he can define the properties of (SRH) recombination
in the charge layer of the semiconductor. The defect can be removed by clicking the right mouse

button on the defect button to be cleared and choosing the (remove) button.

11.2.5. Defects and recombination

1) The "neutral defect" is an idealization of a defect that contributes to (RSH) recombination
but does not contribute to the space charge region. In the case of a (neutral fault), only

the product o and Nt affects the solutions dc and ac (through the lifetimes of the carrier;
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n for example is given by 1/(on.Nt.vth)): in this case, the centers of the defect contribute

to recombination but not at the space charge zone.

2) The lifetime is displayed only when there is a single level of the defect, uniform in

space.

3) All parameters in the default menu are assumed to be temperature independent.

4) The user must specify the recombination somewhere, at least in one place (in a layer or at

an interface). If it does not do so, a failure of convergence will result in non-equilibrium

conditions (non-zero voltage, and/or illumination).

Table 1.1 gives some defects properties. Depending on the nature of the energy

distribution, some parameters have different meanings as seen in Table I1.2.

Table 11.1: Some defects properties [4].

left of the layer

Properties Description Value By default | Unit
Kind type of defect -giver Natural
-acceptor
-natural
Sigman Cross section electron | Digital 1.0E-15 cm2
capture
Sigma_p Capturing cross Digital 1.0E-15 cmg
section of hole
Distribution Energy | Fault distribution type |-alone Alone
-Uniform
-cb vb tail
-gauss
And trap energy level Digital 0.5 eV
respect with the
valence band
Ekar Energy characteristic | Digital 0 eV
Profile Special variation of -constant constant
defect density -Linear
-Exponential
Lkar Length characteristic | Digital 0.1 pum
Nleft max. Defect Digital 1.0E+14 /cm3
concentration for layer Or
rightness /cm3.eV
Nright max. Defect Digital 1.0E+14 /cm3
concentration for the /lcm3.eV
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Table 11.2: Energy distribution of some defects. [4]

Energy Alone Uniform Valencia Band |Conduction band | Gauss
distribution Cue tail
And Energy Energy bottom of the tail | the top of the tail | Energy
levels distribution distribution
Ekar no meaning |total width of|the characteristic [the characteristic|total width of
distribution energy (the axis|energy (the axis |distribution
energy) energy)
Nleft, density in | Density Density Constant  density | Density
Nright /cm3 distribution distribution distribution in | distribution
constant in | constant E=Et in|E=Etin/cm3eV |constant E=Et on
/cm3eV /cm3eV /cm3eV
For each fault distribution an energy axis is calculated with 41 equidistant energies, as:
Table 11.3: Equidistant energies.
Distribution The range of energy N(E) =
Type since Until
Uniform And- Ekar/2 And+Ekar/2 NOT
vb tail And And+ 7.Ekar NOT.exp( - (E-Et)/Ekar )
cb tail And And- 7.Ekar NOT.exp( - (Et-E)/Ekar )
Gauss And- 3.Ekar And+ 3.Ekar NOT.exp(- ((E-Et) / Ekar)2)

The concentration N in the table above is calculated from Nleft, Nright and Lkar, as:
Table 11.4: The concentration N(x).

Spatial profile [N(x) = Noticed

Constant Nleft Nrightand Lkar are ignored
Linear Nleft+ (Nright-Nleft).(x-x0)/d Lkaris ignored

Exponential | HAS.exp((x-x0)/Lkar) + B HASand B are calculated as

N(x0) = Nleft and
N(x0+d) =Nright

Here the x0 is the spatial coordinate of the left side of the layer, and x0+d that of the right

side. If, in the case of an exponential profile, no value for Lkar is specified, an equal defect

concentration to O will be assumed.
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When all the parameters are set, you can add the layer with all its properties to the already

existing structure by pressing the "accept™ button.

11.2.6. Interface between layers

Between two layered poses we can define the characteristics of the interface by clicking on
the right of the rectangle of two layers. Another 3 possible faults can be set by clicking the
"defect1,2,3" button.

When the structure is completely defined, the definition file can be saved by clicking the
"Save button”. When the "OK button" is clicked the energy band panel is shown with different
graphics (Figure 11.4).

Interfaces

Reflection at fromnt

=lo.on
|

ovC/CdS |

Figure 11.4: The interface between the layers.

Table 11.5: Some defects properties and the interface between the layers.

Name Description Value Default Unit
Kind Fault type Giver natural
acceptor
natural
Sigma_n Electron cross-section | Digital 1.0E-15 cm2
capture of the
conduction band
Sigma_p Capturing cross section | Digital 1.0E-15 cm2
hole of valence band
Energy Fault description type |Single single
distribution Uniform tail cb
vb
gauss
And trap  energy level|Digital 0.5 eV
respect  with  the
valence band
Ekar Energy characteristic | Digital 0 eV
NOT max. Defect | Digital 0 /cm2
concentration gold/cm2.eV
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Remarks :
1) The energy parameters have the same meaning as in the last section.

2) The interface recombination velocities Sn = NionVinn €t Sp = Niopvinp are shown only
when there is a single energy level interface state. When the thermal velocities of the two
layer formations at the interface have different values, there are different values for the

interface recombination velocities of carriers coming from the left or the right.

3) If not explicitly stated otherwise, all parameters of the semiconductor layers and interfaces

are assumed to be independent on temperature.

4) The model for interface transport is thermionic emission. The thermal velocity of the

transport interface equals the smaller thermal velocity of the two neighboring layers.

5) Reflection of photons at interfaces is not taken into consideration.

11.2.7. Front Contact

The front contact is specified in the same way as the rear contact.

I1.3. Numerical parameters

Some numerical parameters are also made available in the user interface by the (numeric)
button in the solar cell definition panel: the maximum number of iterations, and clamp values for
the electrostatic capacitance and for both quasi-Fermi capabilities. These capacities are not allowed
to vary in step by more than the corresponding clamp value during numerical integration. Put these
parameter influences on the behavior of convergence in extreme cases where convergence is

difficult to obtain. The Figure 11.5 presents the numerical parameter window.

11.3.1. Loading and changing an Existing Definition File

To load an already existing definition file click on the "File button” in the Calculate New
menu. In this screen the user can view and select their definition file. If he presses the "OK button"
he gets to the energy band panel with balance graphics immediately. Return to the action panel,

click on the "action button.

If we want to create a new definition file based on an old one, we must click the "create new"
button in the calculate new menu as for a new definition file. In this screen the "Load button"
allows one to load an existing definition file one after another one can change it as a new definition
file.
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If the user clicks the 'edit' button in ‘calculate new' menu, he can make changes in the

properties of his structure in the same way as he defined the properties by making the definition

file.

E,imncal parameters

—Calculation of Quantum efficiency

lati % constant number of photons

calculation mode constant incident power

number of photons used in QE calculation {1/s.m*2) 1.00E+16
incident power used in QE calculation (W/m*2) 1000.00

—~Convergence settings

maximum number of iterations I

maximum variation (kT/q)

per iteration

{clamp)
electrostatic potential 1.00 J
electran Fermi level 1.00 I
hole Fermi level 1.00 |

last iteration
{termination criterion)

5.0E-3
5.0E-3
5.0E-3

ik

—Mesh generator settings

_I Recalculate the mesh during measurements

maximum ratio between neighbouring mesh points | |1 B0

minimum ratio between neighbouring mesh points | |1 .05

generation limit (microAmps/cmZ2)

| [r oo+

recombination limit (microAmps/cm?2)

| [100Es

Figure 11.5: Numerical parameter window.

11.3.2. Spectrum File

The figure 11.6 presents the illumination organization space. We start to select the dark or

light mode and in turn from n-side or p-side, contrary we can select spectrum cut off.
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—lllumination
dark A . = right (n-side)
— light [l e ted from : lot (p-side)
Spectrum file: g Incident (hias) light power (4/fm2)
Select| C:\Program sun or lamp 1000.00
G P Al
S o ywavel gl
Spectrum cut off ?E Yot R | after cut-off. 100000 |
Larrg wavel, (rir s 2000.0
Meutral Dens. i@ﬂﬂ_\ﬂansmission (%) :1000 J after ND 1000.00]

Figure 11.6: Illumination organization space.

C:\SCAPS\AM1_5G.spe: AM1.5 global spectrum
C:\SCAPS\AM1_5D.spe: AML1.5 direct spectrum

Other spectrum files can be user defined. The spectrum file is an ASCI - files. The first line
contains the number of wavelengths that appear in the spectrum file. This row is followed by two
columns immediately. The first column specifies the wavelength 4 (nm), the second column
contains the power of the incident light W (Watt/m?) in an interval of the wavelength around A
(the number of photons ' wavelength incidents between A-dA/2 et A+dA/2 is set equal to 5.035 X
10> W A di. The maximum number of wavelengths that appear in the spectrum file is 100

mW/cm?.

11.3.3. Importing digital simulations

The problem is in the problem definition file. The requested calculations are put in the action
"list" in the action panel (see below). After creating, editing or loading a problem definition file,
you can return to the action panel. When "“cancel” is pressed, no calculation is performed, but the
edited cell structure stays in active memory. When "OK" is pressed, the calculation of the defined
problem is imported immediately, and the energy band “panel” is displayed. You can return to the

action panel by pressing the action button.

Figure 11.7 presents the .def file export tool when we can export the previous defined

programs or some example programs.
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Layers Interfaces illuminated from : = ,’;%ht E;:i:gg;
left contact I Reflection at front
ciGs = AL
OVC |
OVC / CdS |
CdS
i-Zn0O —l
—.l light
add layer %
right contact | back contact front contact

S — load

Problem file: e:shamza\simulation\Example CIGSoptimal pour GA cm‘

example .def file for a CIGS cell problem

this file was distributed with SCAPS 2.0, september 98
and with SCAPS 2.1, june 99

it converges well (to above Yoc), both in light and in dark,
with the standard convergence settings, and

with @ moderate voltage step (50 mV or less).

4 o

Figure 11.7: The .def file export tool.

The action panel allows as to specify an operating point defined by temperature (K), DC
voltage (V), illumination conditions (dark spectrum, full spectrum, natural density and/or bandpass

filter) and an ac frequency, as seen in Figure 11.8.

—Working point

Temperature (k) QSDD.DD
Yoltage V) aID.EIDDD Mumber of points g?
Frequency (Hz) j 1.00E+G

Figure 11.8: Operating point determination space.

The spectrum stop option simulates the use of a long bandpass filter and a long stop filter in
the DC-illumination condition. This option is effective only when Spectrum Off is set to yes, and
when Illumination is on (i.e. "dark™ = none). Spectrum stopping affects all calculated curves

(although many cell types are not very sensitive to it).

However, the spectral response does not fall to zero in regions where the spectrum is dead.
The spectral stop affects the condition of the applied illumination (influence dc, the light source),

while the spectral response is calculated as the response to a small source of light from the ac,
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superimposed on the light from the bias (simulate the measurement installed with chopped light

of a monochromatic and applied light).

—Action number
™ Pause (---"- 5 ‘-&-. of points
= Curent voltage 1 1 (V) Soo000 | M2 S12000 | %525 | Sooso0 |
e : N5 R increment ()
™ Capacitance voltage 2 W1 (V) 0800 | V20 Josm | §33 | Jooso |
I~ Capacitance frequency 3 f {Hz) :‘;14DDE+2 \ 2 (Hz) ?1.UUE+8 : 321 | ;'-1‘5‘[][1 | points per decade
I Spectral response 4 WL (hmn) ;300 \ WL2 {nm) ;900 261‘ :107‘ increment (hrm)

Figure 11.9: Parameter adjustment space.

Using the parameters adjustment space, presented in Figure 11.9, the following

characteristics can be calculated:

1) Current versus Voltage (I-V characteristic): from a specified voltage V1to V2 (V) in steps

n, for the illumination conditions and temperature specified in the operating point (wp).

2) Capacitance against voltage (C-V curves): from a specified voltage V1 to V2 (V) in step
n, for the conditions of illumination, temperature and ac frequency, specified in the

operating point (wp).

3) Capacitance versus frequency (C-V curves): from a specified frequency f1 to f2 (kHz) in
steps n (equidistant on a logarithmic scale) for illumination conditions, the dc influence

voltage and temperature specified in the active point.

4) Quantum efficiency QE versus wavelength: from a specified wavelength 1 to 2 (nm) in
steps n for the (biased) illumination conditions, the DCs influence voltage and operating

point temperature.

Each new calculation begins with the calculation of the equilibrium band diagram (V=0,
dark); If the operating point specifies illumination, next the band diagram of the short circuit is
calculated. Each next calculation starts from the previously calculated solution. The order of
calculation is: first the operating point, then 1V, CV, Cf and QE curves, if requested. When the
pause button shown in the figure above with arrow numbered 5) in the action panel is enabled, the
program stops after each calculation, and resumes when the (continue) button is pressed in the
action panel action or in the energy bands panel. When (pause) is turned off, all required

calculations are executed one after the other.
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Convergence problems can occur when the operating point voltage is too different from zero
(= the previously balanced voltage and perhaps Jsc calculation) (see Figure 11.10). To overcome
this problem, SCAPS allows specifying several steps to be taken to evolve from zero voltage to
the operating point voltage. Problems can also occur if the initial calculated IV or CV voltage is
too different from the operating point voltage. In this case we can put the influences of the dc
voltage equal to the operating point at the starting point of the calculated 1V or CV, so that the
calculations of IV or CV can start with the correct solution.

Convergence failure at ¥ = 1,450 Yolt,
I(Y) calculation cut at ¥ = 1.4 Volt,

OK

Figure 11.10: Convergence failure window.

Once a calculation is finished, it is possible to consider the corresponding 1V, CVS, Cf and
QE panels. The most recently calculated energy band diagram panel shows. If a Cf calculation is

made, SCAPS automatically shows the AC panel.

By pressing the calculate button in the action panel, a new calculation with the same
definition file, but with a different action list can be done. If the operating point is the same as for

the previous calculation, short circuit and influence of balance conditions will not be recalculated.

I11.4. The Action Panel

The Figure 11.11 presents the action panel. In this panel the following pieces of information

are available:
o The definition of the active point (see above);
o The definition of the action list (see above);
o Set calculation mode: "take a break™ between calculations or not (see above);
o Put the problem definition: the "calculate new" button (see above);
o Carry calculations from a new action list: the "calculate next™ button (see above);
o "continue™ to calculate next action list operation, when "pause” is allowed

o "stop" to stop a calculation that is carried from outside;
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o "clear previous" clear previously calculated graphs;

e "graphs" activate the energy bands panel from which in turn we can navigate to all the
other graphic panels (1V, CV, Cfand QE).

EJ_LAt;_ti.qn Panel
fw«arking’ point = m»é ™
Temperature (K) §3DD.DD g xgs
aliage ﬁml Number of points §2_, Series resistance (ohm.crm’2)
\Frequency (Hz) §1.DDE-PB MR i‘ o )

fiTlu‘minaFi‘ori' ay fm

dark right (n-side)

light Muminated from : left (p-side) show generation profile J
Spectrum file: Incident (bias) light power (W/m2) b abSertise ot
; ’ absorption of li
Select| C:\Program sun or lamp  1000.00 determined frgm file & ¢

short wavel, (nm)$0.0 Generation file;
‘Spectrum cut off ?g EES ¢ d—l after cut-offt | 1000.00 ;7 B o
| LLang wavel. (nm)ﬂEDDD.D Sefect] " gen

Do o o
"meutm Dens. ﬁU.DDEID Transmission (%) §1.UDU after ND  1000.00 | Cﬂenwtmn () ﬁw] )

ﬂctio‘n' = = fOmber N

; I Pause of points

= Current voltage Vi 200000 V209 S12000 | %25 |%oosmo | %
increment

I~ Capacitance voltage W1 (V) i"-U.SUU V2 (V) 5{0.800 I 3433 I 510.050

I~ Capacitance frequency fl (Hz) §1.DDE+2 2 (Hz) ﬂ1AUDE+8 | 321 | 3'5.00 | points per decade

{' Spectral response WL1 (hm) 300 WL2 (hm) ﬂBUEI | ﬂ61 | $i1U I increment (hm) y

loaded definition file: Example CIGSoptimal pour GA contenent. def (Elatch setup } i bDo Batéh Calculatio)
( continue ] stop j)( graphs ] clear previous I save all |)
. = >/ |

oK r info .

Figure 11.11: The Action panel.

e "save all" to always save the results of all preformed calculations in a text file; The
data in the text file is separated by labels, and can be cut and can be pasted into an

extent sheet or graphics program;

e "exit" exit from SCAPS-1D. This is the only correct way to leave SCAPS!

11.5. Energy band panel

The Figure 11.12 presents the energy band panel. In this panel the following buttons are

available:

e "continue": resume a calculation stopped by the pause option;
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distance (pm)

distance (pm)

e "save": save the energy band calculation results to a text file;

e "plotter": plot the content of the panel to the Windows default printer. Note: this is a
low "quality footprint" screen, only for consideration and purposes of discussion. For
presentation purposes, it is best to save the calculation in a text file, and use this file
to make presentation graphics with the preferred graphics program;

e "action™: return to the action panel.

Band Diagram EC, EV EFp EFn ;
x Carrier Density holes electrons total charge| Curve info
deep defects neutral donor acceptor OFF
1.50- — 1E+19-r
Scalel By - e, N l
0.50- ::Jng I continue
0.00 + ©
% gs0- L § ,’_ <7 save
Dendité des
-1.00- : h
ey Diagrame de Bande por'leurs Sl
2.08-, i i ; y 1E+8-, ! : plot
0.00 025 0.50 075 1.00 125 0.00 025 0.50 075 1.00 125

Current Density holes electrons total | Scale distance (all graphs)‘
Occupation Probability of deep defects
1.3E+3 log 1.0~
—— \ — lin | Gen-Rec
log 10E+3 = 08
lin o op2 \\ / 06 o
B
£ . < ? Prao iadgcupatio
2 soe-—Densitelde Ca L bl 3 . i |
€ p 04-—| des| r defaut
4 .0E+2 \
20642 — 02
TR T IO Al I O ] T T 1 1 ! C-f
-8.8E+0 - . 00-; i
0.00 025 050 075 1.00 125 00 01 02 03 04 05 06 07 08 08 10 11
distance (um) distance (um) GE
oK iv from 0.000 to 1.200 Volt: V= 1.200 Volt Comments <-light

last saved: 2-5-2008 at 14:58.22

Problem file: e:thamzalsimulation\Example CIGSoptimal pour GA contenent.def
simulation done on: 2-5-2008 at 16:13:42

U (A0

Figure 11.12: The energy band panel.

The buttons " IV->", QE— ", AC—»", CV— " et " Cf—", navigate to the indicated graphic

panels.

The results of the last calculation of the energy band are shown in four graphs: it is therefore

in the illumination and the voltage conditions of the last calculation executed (therefore the active

point

or the last point of IV, QE,... curves).

There is a cursor utility available in the EB - Panel, and in the other graphics panels too. If

you click with the mouse on a point of the graph of your choice you can see the x and y evaluation
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of that point in the two small windows in the middle of the screen. The units are the same as the
user's units of the axes of the relevant graph.

The first graph (upper left) is the show of the (DC) band diagram: black for conduction and
valence line, blue for fermi level of electron, red for fermi level of hole or only red if the fermi
levels coincide. The fault levels, if present, also have their color: green for a neutral fault, blue for
an acceptor type fault and red for a donor type fault. (in fact, the characteristic energy Ekar of
defects is shown). It is easy to discern between defect levels and fermi levels, since defect levels
exactly follow the sharp band, while fermi levels do not.

The second graph (upper right) shows the carrier densities as a function of distance: blue for
electrons, red for holes, and black for total charge.

The third graph (lower left) is the showing of the current density as a function of distance:
blue for electrons, red for holes, and green for total current.

The fourth graph (lower right) shows the probability of occupancy of defects as a function

of distance: green for neutral defects, blue for acceptor type, red for donor type defects.

11.6. Panel of 1V characteristics

29 ¢ 9% <

The “continue”, “show”, “plot” and “action” buttons, and the navigation button navigation
“EB—>”, “QE—>"”, “AC—>”, “CV—>” et “Cf—>” have the same meaning as in the energy bands
g gy

panel (see Figure 11.13).
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Figure 11.13: Panel of JV characteristics.

The “continue”, “show”, “plot” and “action” buttons, and the navigation buttons and
“EB->”, “QE—”, “AC—>”, “CV->” et “Cf—” buttons have the same meaning as in the ener
g gy

bands panel.

The first graph (left) is the exposition of the current density as a function of the applied
voltage. The first calculation (that is, after "calculate again™, the problem has settled and "OK"),
the 1V curve (when calculated) is plotted in red. Each next calculation (so after a "calculate next"”
or after another "calculate again™), a new IV - curve is added (when calculated), in a different
color. The color order is: red, blue, green, cyan, magenta, yellow ... (14 colors). When "Previous
Clear" is pressed on the Action panel, all IV curves are cleared, and the color starts again from red.
The second graph (right) is the exposure of the recombination current as a function of the applied

voltage:
The new utilities on SCAPS are:

+ Batch calculation
If you want to know the influence of one or more parameters on the solar cell characteristics,

using this new option does it easily, it just involves clicking on the Batch button and setting the
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parameters you want to vary. Variations can be simultaneously made. The Figure 11.14 presents
the Batch tool to do the Batch calculation and the panel to input different material parameters.

We must select the instruction (Do Batch Calculation) to perform the batch calculations.

g Batch '} DoBatch Calculation
&1 Batch Input @@@
( [oigs Ly ] [band gapleV] =] From %[1.000 To 31600 in 27 Steps Lin Log
3emuve) [¥ Simultaneous [CIGS (L1) | [defect 1 | [concentration left{1/cn ¥| From $[8.000E+17 To S[3.000E+18 in ;lr» Steps Lin Log
ffemovei [ Simultaneous |CIGS LN l] Ielect(on affinity[eV] j From :|4.4DU To :I4.SUU in j" 7 Steps Lin Log
Add
s

Figure 11.14: The Batch tool.

«* The Tunnel effect tool

Currently two tunneling mechanisms are built on SCAPS 2.6 intra band tunneling and
tunneling to interface states to put the tunneling option you must click the corresponding button

on (the interface states-panel) (see Figure 11.15).

40



Chapter 11 Presentation of SCAPS-1D simulator

e
=1 Interface states parame

INTERFACE 1 |
Defect 1 of p-CIGS f n-CdS interface INTERFACE STATES |
| Drefect 1
defect type | w T | Chargetype: acceptor
. mtretion: M = 2. 00e+01 fom”
capture cross section electrons (ocm®) | .00 E:Qfgyd:ﬁ:?;mion; ._.nif:r..,.,-_ Etc:mc
this defect only, it active: Sndleft
capture cross section holes (cm®) | 1.00 this defect only, if active: Spllefts
energetic distribution | =
Drefect 2
energy level (from top of left VB (&%) | 0DED ..
characteristic eneray (e | .20
conceptrationles (1 Gr'3 &V) | 200
™ Adlow tunneling to traps Defect 3
none
| 1.00
Relstive mass of holes | 1.00
I Intraband Tunnel'rlD
- EanEEl I - e of elec

Figure 11.15: The tunnel effect tool.

11.7. Conclusion

SCAPS-1D tool, one of the most popular simulators in the world of photovoltaic field
simulations, because it is simple and easy for an electronics engineer, who wants to model cells in
thin layers of this kind. The results and configurations are valid on a file with a specific extension
but accessible in text format and this makes all the operations of (copying, pasting) the results

easier, again with the type of data selection being vertical or horizontal.

The possibility of opening several SCAPS-1D windows simultaneously which gives us the
power to perform more than one task, depending on the power of the PC and the stability of
SCAPS-1D. The latter represents disadvantages for its functionality due to the risk of loss of
results. The processing speed is very fast, especially with the new batch tools which allow the user

to vary one or more parameters at the same time or separately.

The SCAPS-1D interface is simple but the graphical representation is simpler because the

(Zooming) operations are done by hand and also the exploitation of its graphs.
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II1.1 Introduction

Semiconducting metal oxides have been a focus of fundamental research recently [1-4].
CuO and CuO absorbers have emerged as promising materials for optoelectronics and these

materials are the possible solution for cheap and competitive solar cells construction.

In the literature there are few reports on solar cells based on copper oxide as active layers.
The conversion efficiency is the most important property in the PV domain [5,6]. Although the
theoretical limit of the energy conversion efficiency of Cu,0 solar cell is ~ 20% [7], the highest

efficiency obtained on substrates Cu»O solar cell is 3.83% [8].

In this work, we present a numerical study of the CuO and CuxO thin film solar cells using
Solar Cell SCAPS-1D Program. It is used to calculate the photovoltaic parameters, the most
important: Open-circuit voltage (Voc), Short-circuit current density (Jsc), Fill Factor (FF) and
efficiency (n) under standard illumination (AM1.5G, 100 mW/cm?, 300K).

The purpose is to study the effect of different physical paramaters such as: Thickness, the
acceptor concentration and Defect concentration on the performance of the solar cells. Towards
this goal: the current density (Jsc) and efficiency (n) have been calculated. Additionally, we

examined the quantum efficiency QE.

II1.2. Modeling of substrate CuO and CuzO solar cells

The conventional structure of CuO and CuxO solar cells consists of a glass substrate, a
molybdenum back contact layer, a CuO or CuO absorber layers, a CdS buffer layer and finally a
transparent conducting oxide front contact ZnO layer. This structure is designed to optimize light

absorption, charge transport, and collection in CuO and Cu0O absorber layers.

In the conventional structure, the n-type CdS buffer layer is inserted between the ZnO
window layer and p-type CuO and Cu;O absorber layers to make a high-quality p-n junction in
the interface [9]. The n-type CdS buffer layer was taken using 0.1 nm-thick and 2 x 10'7 cm™
donor density with a gap 0f 4.2 eV. The CuO and CuxO absorber layers are a p-type semiconductor
with 3 um-thick and 2 x 10'® cm™ acceptor density [10] with a moderate gap E, = 1.51 eV and E,
=2.15 eV [11]. The degenerate ZnO(n+) window layer was taken as a wide band-gap Transparent
Conducting Oxide (TCO) semiconductor (3.30 eV), with 0.1 nm-thick and 1 x 10" cm™ donor
density [12]. In the proposed structures, a schematic view of the conventional CuO and Cu,O solar

cell structures were displayed in Figure III.1.
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In the first part of this work, we will study the effect of CuO and CuxO layer thicknesses and
doping concentration on the current density-voltage (J-V) characteristics and quantum efficiency

(QE) of the conventional cell ZnO/CdS/CuO and ZnO/CdS/Cu,O structures.

I11.3. Physical model and simulation parameters

As we mentioned above, the SCAPS-1D simulator allows the solution of a set of basic
semiconductor equations consisting of the Poisson equation and the continuity and transport
equations for electrons and holes [13], the Newton method was selected for solving the basic
semiconductor equations in the software as a default method. The band-gap E; of CuO and Cu2O

alloys was calculated using the data mentioned in Table III.1 [14].

Phi

Window : ZnO (0.1 pm) -

AL

Buffer : CdS (0.05 uym)

Mo (Metal) Mo (Metal)

Figure III.1: Cu20O and CuO solar cell structures.

The input parameters of each layer of the proposed structure are summarized in Table III.1.
These parameters are the thickness w, the permittivity constant er, the band-gap Ey, the electron
affinity ye, the electron/hole mobility p./pp, the effective density of states in conduction/valence
band Nc/Nv, and the donor/acceptor concentration Np/Na. At the front contact, the reflection was
neglected. The values of the surface recombination velocity for holes/electrons S./S; at front and

back contacts were 1 x 107 cm/s.

Because all the layers are polycrystalline, they contain a wide range of defects [15].
Therefore, For CuO and Cu>O materials, we used tow Gaussian deep donor defect distribution,
and tow Gaussian deep acceptor defect distribution for ZnO and CdS layers. The donor and

acceptor defect distributions are provided by SCAPS-1D.
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Ga () = Noa exp |~ [E22E] ] (IIL1)
9o (E) = Nop exp |- [E222] | (I1L.2)

Where E is the defect energy, the subscripts (G, A, D) stand for Gaussian acceptor and donor
defect states, respectively. The effective density of states (Ng4 and Ngp), standard energy deviation

(Wga and Wap), and peak energy position all characterize the density of states (Ec4 and Ecp).

Copper forms two well-known stable oxides: cupric oxide (CuQO) and cuprous oxide (Cu20).
These two materials have different physical properties, different colors, crystal structures and
electrical properties [ 16,17]. Both forms are a natural p-type semiconductors [ 18]. The first attempt
to use Cu,0 for PV application was done by National Science Foundation and Joint Centre in 1978
[19, 20]. Cuprous oxide Cu,O has low electron affinity (3.2 eV) [21,22,23], and very high hole
mobility [24,25]. Thus, it is suggested as a potential hole transport material in heterojunction based
solar cells [25,27]. A few attempts were made to fabricate n-type Cu,O solar cells, but the achieved

efficiency is very low so far [28].

Properties of the materials, used in the simulations are available in the literature. The

parameters of Cu,O, CuO and CdS used in our simulations are listed in Table III.1.

Table III.1: Parameters values of CuO and CuxO solar cell structures used in SCAPS-1D [26,29-
42].

Material properties CuO Cu,O CdS ZnO ‘
Thickness / / 0.1 0.08
Band gap [eV] 1.51 2.17 2.4 3.3
Electron affinity [eV] 4.07 3.20 4.2 4.6
Dielectric permittivity (relative) TR 7.11 10 9
RO R R 22 < 10° | 2x107 | 2x10® |22x10®
R e TSI 55 < 10° | 1.1x10"° | 1.5%x10° | 1.8 x 10"
| Electron mobility unfem?/Vs] 100 200 100 100
Hole mobility up [cm? /Vs] 0.1 80 25 25
Shallow uniform donor density Np [1/cm’] 0 0 1 x 10" 1 x10"

Shallow uniform acceptor density N4 [1/cm’] 1x10" 1x10" 0 0
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I11.4. Band diagram

The band gap and optical properties of Cu20 and CuO have already been widely studied in
theoretical calculations and experiments [4,43-47]. Experimentally, it is well established that Cu>O
has a direct forbidden gap of about 2.17 eV and a direct optically allowed band gap of 2.62 eV
(low temperature values). The CuO material has a direct forbidden gap of about 1.51 eV. The
absorption coefficient a for both Cu,0 and CuO absorber films are given by ref [26]. as presented

in Figure I11.2.

Figure I11.3 exhibits the energy band diagrams for both (a) CuO and (b) Cu20 solar cell

structures obtained by simulation.
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Figure II1.2: Absorption coefficient a for both Cu20 and CuO absorber films used in the

simulation.
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Figure II1.3: Band diagram for (a) CuO and (b) CuxO solar cells structures used in the

simulation.

IIL.5. Thickness optimization of CuO and CuO absorber layer

In this part, we'll look at the performance of the CdS/Zno/CuO and CdS/Zno/Cu,0 solar cell
using the material parameters listed in Table II1.1. Figure I11.4 shows the evolution patterns of Vo,

Jse, FF and 1 of CuO and Cu,O solar cells as a function of CuO and Cu,O absorber layer thickness.

When the CuO absorber thickness, #(CuO), is increased from 0.1 to 10 um, Js rise
significantly from 13.2 mA/cm? to approximately 26 mA/cm? and 1 increases rapidly from 8.4%
to about 21% respectively. Vo reches 1.67V and FF reaches 33%.

When the CuxO absorber thickness, #(Cu20), is increased from 0.1 to 10 pm, Js rise
significantly from 6.8 mA/cm? to approximately 13.8 mA/cm? and 1 increases rapidly from 2% to
about 10% respectively. Voc reches 1.24 V and FF reaches 50%.

All photovoltaic properties are nearly identical for a thick CuO and Cu2O absorber layer
(more than 3 pum). This overall behavior is resulted from the increase of the photons absorption
and even the increase of the electron-hole generation in the CuO and Cu,O absorber layers.
Therefore, the thickness of 3 pm is chosen as an optimum thickness for CuO and Cu,O absorber

layer for an efficient ZnO/CdS/CuO and ZnO/CdS/CuzO solar cells [9]. If the absorber layer
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thickness is reduced the back contact will be very close to the depletion region [18]. Additionally,
for comparison, similar behaviors of the performance parameters were achieved by Benmir et al.

[19] and Heriche et al. [20].
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Figure II1.4: Cell performance as a function of CuO and Cu,O absorber layer thickness.

For a better understanding of current losses with increasing the absorber thickness, the
quantum efficiency QE was calculated and the results are given in Figure I11.5 for CuO and Cu,0O
thicknesses varied between 0.1 to 3 pm. For wavelength below 400 nm and above 650 nm all
structures show nearly the same behavior. In the region between 430 nm and 850 nm a significant
loss is observable. When the thickness increases from 0.1 eV to 3 um the maximum of quantum

efficiency increases. The maximum corresponding to the thickness of 3 um.
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Figure IIL.5. Quantum efficiency versus wavelength of (a) CuO and (b) Cu20 solar cell

structures.

I11.6. Optimization of acceptor density Ns(CuO) and Ns(Cu20)

The acceptor concentration of CuO and Cuz0 absorber layers has been discovered to be
significant factors that have a direct impact on the performance of CuO and Cu,0O based solar cells.
As a result, the absorber layer's acceptor concentration, Na(CuO), is adjusted from 10'! cm™ to

10" ¢m™, and the simulated photovoltaic characteristics are displayed in Figure II1.6. The Js
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exhibits a very modest drop from 7 mA/cm? for a concentration of 10! cm™ to an acceptable limit
of 22 mA/cm? for a concentration of 1 x 10! cm™.

Na(Cu20) is adjusted from 10! cm™ to 10" cm™, and the simulated photovoltaic
characteristics are displayed in Figure II1.7. The Js. exhibits a very modest drop from 14 mA/cm?
for a concentration of 10" cm™ to an acceptable limit of 12 mA/cm? for a concentration of 1 x
10" e¢m™, which is caused by an increase in free carrier charge recombination that occurs inside
the bulk [21].

On the other hand, V., FF and efficiency are increased significantly with the increase of
Na(CuO) from 10" cm™ to 10" cm™ whereas the optimum efficiency achieved is 19.5% and in
N4(Cu20) is 11% in the acceptor concentration of about 10! cm™, the Voc = 4.4 V and FF = 68%
and in Cuz0 Voe = 3.3 V and FF = 22%. After this value the structure presents a strong decrease in
the Voe, FF and efficiency. The result indicates that the Na(CuO) and Na(Cu0O) must be higher

than 10'® cm™ and lower than 1 x 10!” cm™ to obtain a good performance.

4.4 T - T T - | - - o o - — - -
u — 304} —a—n L
S 3.3- 1 =27
Q 0243} -
o - -
> > 1.62
1.1+ < : i T
y—a—"" j—mn—n
29.2 -l ol _y g _y Ly 08l E -l ol ol . ol . .
< ——— T14.04- ]
521'9- ] E13 504
<146+ ] <7
5 ~12.96+ 4
'_’u'; 73' __.__,__. - 8
'_>1242- l . l ol l l .
O-O L ol . . p—} ol . 55- ./1 -
. 681 u b —
S5 S S 444 -
w T - ) w
Y / ] 331 ]
17_'_'_' n ¢ 224 —n—n 1
11.04 i
19.54 ./.ﬁl ™
~ ~ ._./ \‘
< 13.01 ] < 9.9 /
[=y | ] [=y | |
6.5- / i 8.8 ./ i
0.04—n—= ] 7747 ]
101t - 1_(313 - 1_615 - 1_617 - 1019 101.1......., :I_"('I)ls.I 1815"’I 1317"1 ....].:.019

N (CuO) (cm™3)

Figure I11.6: Effect of acceptor concentration of absorber layer Na(CuO) and Na(Cu20) on cell

performances.
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The spectral responses of various acceptor concentrations for CuO and CuO absorber layers were
studied and presented in Figure II1.7 and Figure I11.8, respectively. With increasing Na(Cu,0) and Na(CuO),
the spectral response increases in long wavelength region. The quantum efficiency has a maximum value

close to 98% under 100 mW/cm? illumination between wavelengths varied from 500 nm to 600 nm.
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Figure II1.7: Quantum efficiency QE of Cu,O solar cell for various acceptor concentrations,

Na(Cu0).
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Figure I11.8: Quantum efficiency QE of CuO solar cell for various acceptor concentrations,

Na(CuO).
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IIL.7. Influence of defect state density of CuO and CuO absorber layers

The conversion efficiency of CuO and Cu,O solar cells is drastically influenced by defects
concentration (trap defects density Nt) in the bulk of absorber layers. The simulation results of
CuO and Cu0 solar cell with various Gaussian defect state densities positioned in CuO and Cu,O

band-gap, Nr(CuO) and Nt(Cuz0), are presented in the Figure I11.9.

When Nr(CuO) and Nr(Cu20) > 10'® em™, the result depicts a negative influence on the
device's performance. All the photovoltaic parameters, including Vo, Jse, FF, and 1, are reduced.
The carriers are trapped or recombined in flaws, resulting a waste of energy that does not contribute
to the transportation of the current to the external load. When Nr(CuO) = 10" c¢m?, a good
performance was reached: Jsc = 24 mA/cm?, Vo = 0.90 V, FF = 85.65% and 1 = 19.21%. At a high
defect concentration of around 3 x 10! cm?, Jic = 17 mA/cm?, Vo = 0.57 V, FF = 65% and n =
5%.

When Nr(Cu20) = 10" cm?, a good performance of Cu,O solar cell was reached: Jic = 10.71
mA/cm?, Voe = 2.4V, FF = 60% and 1 = 13%. At a high defect concentration of around 3 x 10"
em?, Jie = 9.18 mA/cm?, Voe =9V, FF = 19% and 1 = 9.1% were obtained. As a result, the bulk
defect density, which is connected to creating trapping (recombination state) in the CuO and Cu,O

absorber bulk, may have a significant impact on current transport [22].

For a better understanding of current losses with increasing the defect concentration in the
absorber bulk, the quantum efficiency QE was calculated and the results are given in Figure III1.10
and Figure III.11. For wavelength below 500 nm and above 800 nm all samples show nearly the
same behavior. In the region between 500 nm and 800 nm a significant loss is observable. When
the defect concentration increases from 10! cm™ to 10! cm™ the maximum of quantum efficiency

decreases significantly.
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Figure I11.9: Effect of defect density of (a) CuO and (b) Cu,O absorber layer on the solar cell

performances.
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Figure II1.10: Quantum efficiency versus wavelength of CuO solar cell with various Nt(CuO).
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Figure II1.11: Quantum efficiency versus wavelength of Cu,O solar cell with various

Nt(Cw0).

111.8. Hybrid CuO/CIGS and Cu20O/CIGS solar cells modeling

To enhance light absorption and achieve high conversion efficiency, a variety of absorbers
with various energy band gaps should be used. Figure I11.12 depicts the CuO/CIGS and
Cux0O/CIGS and finally CuO/Cu.O/CIGS Hybrid solar cells structural layout.
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Figure I11.12: Hybrid solar cells for different structures: (a) CuO/CIGS Hybrid solar cell, (b)
CuxO/CIGS Hybrid solar cell and (c) CuO/CuxO/CIGS Hybrid solar cell structures.

Physical properties of the CIGS material, used in the simulation are available in data base of
SCAPS-1 simulator. The parameters of CIGS, Cu20, CuO, CdS and ZnO used in our simulation
are listed in Table I11.2.
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Table I11.2: Parameters values of CIGS, CuO and Cu2O materials used in the simulation.

Material properties CuO CIGS [ CdS | ZnO
Thickness (nm) 3 To be varied 3 0.1 0.08
Band gap [eV] 1.51 1.2 2.17 2.4 3.3
Electron affinity [eV] 4.07 4.5 3.20 4.2 4.6
Dielectric permittivity 18.10 10 7.11 10 9
(relative)
CB (conduction band) PFESE 2x10" 2 x 10" 2x 10" 2.2x10"
effective density of states
[em”|

VB (valence band) effective [ U 2 x 10" 1.1x10" | 1.5x10" | 1.8x10"
density of states [1/cm’ |
Electron mobility pn[cm’ 100 100 200 100 100
/Vs]
Hole mobility pp [cm’ /Vs] 0.1 2.5 80 25 25
Shallow uniform donor 0 0 0 1 x 10" 1 x10"
density Np [1/cm’]

Shallow uniform acceptor [ESUERECLAZ o 1x10" 0 0
density N, [1/cm’]

I11.8.1 Band diagrams

Figure II1.13 exhibits the energy band diagrams for both (a) CuO/CIGS, (b) Cu,O/CIGS and
(c) Cu2O/CuO/CIGS Hybrid solar cell structures obtained by simulation.

Depending on the solar cell structure and the absorber layers, i.e. the CuO and Cu20 layers
onto CIGS absorber layer, a shift is observed as a stairs form in conduction band energy, this is
beneficial for the collection of electrical charges. The influence of thickness, acceptor
concentration and defect density of CIGS added layer on the CuO/CIGS and Cu2O/CIGS solar

cells performances were obtained by following section.
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Figure I11.13: Energy band diagrams for (a) CuO/CIGS, (b) Cu2O/CIGS and (c)
CuxO/CuO/CIGS Hybrid solar cell structures obtained by simulation.
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I11.8.2 Thickness optimization of CIGS absorber layer for both structures

The thickness and acceptor concentration of p-CIGS absorber layer are found to be important
parameters that directly influence the performances of Hybrid CIGS solar cells. Hence, at first,
The CIGS absorber thickness has been varied to find the optimum thickness for high-performance
Hybrid CIGS solar cells. The results (Figure I11.14) indicate that the efficiency increased with the
absorber thickness, fcigs, but with a much slower rate over 2 um. The optimum thickness for CIGS
absorber layer would be higher than 3 pm. From Figure II1.14, at the thickness of 1 um and 3 pum,
the recorded efficiency is 16.66% and 19.12%, respectively. Comparing the results with the
18.39% efficiency at 2 um, it was found out that a decrease in 1 um of the absorber thickness
resulted in 9.4% decrease in efficiency. On the other hand, increase in 1 um of the absorber
thickness only resulted in 3.8% increase in efficiency. A larger decrease can be observed below 1
um. This calculation result agrees with the expected theoretical assumption that about 1-2 um is
sufficient to absorb most of the incident light. If the absorber layer thickness is reduced below 2
um. The open circuit voltage (Voc) and short circuit current density (Js) are increasing with the
thickness of the absorber layer. This may mainly be due to the increase in the longer wavelengths
absorption, which in turn contributes to electron-hole pair generation. We obtain a maximum fill

factor of 78% when fcigs is higher than 2 pm.
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Figure 111.14: Hybrid solar cell performance as a function of CIGS absorber layer thickness.
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We can achieve a high efficiency of about 25.59% at fcigs = 3 pm with FF = 79.4%, Voc =
0.74 Volt and Js. = 40.11 mA/cm? and about 22.52% at tcigs = 3 um with FF = 76%, Voc = 0.63
Volt and Jsc = 40.01 mA/cm?, for CuO/CIGS and CuxO/CIGS solar cells, respectively.

I11.8.3 Optimization of acceptor density N4(CIGS) for both structures

The acceptor concentration for absorber layer, Na(CIGS), is varied from 10! cm™ to 10"
cm and the simulated photovoltaic parameters are shown in Figure II1.15. A higher acceptor
concentration brings impact on electric field build-up within the space charge region. A higher
electric field reduces the free carrier recombination, which basically increases Vo.. However, a
higher value of Na(CIGS) corresponds to an increase in the carrier recombination in the bulk,
which thus reduces the magnitude of the short circuit current density. This phenomenon is observed
in the Jsc vs. Na(CIGS) plot of Figure III.14. Thus, the simulation reveals that a dominant rise in
Voc up to a tolerable limit of Na(CIGS) would result in improving the efficiency. A small increase
in FF occurs for Na(CIGS) > 10" cm™ followed by a strong decrease for Na(CIGS) > 10'7 cm™.
The maximum fill factor obtained is 84%. The results indicate that the efficiency 1 increases until
it reaches a maximum around 24.13% and the Na(CIGS) is required to be higher than 10'® cm™ to

obtain a good performance.
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Figure I11.15: Effect of acceptor concentration of CIGS absorber layer, Na(CIGS), on
Hybrid CuO/CIGS solar cell performance.
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I11.8.4 Influence of defect state density of CIGS absorber layer for both structures

The photovoltaic parameters corresponding to the J—V characteristics for front illumination
as a function of defect state density, Nt(CIGS), of CIGS absorber layer are presented in Figure
I11.16. We can see that the defects state density up to 10'* cm™ will cause efficiency reduction for

this both kinds of Hybrid CIGS solar cells.

We can achieve the maximum efficiency of about 42.3% at Nr(CIGS) lower than 10" cm™
with FF = 47%, Voc = 1.41 Volt, Jsc = 43.2 mA/cm? and about 39.5% with FF = 81.5%, Voc =
1.02 Volt and Jsc = 42.1 mA/cm?, for CuO/CIGS and Cu,O Hybrid solar cells, respectively. It is
obvious that at Nt(CIGS) = 10! cm™, the cell has a poor performance with n=7.05%, FF = 58.8%,
Voc=0.41V, Jsc = 35.6 mA/cm? for CuO/CIGS Hybrid solar cell, and with n=6.8%, FF = 53.2%,
Voc =0.39V, Jsc = 42.2 mA/cm? for CuO/CIGS Hybrid solar cell.

A o o o o o ) o o -: A1’25_ o |} ) o |} ) 1 i |} 1 1
= 1,76 —=—, CuOQ/CIGS Hybrid solar cell s ~u Cu,O/CIGS Hybrid solar cell
S 1,32 - > 1,001 S~ E
\:) o \I
>,_-,o’88- — - >oO,75- e, :
[ ]
0,44 T 0,50+ \a
E 44,0' " E
S L 39,24 -
< 38,5+ A <
£ £ 33,6+ .
33,0+ . o
2 ~ 28,04 .
™ 27,54 -
84 4 —
= ~ 90 4 / -
S 724 = = .
< < —
t 60+ \ T 751 T .
L. d I
48 -.__./' A 60 4 4
[
unl. unl. unl. unl. unl. unl. unl. - A o | . o | . unl. o | unl. _ﬁ
34,4 —— ] 48 -
_— —_— - = -
£258- "~ g% ~—
p= < 244 pa— 7
17,2 - \ ~~a
12 4 -
8,64 i ~—
1E11 1E13 1E15 1E17 E19 10t 1013 1015 10Y7 109
N(CIGS) (cm~ ) N{(CIGS) (Cm'3)

Figure I11.16: Effect of defect density of CIGS absorber layer, Nt(CIGS), on Hybrid
CuxO/CIGS and CuO/CIGS solar cells performances.
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IIL1.8.5 Study of Cu;0/CuO/CIGS Hybrid solar cell as a function CIGS absorber layer
thickness

Figure I11.17 summarizes the effect of the CIGS absorber layer thickness (from 100 nm to
10000 nm) on the performance of the of Cu,O/CuO/CIGS Hybrid solar cell. Because of its wide
band gap of 2.51 eV for Cu,O layer, 1.91 eV for CuO layer and 1.20 eV for CIGS absorber layers
there are no considerable carriers generated in the CIGS absorber bulk. As expected for a thick
CIGS absorber layer, from top to bottom, the Jsc, the Efficiency, the Voc and the FF all showed
fixed performance parameters of Jsc ~ 40.09 mA/cm?, Efficiency ~ 20.81%, Voc ~0.73 V and FF
~ 71.6%.

<0,83 \ Cu,0O/CuO/CIGS Hybrid solar cell
|
t

A

0 2000 4000 6000 8000 10000
CIGS absorber thickness (nm)

Figure 1I1.17: Cu,O/CuO/CIGS Hybrid solar cell performances as a function of CIGS

absorber layer thickness.
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I11.9 Conclusion

The results of the present work at room temperature simulation for both Cu;0 and CuO solar
cell are calculated using SCAPS-1D simulator, showing a good overall consistency for those listed
in the literature. For both absorber layers, the performance parameters have been optimized for
improving the performance of the Cu;O and CuO thin film solar cells. Our results are in agreement
with the high record conversion efficiency found experimentally of both solar cell structures. The
absorber thickness, the acceptor concentration and the defect state density are optimized in this
work. A good performance was obtained with an optimum thickness of about 3 pm for both Cu2O
and CuO thin films, the acceptor concentration, Na(CuO) and Na(Cu,O) must be higher than 10'®
cm? and lower than 1 x 10'7 cm™ and the defect state density Nt(Cu20) and Nt(CuO) must be
lower than 10" cm™.

Using SCAPS program, the optimized CuO and Cu>O material parameters have been studied
for improving the performance of the Hybrid CIGS thin film solar cell. Our results are in agreement
with the high record conversion efficiency found experimentally for CuO/CIGS, Cu,O/CIGS and
Cu20/CuO/CIGS Hybrid solar cell structures. Through this work we can reduce the amount of
precious materials (indium and gallium) use in CIGS absorber layer. Which is very promising and

further improvements are possible for low cost Hybrid CIGS solar cells.
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General conclusion

In this work, we studied the electrical characteristics of the ZnO/CdS/CuO and
ZnO/CdS/Cu20 heterojunction solar cells. High doped n-type ZnO layer is a TCO layer used as a
window layer which allows light to pass through with minimal reflection, the n-type CdS buffer
layer creates the p-n junction with the p-CuO and p-Cu2O absorber layers. To simulate these solar
cell structures we used SCAPS-1D digital simulation software. The solar cell structures are
subjected to AM1.5G illumination and an operating temperature of 300K were used. The current-
voltage electrical characteristics of the solar cells were calculated for each variation in parameters
of the thin layers constituting the cells. From these electrical characteristics we can derive four
photovoltaic parameters defining the structure, such as: the short-circuit current density (Jsc), the
open-circuit voltage (Voc), the fill factor (FF) and the photovoltaic conversion efficiency (n).

These characteristics are studied and analyzed under the variation of several physical and
geometric parameters, such as: the thickness of the p-CuO and p-Cu.O absorber layers, the
concentration of acceptors Na(CuO) and Na(Cu20) and the density of defects Nt of the heavily p-
doped CuO and p-Cu.0 absorber layers.

It turns out that changes made to the geometrical properties of the two structures based on
p-CuO and p-Cu20 absorbers, the thickness of CuO and Cu2O absorber layers, generally have a
very significant effects on the electrical characteristics of the cell compared to the changes made

to the properties of the CdS or ZnO layers. The optimal thicknesses of both absorbers are 3 um.

We can say that the electronic characteristics of the solar cell based on CuO and Cu.O
absorbers closely depend on the physical parameters such as: acceptor concentration (Na) and/or
defects concentration (Nt) of both absorbers. The optimum performances were obtained with
10'%< Na< 10'” cm™ and Nt < 10% cm?. The results obtained by the SCAPS simulator are

satisfactory and are in agreement with the published results.

A hybrid solar cells is the combination of CuO and/or Cu.O absorber layers with CIGS
photovoltaic technologies in a single solar cell structure. Firstly, CuO/CIGS and Cu,O/CIGS solar
cells are installed separately, emerges the hybrid solar cells, capable of simultaneously generating
electricity with high conversion efficiency. This is due to the ability of the hybrid solar cells to be
able to take advantage of the entire spectrum of existing light. The optimum performances of about
25.8% and 22.6% were obtained with a minimum thickness of CIGS absorber of 2 um for
CuO/CIGS and Cu,O/CIGS structures, respectively. The calculation indicates that the optimum
performances were obtained with 10 < Na(CIGS) < 10*” ¢cm™ and Nt(CIGS) < 10" cm? for

both structures.
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Secondly, Cu.O/CuO/CIGS solar cells is then installed, emerges the good heterojunction
solar cells, we found that there was no considerable effect of the CIGS layer on the cell

performance.

This simulation work opens the way to new perspectives in the photovoltaic field with
potential applications in the field of photovoltaic conversion. We suggest: a) comparing the results
obtained by the one-dimensional SCAPS simulator by others using two oe three dimensional
software, such as SILVACO/Atlas, b) Fabricate the complete ZnO/CdS/Cu0O, ZnO/CdS/Cu,0 and
the Cu,O/CuO/CIGS photovoltaic cell.
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Abstract

In the global context of the diversification of the use of natural resources, the use of
renewable energies and in particular solar photovoltaics is becoming increasingly strong. As such,
the development of a new generation of photovoltaic cells based on CuO and Cu,O seems
promising. In fact, the yield of these cells has exceeded 20% in recent years with certain
development conditions. In this simulation work, we used very powerful software that is very
suitable for the type of our solar cell, called SCAPS-1D. The use of this tool allowed us to study
the performance of ZnO/CdS/CuO and ZnO/CdS/Cu20 solar cells. The geometrical and physical
parameters were studied and their influence on the cell performance were determined. The Hybrid
CIGS solar cell structures including CuO and/or Cu.O absorber layers were optimized.

Keywords: Solar cell, thin films, CuO and Cu20O absorber layers, simulation, SCAPS-1D.
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Résumé

Dans le contexte mondial de diversification de 1’usage des ressources naturelles, le recours aux
énergies renouvelables et notamment au solaire photovoltaique devient de plus en plus fort. A ce
titre, le développement d’une nouvelle génération de cellules photovoltaiques a base de CuO et
Cu20 semble prometteur. En effet, le rendement de ces cellules a dépassé les 20 % ces dernieres
années avec certaines conditions de développement. Dans ce travail de simulation, nous avons
utilisé un logiciel trés puissant et trés adapté au type de notre cellule solaire, appelé SCAPS-1D.
L'utilisation de cet outil nous a permis d'étudier les performances des cellules solaires
ZnO/CdS/CuO et ZnO/CdS/Cu20. Les paramétres géométriques et physiques ont été étudies et
leur influence sur les performances des cellules a été déterminée. Les structures de cellules solaires
hybrides CIGS comprenant des couches absorbantes de CuO et/ou Cu20 ont été optimisées.

Mots clés : Cellule solaire, couches minces, couches absorbantes CuO et Cu20O, simulation,
SCAPS-1D.
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