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Abstract

In this work, we have done a numerical study of solar cells based on cuprous oxide (Cu20)
using the simulation program Silvaco Atlas. In the beginning, we simulated the AZO/ Cu.O
solar cell without a buffer layer where cuprous oxide (Cu20) was an active layer (absorber
layer) and aluminum-doped zinc oxide (AZO) was a window layer, we were able to reach a
good agreement between the simulation results and experimental measurements of this solar
cell (where its efficiency was 2.578 %). As a second study, based on the experimental data,
we combined four different materials as buffer layers ZnO, ZMO, AGO, and ZGeO between
the two AZO and Cu.O layers, it compared the obtained results with the results of the
experimental work, for verify the compatibility of the obtained results with the experimental
results of these solar cells, where we found that the solar cell's efficiency has significantly
risen from 4.26 % (ZnO) to 8.72 % (ZGeO), which is in good accord with the measured
values (4.13-8.23 %). As a third study, in order to improve the performance of the ZnO/
Cu20 heterojunction solar cell, it was proposed to combine many materials such as hole
transport layers (Cul, CuSCN, and NiO). Also, the efficiency was improved by changing the
thickness of the absorber layer, as well as the thickness and doping concentration of the holes
transport layer, as well as the effect of different materials of the back electrode, where the
optimized cell has achieved a remarkable conversion efficiency where it reached 6.36 %.

As a final study, we have improved the efficiency of the ZGeO/Cu20 heterojunction solar cell
through the influence of the bandgap and electron affinity of the buffer layer and the effect of
the electron affinity of the front window, under these considerations, cell efficiency improved

where it reaching 11.30 %.

Keywords: Solar cell, Cuprous oxide, Heterojunction, Simulation, Silvaco-atlas,

Optimization
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General Introduction



General Introduction

The recent noticeable increase in the population around the world led to the need for
continuous use of energy sources based on fossil fuels (oil, coal, and gas) as a result of the
increasing demand for energy, but this in turn led to the creation of more challenges,
including the depletion of fossil fuel reserves, greenhouse gas emissions and other
environmental issues, geopolitical and military conflicts, and ongoing fuel price fluctuations.
These issues will lead to unsustainable circumstances, which will ultimately put human
civilizations in danger that may be impossible to reverse. Despite this, green energy sources
which employ renewable energy sources such as wind, biomass, sun, wave, and geothermal
are the best option and the only way to address the problems that are getting worse [1]. Of all
these energy resources renewable, solar energy is the largest and has the potential to meet all
our energy needs, and appears to be the most promising long-term choice, it is the most
plentiful, inexhaustible, and environmentally friendly alternative available today [2].

Indeed, in recent times, we have begun to notice the increasing dependence on renewable
energies, especially solar energy; this is through enhancing communities’ awareness of
existing environmental problems, developing their sense of responsibility towards them, and
urging them to rely more on it. Where the addition of 200 GW of net worldwide power output
using different renewable energy technologies as of 2020 is depicted in Figure 1(a), with solar
PV accounting for nearly 60 % of all additions. The International Energy Agency (IEA)
anticipates that the capacity of electricity produced by wind and solar PV energy will first
surpass the capacity of electricity produced by natural gas in 2023 and will also surpass coal
in 2024 due to the growing reliance on renewable energy sources, particularly solar and wind

energy (see Figure 1 (b)) [3].
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Figure 1: (a) Additions in net renewable power capacity by technology from 2013 to 2022
.(b) Total installed capacity of power by fuel and technology between 2019 and 2025 [3].

In order for photovoltaic cell technology to play a major and competitive role in the energy
production market, it must provide electrical energy at an abundant and reasonable price, with
the lowest level of environmental pollution compared to traditional electric power plants.
Indeed, this is what researchers are racing for, which has led to paying more attention to solar
cells based on low-cost materials such as cuprous oxide, although there are new, exciting, and
evolving PV technologies like dye-sensitized [4] and perovskite [5] solar cells can achieve
high conversion efficiencies [6], but they degrade over time [7]. Furthermore, proven solar
cell technologies such as Cadmium Telluride (CdTe) [8], Copper Indium Gallium Selenide
(CIGS) [9], and Indium Phosphide (InP) [10] have high conversion efficiencies [10, 11], but
are either costly to manufacture or use hazardous or scarce materials (or both) [12-14]. On the
other hand, oxide PV cells are chemically stable and can be manufactured cheaply, and which
among them is a cuprous oxide (Cu20), as it is an abundant and non-toxic material [15] with
direct band gap energy [16] and a high absorption coefficient [17, 18]. Cu20O-based solar cells
have achieved conversion efficiencies of around 8% [19], with a theoretical efficiency cap of
around 20 % [20]. But the difficulty of the way to make a Cu.O homojunction [21], that's
what led the experts to turn toward the field of Cu2O-heterojunction solar cell research. This
is what we see through there are many reports on heterojunction solar cells based on cuprous
oxide (Cu20).

In view of the continuous efforts in the field of manufacturing solar cells, simulation of solar
cells is necessary and useful before the actual manufacture of them because this will save a lot
of effort, money, and time. There are many simulation programs that allow improving the

yield of cells before manufacturing, including Silvaco Atlas. This thesis seeks to develop a
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model simulation to be used and expanded in the future to assist advanced Cu.O solar cell
developers to make a better solar cell through numerical modeling by SILVACO-ATLAS
software for Cu2O heterojunction solar cells in order to determine the technical and electrical

parameters through the optimal construction that provides the highest of efficiency.

The aim of this work is firstly to simulate, using SILVACO Atlas TCAD software, an
AZO/Cu,0 solar cell without a buffer layer, then the effect of adding four different buffer
layers (ZnO/ ZMO/ AGO/ ZGeO) on its performance. In addition, optimizing the structure of
a ZnO/Cu20 solar cell; for this, we study the effects of different hole transport layers on
ZnO/Cu0 structures and study the effect of other parameters (thickness of both are absorber
and HTL layer and doping of HTL,..). And as a final step, we study the effect of changing the
different parameters (the band gap of the buffer layer, and electron affinity of both buffer and
window layer) for a ZGeO/Cu,O solar cell structure in order to achieve the optimal

construction that provides the highest efficiency.
This thesis is organized into four chapters as follows:

Chapter one

The brief theoretical background of basic semiconductor physics and the base concepts of the

PN solar cell are discussed.

Chapter two

This chapter will be an overview of cuprous oxide and its basic properties and deposition
methods it’s, also will talk about the history and evolution of Cu.O-based solar cells for both
homojunction and heterojunction. Then, the buffer layers used in heterojunction Cu20-based
solar cells and their properties will be discussed. As well as the Challenges associated with

the poor performance of Cu20-based solar cells will be discussed briefly.

Chapter three

This chapter will provide an explanation of the simulation program Silvaco-Atlas that is used
in this study and everything related to its basics of working, as well as the various commands

and instructions needed in it.

Chapter four

In this chapter, we present the results of the simulation and optimization of the cuprous oxide

(Cu20) solar cell and the details of our results, and the discussion of it.
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Chapter 1: Fundamental of semiconductors and solar cells

1.1 Introduction

Most modern electronic devices depend in their work on materials with distinctive physical
and chemical properties, namely semiconductors, which possess the properties of insulators at
low temperatures and have the ability to conduct electricity when their temperature rises to a
certain extent. Extensive research began to identify the structural, optical, and electrical
properties of these materials and the possibility of making maximum use of them in practice,
as this research resulted in the manufacture of resistors, diodes, and transistors. And then solar
cells, as well as the manufacture of integrated electronic circuits, which is the modern
background of the transistor Thus, the field of semiconductor physics has become one of the
most important fields of applied physics, which is still developing and advancing with rapid
steps until it has entered most areas of daily life. Recently, it has become increasingly used in
the manufacture of solar cells, thus becoming semiconductors of the most important materials
used for the manufacture of electronic and optoelectronic devices. The future is still
promising to use these materials more and more. In this chapter, we will address about
semiconductors and will explain the most important knowledge that must be known about
semiconductors, including definitions, types, characteristics, and others, we will also discuss

solar cells and their characteristics in detail.

1.2 Theoretical aspects of semiconductors

A metal, a semiconductor, and an insulator are types of materials. There are two common
ways to categorize a material and distinguish between them. The first way to tell them apart is
by their electrical resistance at room temperature. An insulator's resistivity ranges from 108 to
108 (Q cm), while semiconductors' resistivities range from 102 (Q cm) to 108 (Q cm). Metals
(conductor), on the other hand, have much smaller resistivities where it has a resistivity
between 102 and 10® (Q c¢m) [22], as shown in Figure 1.1.
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Figure 1.1: Resistivity for different type of material [22].

The second way to classify them is by the importance of their bandgap value where the
energy difference separating the conduction and valence energy bands of material is known as
the bandgap. “The bandgap Eg” [23], also known as the "forbidden band", contains no
permitted energy levels for electrons to occupy [24]. Bandgap differences between
conductors, semiconductors, and insulators are shown in Figure 1.2. For conductors (metal),
the conduction and valence bands overlap, leading to no bandgap. Electrons are free to move
immediately at any temperature above absolute zero, as they do not require any energy to be
freed from the valence band. Semiconductors behave like insulators at 0 K, through a packed
valence band and an empty conduction band separated by a bandgap. Since valence electrons
must gain energy equal to or greater than the bandgap to conduct charge, conductivity within
the material increases exponentially with temperature [23, 24], whereas in insulators; the full

valence band and empty conduction band are separated by a large band gap.
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Figure 1.2: The energy bands of (a) metal (conductor), (b) semiconductors, and (c) insulators.

A basic property of semiconductors is the difference between the valence and conduction
bands, or "gap." Figure 1.3 shows the transitions that can be made based on the gap's type.
When a semiconductor material is exposed to external excitation, such as an incoming photon
with an energy E equal to hv higher than the material's gap energy, an electron can cross from
the valence band to the conduction band which means that in this case, the photon can be
easily absorbed and will then, in general, create a single electron-hole pair. Unlike if the
energy of the photon is not high enough to be absorbed. The photon will either be reflected or

absorbed elsewhere, and its energy is lost.

As for the interaction between the incoming light and the semiconductor itself, when an
incoming photon may be absorbed directly without the interaction of a phonon within the
semiconductor, the semiconductor has a “direct gap” where the valence band's maximum
corresponds to the conduction band's minimum in this case as shown in Figure 1. 3 (a). And
on the other hand, when an incoming photon can only be absorbed through interacting with a
phonon within the semiconductor, the semiconductor is said to have an “indirect gap” where
the maximum of the valence band does not match the minimum of the conduction band
because a phonon must now be emitted (or absorbed) for a photon to be absorbed in this
second case as shown in Figure 1.3 (b).
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Figure 1.3: Direct and indirect electron excitations in semiconductors. a) Direct bandgap. b)

Indirect bandgap.

1.2.1 Types of semiconductors

1.2.1.1 Intrinsic and Extrinsic type of semiconductors

Intrinsic and extrinsic semiconductors are two major categories of semiconductor materials.
Intrinsically semiconductors are semiconductors that are chemically pure, or devoid of
impurities [22]. Undoped semiconductors or “i-type semiconductors” are other names for
these materials. The quantity of holes and electrons is thus governed by the material's
characteristics rather than the amounts of the impurity species present. In an intrinsic
semiconductor, the conductivity depends on the ambient temperature where room
temperature, allows a very small amount of current to flow due to high resistance. Adding

certain impurities to intrinsic semiconductors can drastically change their conductivity.

Extrinsic semiconductors are those that have impurities added to them also called 'impurity' or
'doped' semiconductors [25], where the impurities are introduced into semiconductor
materials in a targeted manner to manipulate their electrical properties. It makes it more
suitable for electronic devices. The process of adding impurities is called doping, and the
atoms used as impurities are called dopants. And depending on that, the extrinsic

semiconductors are further classified into p-type and n-type semiconductors [25].
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A dopant atom whose outer layer is rich in electrons will tend to introduce excess electrons
vis-a-vis the rest of the lattice and induce n-type doping, while a dopant atom poor in
electrons will tend to introduce holes and induce p-type doping. The best-known example is
that of silicon, which can be n- or p-doped with phosphorus and boron respectively. The
silicon atom has 4 electrons in its outer shell, each of which can pair with an outer electron of
another nearby silicon atom to form a covalent bond. In total, each silicon atom then has 8
electrons in its outer shell and respects the octet rule. Phosphorus in its outer shell has 5
electrons. By replacing a silicon atom with a phosphorus atom, it appears that the latter can
only bind to 4 silicon atoms and therefore only 4 electrons from the phosphorus can form a
covalent bond with a silicon atom. The phosphorus atom will be surrounded by 9 electrons
and not 8, including a weakly bound electron. The latter can easily be excited towards the
conduction band and thus become a free electron participating in the conduction of the
material: the phosphorus atom has introduced an electron potentially available for conduction
and therefore n-type doping. Conversely, boron has only 3 electrons in its outer layer, so
when these are included in silicon, it can bond with 4 silicon atoms but one of the 4 bonds
will only be with a single electron. It will therefore miss an electron compared to silicon, so a
hole has been introduced. This gap can be filled by an electron coming from another bond, but
this other bond will then present a gap: the gap has moved, which means that the hole has
moved. The introduction of boron, therefore, introduced a mobile hole in the material and
consequently p-type doping (Figure 1.4 and Figure 1.5).

(a) (b)
o @ ® @ o [ o ® ® o

Figure 1.4: A simplified diagram of extrinsic semiconductors (a) phosphorus-doped n-type

semiconductor. (b) boron-doped p-type semiconductor.
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Figure 1.5: Diagram of energy bands of intrinsic semiconductors and extrinsic

semiconductors with n and p type doping.

1.3 P-N Junctions in solar cells

1.3.1 History of Solar Cell

The story of the solar cells goes back to an early discovery of the photovoltaic effect, it was in
1839 [26] when Edmund Becquerel discovered this phenomenon where he noticed a silver-
coated platinum electrode submerged in electrolyte created an electric current when it was
exposed to light [26, 27]. After that, Charles Fritts built the first true solar cells utilizing
selenium in 1883 [28]. The devices developed by Fritts were inefficient, converting less than
1% of absorbed light into electrical energy. Then, Russell Shoemaker Ohl made the next big
advancement in solar cell technology in 1941; he developed the silicon solar cell [29], which

was about one percent efficient [30].

In 1954, three more researchers “D.M. Chapin, C.S. Fuller, et G.L. Pearson” working at Bell
Labs, demonstrated a silicon solar cell when used in direct sunlight, gives 6 % energy-
conversion efficiency [30, 31]. Within a few years, solar cells were commonly used to power
satellites, and other applications followed, where improvements in solar module manufacture,
performance, and quality contributed to lowering the cost in the 1970s. This opened up a lot
of possibilities for powering remote terrestrial applications, such as navigational aids, signals,

telecommunications equipment, and other low-power requirements. Following the energy
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crises of the 1970s, substantial efforts were made to create solar power systems for home and

commercial purposes.

1.3.2 Basics of Solar Cells

A solar cell is an electronic device that directly converts solar radiant energy into electricity
using the photovoltaic effect, when light hits a solar cell, an electric current flows through the
material and produces electricity [32]. Radiant intensity, the spectral distribution of radiation,
light-absorbing materials, and the design of external circuits are all key elements of this
process. For effective photovoltaic energy conversion, semiconductor materials in the form of
pn junctions are also necessary. The production of p-n junctions and basic concepts of
semiconductor materials are first discussed in order to comprehend the operating principle of

conventional photovoltaic devices.

Joining p-type and n-type semiconductor materials result in a p-n junction. The junction is
considered a homojunction if the connecting components are made of the same material. And
heterojunction refers to a junction that is made up of two distinct components. When an n-
type material comes into contact with a p-type material, the n-type material’'s electron mobile
tries to diffuse through the junction and fill the p-type material's holes. Similarly, the holes in
the p-type side will diffuse toward the n-type material and fill the electrons [33, 34].
Meanwhile, these charges leave behind immobile ions that have a negative charge on the p
side and a positive charge on the n side around the junction. These immobile charged ions
provide an electric field that acts against the movement of electrons and holes through the
junction, pushing mobile positive charges toward the p-type material and mobile negative
charges toward the n-type material [34]. The electric field builds up as the diffusion process
continues, until bringing the passage of charged carriers through the junction to a halt. As a
consequence, there creating of a depletion region at the junction, however, some charge
carriers may have sufficient energy to cross through this region by diffusion, even in thermal
equilibrium [34]. This creates a so-called diffusion current, which they become minority
carriers before recombination. Then, when minority charge carriers reach the edge of the
depletion region, it is swept by an electric field and produces a so-called drift current. In
equilibrium, the drifts current and the diffusion current is exactly balanced for both electrons

and holes, as shown in Figure 1.6. The net current through the device is zero [33].

11
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Figure 1.6: The p-n junction.

When a bias voltage is applied externally across the p-n junction, where the p-type
semiconductor is connected to the positive side whereas; the n-type semiconductor is
connected to the negative side. So, the junction is in a forward-biased case as shown in Figure
1.7 (a). In this case, the voltage source's applied electric field is in the opposite direction of
the built-in electric field in the depletion zone. It is also weakening the net electric field, thus
the barrier to the diffusion of the charge carriers from one side of the junction to the other is
reduced. The diffusion current rises as a result of this. Since the external circuit supplies the
bulk of the carriers, a net current flows under a forward bias voltage. While in the reverse bias
state (Figure 1.7 (b)), the negative side is connected to the p-type semiconductor, while the
positive side is connected to the n-type semiconductor, wherein the width of the depletion
region rises with the increase of barrier potential, the applied electric field by the external
voltage source is in the same direction as the built-in electric field the depletion region, this
leading to the increased electric field, which reduces the diffusion current because the
probability that charge carriers diffuse is reduced [33].

12



Chapter 1: Fundamental of semiconductors and solar cells

Depletion Layer
p region n region

(@
p region n region
? ) )

o+V-0

2
e R T E

» l«

Barrier Voltage

(b)
Depletion Layer
p region  nregion p region I n region
280 a m
S— 5 e 9
et %
& > ®
E R =, » ®
- . *
S ® @

Figure 1.7: (a) Forward biased pn junction (b) Reverse biased pn junction.

The illumination on the p-n junction creates electron/hole pairs in the depletion region, due to
the “built-in” electrical field in this region, the photo-generated holes and electrons will move
toward the p-side and the n-side, respectively [29]. As a result, the p side accumulates more
holes, while the n side accumulates more electrons. This charge separation creates an electric
field at the p-n junction that is in contrast to the one already present, lowering the net electric
field and increasing the diffusion current. Preventing the photogenerated carriers from leaving
the photovoltaic device raises the forward bias of the p-n junction to a level where the
photogenerated current is equal to the forward bias diffusion current and the net current is

ZEero.

When an external load is added to the device, the photogenerated electrons are provided an
external direction while the holes remain trapped in the p-type semiconductor. The electrons
will flow from the n-side to the load, where they will recombine with holes waiting on the p-
side to complete the circuit. In this case, the p-n junction's forward bias decreases to the point
that the photogenerated current equals the load current. Since the net electric field around the

p-n junction increases, the diffusion current decreases (Figure 1.8).
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Figure 1.8: Schematic representation of a photovoltaic cell [35].

1.3.3 Solar cell output parameters

Figure 1.9 (a) displays the dark and illuminated J-V curves produced by the solar cell. The
output power is often plotted on the illuminated J-V curve in the first quadrant, where the
performance of a photovoltaic device is primarily characterized by the illuminated (J-V)
curve, as seen in Figure 1.9 (b). It is used to extract the output parameters of the solar cell
including the short circuit current density (Jsc), open-circuit voltage (Voc), maximum power
(Pm), fill factor (FF), and efficiency (n). Since are all these important parameters to consider
when evaluating the performance of a solar cell i.e. these parameters are the key used to

characterize the performance of solar cells.
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Figure 1.9: (a) J-V curves of the solar cell in the dark and under illumination. (b) A typical
illustration of an illuminated J-V curve and a output power density curve as a function of
voltage [36].
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1.3.3.1 Short circuit current Isc

The short-circuit current (Isc) is the current flowing in the cell under illumination and by
shorting the terminals of the cell (when the voltage across the device is zero) where it is the
maximum current, which can be obtained from a solar cell. The flow of Isc is due to the
generation and collection of light-generated carriers. It mainly depends on the number of
incident photons as well as the spectrum, area of the solar cell, optical properties, and the
collection probability of photogenerated carriers [37]. The graphical representation of Isc is

given in Figure 1.9 (b).

1.3.3.2 Open circuit voltage Voc

The open-circuit voltage (Voc) is the maximum voltage obtained from a solar cell. When a
solar cell is open-circuited and no load is connected across it, the current will be at its
minimum (zero), while the voltage is at its highest [37, 38]. Voc corresponds to the forward
bias voltage, at which the photocurrent density is compensated by the dark current density. If
the net current is zero, Voc depends on the photo-generated current density [39] and can be
calculated using the below Equation [40, 41], the schematic of the open-circuit voltage on the

I-V curve is in Figure 1.9 (b).

Iy = Ly + 1, (1.1)

qV
Ir = L, — Is [exp <nK T> — 1] (1.2)
B

When; I =0,V =V, we find:

nKgT I
Voo = ——In [(Lh) + 1] (1.3)
q Is

Where;

Iph: Photo-generated current by the solar generator under illumination (A).
Iq4: The direct current of a solar cell (A4).

V: Voltage across the cell (V).

Is: Saturation current of the solar cell (A).

Kg: Boltzmann constant and equal 1.38 x 10723 J /K.

n: ldeal factor of the solar cell.
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T: Temperature (K).
g: Electric charge (C).

1.3.3.3 Maximum power Pm
The output power of the cell (or generator) is the product of the output current delivered by

the latter and the voltage across its terminals, and is defined as:
Pout = Vour X lout (1.4)

Under short and open circuit conditions, no power is generated. The power output will be zero
if both or anyone will be zero. The power between these two points is positive and the
maximum power point (PPM) of coordinates obtained for V = V,, and I = I,,, [42] so we get
Py =V X I, (1.5)

1.3.3.4 Fill factor FF

The fill factor (FF) is the ratio of the maximum produced power (Pm) by the solar cell to the
product of open circuit voltage Voc and short circuit current Isc [37]. As given in the below
equation:

Pn  In XUy

FF = =
Isc X Voc  Isc X Voc

(1.6)

Where, Vm = Voltage at the maximum power point,
Im = Current at the maximum power point,
Voc = Open circuit voltage

Isc = Short circuit current.

1.3.3.5 The Conversion efficiency n

The performance of a photovoltaic device is usually indicated by its power conversion
efficiency (n), which is one of the most important parameters considered while assessing the
performance of solar cells. Where the efficiency represents the ratio between the electrical
power generated by the cell and the photovoltaic power it receives [29]. This parameter is
calculated by [43]:

Py IpVm g X Vo X FF .
Nphotovoltaic = P - Pt - P; ( ) )

Where:
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E: The intensity of illumination in W/cm?

S: The area of the solar cell.

1.3.4 Losses in solar cells

Simply put, efficiency is a measurement of the amount of power that can be obtained from a
solar cell, and of course, to be cost-effective, it would be desirable for the solar cell to be
highly efficient. In the ideal case, the efficiency of the solar cell will be 100 %, as each photon
impacting the surface of the solar cell transmits its whole energy to an electron-hole pair, and
all carriers keep the absorbed energy and send it to the contacts of the device. There would be
the solar cell with no losses in this circumstance. In fact, in practice no solar cell is ideal. This
is due to many loss processes lowering the potential efficiency of a solar cell. Below we will

mention some of these mechanisms:

1.3.4.1 Optical losses
Optical losses reduce a solar cell's efficiency by decreasing the short circuit current and
preventing the creation of an electron-hole pair for each photon that strikes its surface [44].

Following is a summary of the causes of optical losses:

o Reflection of the light at the interfaces between the several solar cell layers as well as
the reflection of light from the solar cell's first layer.

e When the top electrode shades the solar cell's active surface, light is reflected rather
than allowed to enter [45].

e Long-wavelength photon transmission through the absorber.

1.3.4.2 Recombination

The recombination is the major cause of the loss of photo-generated carriers and due to this
overall efficiency of a solar cell is affected, where some of the charge carriers that are
produced are not collected at the electrodes; instead, some of them recombine, such as when
an electron and a hole combine to send a photon. And this is what affects the current, lsc, and
the Voc. Recombination typically takes place in the bulk, at the interfaces, and at the
junction's surfaces. Charge carriers recombine at lattice defects or impurity atoms with energy

transition levels inside the semiconductor's bandgap [46, 47].
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1.3.4.3 Thermalization

In single-junction solar cells, where photons with energies greater than the bandgap energy of
the absorbing layer form electron-hole pairs, thermalization loss is one of the main losses.
Heat in the semiconductor network is produced from the excess (extra) energy received by the
electron-hole pairs from the photons. This is known as the loss of energy by thermalization
[48]. The bandgap should be as large (wide) as possible to reduce the effect of thermalization
[49].

1.3.4.4 Electrical losses
1.3.4.4.1. Series and shunt resistance effect

Figure 1.10 shows an example of an equivalent circuit of a solar cell with one diode, where
the solar cell can be seen as a current generator, the current is produced by injection from
light. To better analyze the electrical behavior of the solar cells, the equivalent electrical
model based on electrical components is been created. This circuit is composed of a current
source, a p-n junction diode, and a shunt resistor (Rsh) in parallel along with a parasitic series

resistor (Rs).

Rs

VATATAY. g

Figure 1.10: Equivalent circuit model for a photovoltaic device.

When characterizing a solar cell, the shunt and series resistances (Rsh and Rs, respectively) are
two key factors to determine. This due to series resistance Rs is a description of the ohmic
losses in the solar cell's front contacts and the metal-semiconductor interface. On the other
hand, shunt resistance Rsn, represents leak currents at the solar cell's edges and anywhere a
short circuit of the p-n junction occurs [23], where low Rsh causes solar cell power losses than
the quantity of current flowing through the solar cell junction and the voltage generated by the

solar cell are both reduced as a result of this type of diversion. The Rsn effect is more
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pronounced at low light levels because there is less light-generated current. As a result, the
losses in this current to the Rsh have a greater impact.

(a)

Current (J)

Increase series resistance

Valtage (V)
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Figure 1.11: Effect of (a) series resistance and (b) shunt resistance on solar cell performance.

From the figure, we can indicate that the shunt and series resistances have a significant
influence on the module's output characteristic, the major effect of both resistances is to

influence the Fill-Factor [23], although, at a high-value Rs and a low-value Rsh, they can also
reduce the VVoc and Isc, respectively [42, 50, 51].

19



Chapter 2

Cuprous oxide material

and solar cell




Chapter 2: Cuprous oxide material and solar cell

2.1. Introduction

Among the metal oxides, cuprous oxide (Cu20), which has long been researched, where was
one of the first materials, other than selenium, to be recognized as a semiconductor. Also, and
it is desirable since they are affordable, non-toxic, and widely available on earth [15, 18, 52],
It also has several interesting characteristics i.e. a good absorption coefficient [17, 18, 53],
good mobility of the charge carriers [20], and a diffusion length of the minority carriers of a
few micrometers. Also, it has many advantageous optical and electrical characteristics that it
has a significant impact on cell performance. All these combined properties enable Cu.O
material to be a serious candidate for several applications between it is solar cells [54].
Especially, current research is increasingly focused on their usage as a p-type absorber layer
in cuprous oxide-based solar cells. This chapter is a review of the fundamental properties of
copper oxides, including some debating points, and also the methods of deposition and we
discussed a review of the CuxO-based solar cell, as well as some disputed issues and current

developments in cuprous oxide-based solar cells.

2.2. General Presentation

Cuprous oxide (Cu20) material exists in natural form, under the name "Cuprite™ [55], it is also
one of the principal oxides of copper. Among the transition metal oxides, it is stable,
abundant, low cost, and non-toxic [56]. It is a solid that can have a yellow or red appearance,

depending on the size of the particle.

Cuprous oxide is one of three stable copper oxides together with Cupric oxide with the
mineral name tenorite (CuO) and Paramelaconite (CusOs) [55] it is a transitional phase
between cuprite and tenorite, which represents a potential energetically very close to those of
CuO and Cu20 [57]. According to the literature, this phase is a metastable mixed-valence
intermediate compound between Cu20 and CuO [58].

Cu20, Cus03, and CuO all have crystal symmetries that range from cubic to tetragonal and
monoclinic, which gives rise to their diverse range of optical and electrical characteristics
[59], where Figure 2.1 shows the natural forms of the three oxides with a drawing showing

their structures.
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Figure 2.1: Crystal natural and structure of copper oxide compounds: (a)

CuO, (b) Cu:0, and (c) CusOs [55, 60].

2.3. Basic Properties of Cu.0

Cu20 is a semiconductor material with a band gap of 2.1 eV and p-type conductivity [2],
although it is insoluble in water [61]. Unlike most other metal oxides, it Cuprous oxide is a
reddish solid with a density of 6.0 g/cm®. And it has a melting point of 1235°C.

The material's structural, electrical, optical, and thermal properties are often necessary when
material selection and processing decisions are being made during the design of a device. As
shown in Table 2.1 the basic properties clarify the identity of Cu20O also its physical and

crystallographic properties.
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Table 2.1: Physical properties of Cu20 [54, 55, 61].

Properties value
Density 6 g/cm?®
Molar volume 23.44 (cm3.mol™?)
Melting point 1235 °C
Relative permittivity 7.5
Specific heat capacity (Cp) 70 J/(K mol)
Thermal conductivity (k) 4.5 W/(K m)
Thermal diffusivity (o) 0.015 cm?/s
Molecular mass 143.092 g/mol
Solubility Insoluble in water

2.3.1. Structural properties

The crystal structure of Cu20 is the cubic cuprite structure and belongs to Pn3m space group,
which incorporate a full octahedral symmetry, the structure can be viewed as two sub-lattices,
a bcc oxygen sub-lattice interpenetrating an FCC copper sub-lattice that has been translated
by a (1/ 4; 1/4; 1/4), where lattice parameter 4.2696 A [62], as represented in the Figure 2.2.

Cu-Cu =3019A

© Oxygen

o L TS

Figure 2.2: Crystal structure of cuprite Cu20.
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2.3.2. Native defects in bulk Cu20

Figure 2.3 depicts the formation of native point defects, such as copper (VCu) and oxygen
(VO) vacancies, copper (CuO) and oxygen (OCu) antisites, and copper (Cui(oct), Cui(tet))
and oxygen (Oi(oct) and Oi(tet)) interstitials, at two different sites, the octahedral (with
subscript "oct™) and tetrahedral (with subscript “tet”). The interstitial atom at the octahedral
interstitial site is surrounded by six Cu atoms, whereas the tetrahedral interstitial site is
surrounded by four Cu atoms. An antisite is formed when a Cu atom is replaced with an O

atom, and vice versa, i.e., 0xygen in a metal-atom site.

A so-called copper split-vacancy complex defect, indicated by Vcu(s), was also investigated.
This defect is caused by the insertion of an interstitial copper atom between two Vcy, resulting
in the formation of a defect complex. This causes a local geometry distortion around the Cu
vacancy site, Vcy, in which a copper atom close to a V¢y is structurally pushed toward the
unoccupied site and gets coordinated to four oxygen atoms (i.e., two of which were previously

coordinated to the displaced copper atom) [63].

Copper oxide is naturally p-type. Excess oxygen, exhibited as oxygen interstitial, Oi, or
copper vacancies, Vcu, is the primary source of p-type conductivity in copper oxide [64].
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I"(:u(s)

Figure 2.3: Native defects in cuprous oxide super-cell with optimized atomic geometry: a)
ClUi(oct), b) Cuitet), ) Cuo, d) Ocu, €) Oioct), T) Oigtet), 9) Vcu, h) Vo, and (i) Veus). The atoms of
copper and oxygen are represented as orange and red spheres, respectively [63].

2.3.3. Dopants

The concomitant low Cu.O carrier density, which leads to high electrical resistivity and
lowers both the fill factor and the efficiency of the cell, is one of the most notable reasons for
the cell's restricted performance [65, 66]. To get around this, doping Cu20 with the right
impurity could be the best option where the doping or the addition of an impurity atom plays
an important role in the properties of a semiconductor such as conductivity has been greatly
improved and the resistivity value in the Cu20 sheets [67, 68], though the concentration of
impurity may be very small. For enhanced the properties of Cu.O by doping external atoms.
There are several prospects for extrinsic acceptors, including sodium, magnesium, calcium,
nitrogen and nickel, to name a few. Many transition metals have also been tested as dopants

with varying degrees of success, whereas Table 2.2 lists some of these elements.
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Table 2.2: Some of the different elements used in the doping of Cu20.

Elem- Chemical Doping  Temp-
Methods Ref
ent formula content  erature
Ca 1%, 2% 280°C  nebulizer spray technique S. Kumar
Ca:Cu20 ,3% (NST) Jacob et
al. [69]
Ni 0%, 0.5% 500°C  pulsed-laser deposition (PLD) N.
Cu20:Ni and 2% Kikuchi et
al [70]
Mn 5% 700°C  pulsed-laser deposition M. lvill et
Mn-doped Cuz O
al [71]
Mg 5% 450°C  aerosol-assisted metal- J. Resende
Cu20:Mg organic chemical vapor etal [72]
deposition (AA-MOCVD)
N N-doped 0.92at% 280°C reactive magnetron sputtering Wang et
Cu20 al. [73]
Na 1.39at% 60°C The electrochemical G. Elfadill
Na-doped Cu20
et al [74].

2.3.4. N-type Cu20

It has been shown to be challenging to obtain n-type conductivity in Cu2O. Meyer et al [75].

Through the effective mass theory, estimated that the donors in Cu20 had higher binding

energies (266 meV) than the acceptors (156 meV), because of the high intrinsic acceptor

concentration and high ionization energy, very large donor concentrations would be needed to

overcome the p-type conductivity at room temperature. Despite Cu.O's inherent p-type

conductivity, n-type behavior has been documented in the literature [17, 76-78].

The literature is still divided on the origin of n-type doping. The oxygen vacancies (Vo) [79,

80] and copper anti-sites (Cuo) [81] are suggested. These were later refuted by a DFT study

that found that Cu2O's n-type behavior cannot be caused by intrinsic defects [82]. They come

to the conclusion that the deep transition levels of the intrinsic n-type defects rule out those

defects as possibilities. The most intuitive candidate, Vo, is stated no to have a transition in
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the bandgap at all, disqualifying him or her for this task. One theory is that the n-type
conductivity results from extrinsic impurity doping by substances like ClI or F, which have
been suggested as potential donor dopants in Cu20 [79, 82, 83].

2.3.5. Cu20 Band Structure

From a work, by Heinemann et al [84]. The Cu20 band structure was calculated using density
functional theory (DFT). This result is shown in Figure 2.4, in the upper image the band
structure, and in the lower image the corresponding Brillouin zones for Cu20 [84]. In the
shaded area around point I" of the band structure, the two parabolic lines represent the valence
band (bottom) and the conduction band (top). The gap between these two bands is the Cu,0O
bandgap and is approximately 2.2 eV in this image. There is another parabolic band just
above the conduction band and the space between that band and the valence band is about 2.6
eV. These two gaps are shown again in Figure 2.5, but in this case, the only point in the
Brillouin zones is point I'. The first gap is at 2.17 eV, while the second gap is at 2.62 eV,
which is 0.45 eV wider. The direct bandgap (2.17 V) and the optical gap (2.62 eV) are the
terms used to describe these two bandgaps [75].
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Figure 2.4: (a) The Cu20 band structure and state density from DFT calculations. (b)

Brillouin zones of cubic Cu20 [84].
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Figure 2.5: Cu20 energy band diagram around the I" —point [75].

2.3.6. Origin of p-type conductivity

Cu-rich/O-poor Cu-poor/O-rich

Formation Energy (eV)

I
. 1.5 .
Fermi Level E_ (eV) Fermi Level E, (V)

Figure 2.6: Formation energies as a function of Fermi level position for native point defects
in Cuz0 [82].

The computed formation energies (solid lines) and transition (i.e. ionization) energies of
intrinsic point defects in Cu.O under both Cu-rich/O-poor and Cu-poor/O-rich circumstances

are shown in Figure 2.6, demonstrating that Cu,O meets all of the aforementioned
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requirements. Copper vacancies (Vcu) and oxygen interstitials (Oj) are the two probable native
acceptors in Cu20. Because O; (in tetrahedral and octahedral configurations) have deep
acceptor levels (i.e. very high ¢ (0/-) and ¢ (—/2-) transition levels with respect to the Vewm),
they cannot form holes. € (g/q’) denotes the transition level at which the charge state of defects
changes (i.e. g— q'); for example, ¢ (0/-) denotes the transition level at which the charge state
changes from charge-neutral to (-1) charge state. Vcy, on the other hand, has the lowest
formation energy with a shallow acceptor level (i.e. tiny ¢ (0/-) ionization energy of EV +
0.28 eV) under both Cu-rich and Cu-poor circumstances [85]. This suggests that V¢, is the

primary source of Cu.0O holes and that it meets conditions (a) and (b).

Oxygen vacancies (Vo) and copper interstitials (Cui) are two potential native donors in Cuz0.
Despite Vo having low formation energy, it does not have a charge transition level inside the
bandgap, as seen in Figure 2.6. As a result, they can only exist in the charge-neutral state and
so cannot compensate for the holes generated by Vcu. Furthermore, despite Cu;i having a
positive charge state, it has far greater formation energy than Vcy, making them incapable of
efficiently compensating holes [85]. As a result, the p-type conductivity attributed to Vcy
dominates in Cu20, and the p-type conductivity of Cu.O is fundamentally stable under all

growth circumstances.
2.3.7. Optical properties

Thin films of Cu.O have many optical properties that distinguish them from other materials
and make them the focus of researchers' attention, where band structure, band gap energy, and
optically active defects are among the physical characteristics of thin films that may be
determined using optical characterization. These data were used to calculate the band gap and
the kind of electrical transitions. An electron is moved from the valence band to the
conduction band after a semiconductor absorbs a photon with energy greater than its energy
band gap. As a result, the material's absorbance to the wavelength corresponding to the band

gap energy abruptly rises [86].

Numerous theoretical calculations and experimental studies have already been conducted on
the band gap and optical properties of Cu.0, where Cu20 has a direct forbidden gap of about
2.17 eV and a direct optically permitted band gap of 2.38- 2.62 eV (low-temperature values),
which are well known from experiments [58, 87], Cu2QO's optical gap changes depending on
the elaboration and shaping. Cu2O's optical gap is near 2 eV in the bulk state [76], but higher

values have been seen on films [64]. A quantum confinement effect connected to a decrease
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in particle size is used in the literature to explain this increase in the gap [88] since it has a
wide band gap of 2.137 eV, light with a wavelength longer than 580 nm (in the yellow region)
can travel through it in a thin layer. However, it should be noted that in thin layers, the
prohibited band may differ from this value, which applies to solid and pure oxide.
Additionally, for thin films, the optical gap rather than the prohibited band is frequently taken
into account. Green radiation is partially transmitted whereas blue radiation is either
completely absorbed or partially transmitted when the wavelength of the light is below 580
nm. Thin layers of Cu.O, therefore, seem clear yellow to the unaided eye. This is related to
the fact that the band gap in thin films can vary depending on the deposition conditions [89].
All this partial transparency to visible light, together with its semiconducting properties,

makes cuprous oxide a good candidate as a transparent p-type conductive oxide.
2.4. Methods of fabrication of Cuprous Oxide

Cuprous oxide (Cu20) has sparked a flurry of research on how to grow it using a wide range
of techniques, from chemical to physical, under vacuum or at atmospheric pressure, where the
popular methods for obtaining it include thermal oxidation, chemical vapor deposition (CVD),
sputtering, sol-gel, and electrodeposition (ECD). And due to the many sedimentation

techniques, we have sufficed with only three techniques, which are as follows:

2.4.1. Thermal oxidation

Thermal oxidation has been widely utilized to manufacture several high-quality metal oxides
due to its simplicity and low cost [90]. Where clean wafers are sited in the wafer load station
and introduced dry nitrogen (N2) is into the chamber, while the furnace achieves the
appropriate temperature (a horizontal or vertical tube furnace), where the nitrogen prevents
oxidation. When the chamber reaches the desired temperature, the nitrogen gas flow is shut
off and oxygen (O) is introduced, where the source of the oxygen might be a gas or water
vapor. Depending on the process used (Wet or dry thermal oxidation), Heat is used in both
processes to speed up the reaction rate. Dry oxygen is pumped into a heated process chamber
in dry oxidation, whereas oxygen-saturated water vapor or steam is utilized in wet oxidation.
[91]. Then nitrogen is reintroduced into the chamber once the oxidation is complete and the
oxide layer has reached the desired thickness to prevent further oxidation. The wafers are then
taken out of the chamber and checked before being ready for further processing [91]. Cu.O

sheets had previously been produced via thermal oxidation of copper films in the air at
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appropriate temperatures for a few minutes to a few hours, according to earlier studies.
Atmospheric oxygen diffuses into copper sheets during the thermal oxidation process, and the
possibility of the formation of a mixture of two major oxide products, such as CuO and Cu.O
cannot be ruled out during the annealing process. And it is entirely dependent on the amount
of oxygen present during the annealing process, that Cu.O is formed first, followed by CuO

after a sufficiently long period of oxidation [62, 90].
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Figure 2.7: (a) Formation of Cu20 and CuO. (b) Thermal Oxidation Furnace.

2.4.2. Electrodeposition

Electrodeposition has piqued the interest of researchers in recent years, it is the most
promising technology for forming Cu20O due to its ease of usage, low cost, low-temperature
method (100 °C), and simple control of film quality [92]. Electrodeposition can be done using
a one- or two-electrode setup, with a reference electrode as the third electrode. A working
electrode, which is a conduction substrate, a counter electrode, which might be a metal or
carbon piece, a voltage source, and an electrolyte solution are all required for

electrodeposition [93-95]. The reduction of Cu?* ions to Cu* ions is the initial stage in this
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deposition process. Because the ion is not stable, the second step is the precipitation of these
Cu" ions to create Cu20. As illustrated in Equations (2.1 (a)) and (2.2 (b)) [96].

Cu*t +e” o Cut (2.1 (a))

2Cut + H,0 < Cu,0 +2H* (2.2 (b))

2Cu?* + H,0 + 2e~ o Cu,0 + 2H* (2.3 (c))
Reference

Electrode

Working M\
Electrode '

Counter .
Electrode Potentiostat

(Pt)

Electrochemical
Cell

Figure 2.8: The schematic of Electrodeposition system [97].

2.4.3. Magnetron sputtering

Magnetron sputtering is an ionized gas, preferably inert (argon gas), accelerated by an electric
field towards the cathode where the target materials are located in a sputtering deposition.
During the procedure, High-energy ions erode the surface of the target within the plasma, and
the liberated atoms travel through the vacuum environment and deposit onto the substrate to
create a thin layer [98, 99]. The schematic representation of the magnetron sputtering set-up is

shown in Figure 2.9.
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Figure 2.9: Schematic of a magnetron sputtering system and the deposition process [100].

2.5. Cu20 based- Solar Cells

The problem that photovoltaics mainly address is that the component elements of commercial
photovoltaic technologies have some concerns and drawbacks as amorphous silicon is easily
degradable, cadmium is highly toxic, tellurium and indium are not present in sufficient
quantities in the lithosphere element, all these make difficulty large scale production of these
materials economical. On the other hand, direct bandgap and it in the visible near-infrared
range, earth-abundant, non-toxic materials, easily repeatable deposition process, appropriate
for large-scale production; good PV conversion efficiency; long-term stability are the general
characteristics of the perfect SC material [101]. This explains the great demand that cuprous
oxide has received in this field because according to this perspective, a very promising Cu.O
solar cell device. Another one of the motivations for the study of Cu2O as a material of the
solar cell is that it has a theoretical power conversion efficiency limit of around 20 %
according to (the Shockley-Queisser efficiency limit) [102]. Although the earlier discovery of
Cu20 received little attention at that time, except that Cu,O was revived as a prospective
material for low-cost solar cell manufacture in the 1970s as a viable energy solution following

the oil crisis [103]. And so the research on it continues to this day.

33



Chapter 2: Cuprous oxide material and solar cell

2.5.1. Homojunction Cu20 solar cells

the main factor limiting the maximum efficiency of Cu20 cells was attributed to the lack of n-
type Cu20 since an approach to achieving n-type doping has not yet been fully developed
therefore lack of deposition techniques for the production of high-performance n-type Cu,O
solar cells [104, 105]. Whereas due to the lack of interface strain in homojunction Cu0, it
was widely assumed that the only option to obtain high-efficiency Cu.O-based solar cells was
to fabricate homojunction Cu.O. But this issue led to it has not been possible to make an
efficient homojunction of the type n-Cu,O/p-Cu.0, although there are some reports on n-type
Cu0 fabricated [96, 106, 107]. For example, Siripala et al. demonstrated the development of
n-type Cu20 films employing the electrodeposition method in 1986 [108]. Also, Han and Tao
fabricated Cu20O homojunction solar cells using a two-step electrochemical deposition process
and achieved an efficiency of 0.1 % [78], and there too, McShane et al. used electrochemical
deposition of the p-Cu.O/n-CuO layer to produce Cu.O homojunction solar cells with a 0.29
% efficiency [109, 110]. And A Cu20 p-i-n homojunction solar cell with an Mn-doped i-type
electrodeposited Cu2O film and a Na-doped thermally oxidized Cu»O film has achieved the
best efficiency of 4.21 % thus far [111]. The open-circuit voltage of the Cu.O p-n
homojunction in the previously reported studies, however, was substantially lower than the
theoretically predicted value, which is determined based on the bandgap of Cu.O [102].
Therefore, these studies indicate that the performance of Cu2O p-n homojunction solar cell
devices needs to be further improved. The structural scheme and the energy band diagram of

the Cu20 homojunction solar cell in Figures 2.10 and Figure 2.11, respectively.

/ Top contact: Cu, Al, ITOsput

O,

p-Cu:0

Back contact: Au or ITOcom

Figure 2.10: p-n Cu20 homojunction solar cell [109].
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(a) Before cotact (b) After contact

p-Cu,0 n-Cu,O p-Cu,0 H i n-Cu, O

Figure 2.11: Energy diagram (a) before and (b) after contact of p-Cu2O and n-Cu.O.

2.5.2. Heterojunction Cu20 solar cells

Due to a lack of knowledge and development of n-type Cu20, homojunction Cu20 solar cells
are less advanced than heterojunction Cu.O solar cells. This limitation can be solved by
forming a heterojunction with a different n-type semiconductor with a band structure
compatible with Cu20. And this is what happened, where many studies have also focused on
Cu20-based heterojunction solar cells. For example; Minami et al. [112] and Mittiga et al.
[113], in 2004 and 2006 they made the TCO/Cu.O heterojunction where used two different
methods to prepare TCO thin films (pulsed laser deposition (PLD) and ion beam sputtering,
respectively) on a Cu20 sheet prepared by oxidizing copper at a high temperature. These cells

produced had a conversion efficiency of 1.21 % and 2 %, respectively.

The n-ZnO/p-Cu20 heterojunctions were produced by lzaki in 2007 by low-temperature
electrodeposition of ZnO and Cu20 layers in aqueous solutions, with a conversion efficiency
of 1.28 % under AM 1.5 illumination [114].

Minami et al. [115] produced an AZO/ ZnO/ Cu20 junction in 2011 using pulsing laser
deposition (PLD) of the AZO and ZnO on oxidized copper sheets. This cell has a 3.83%
efficiency and a 0.69 V open circuit voltage. In 2013, Nishi et al. [116] and Minami et al.
[117] made the same structure of this solar cell with the same methods of deposition. The
conversion efficiency this time was much higher, where reached was 4.12 % and 4.13 %,

respectively.
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More recently, in 2013, Minami et al. [117] made a similar compound in which PLD was used
to deposit first a Ga20Os3 buffer layer and then the n-type AZO layer on a thermally oxidized
copper sheet. The conversion efficiency was much higher this time, 5.38 %.

A Cu20 heterojunction solar cell with n=3.97 % and with Voc a of 1.20 V was reported by
Lee et al. in 2014 [118]. This device has an electrochemically deposited Cu20 layer, above it;

we deposit a Ga;03 buffer layer 10 nm thick by atomic layer deposition (ALD).

Atmospheric atomic layer deposition of Zno.7sMgo.210 over thermally oxidized cuprous oxide
was used to manufacture Zno79Mgo.210/ Cu2O heterojunctions in the open air at low
temperatures by Levskaya et al [119]. These heterojunctions gave solar cells a power

conversion efficiency of over 2.2 % and an open-circuit voltage of 0.65 V.

So far, Minami et al [19]. Have reported the best possible Cu.O heterojunction in 2016, this
time again PLD was used to deposit a ZGeO buffer layer on the thermally oxidized copper

plate, and then an n-type AZO layer. The realized conversion efficiency is 8 %.

Zang et al [120]. In 2018, used a rapid quenching and post-annealing treatment of radical
oxidized Cu0 to produce precisely oriented and micrometer-sized Cu,O crystals for
ZnO/Cuz0 solar cells. Their experimental results showed that the energy conversion
efficiency (PCE) is 3.18 %.

In 2019, Miyata et al [121]. Used sputtering apparatus with their newly invented multi-
chamber system to prepare n-type oxide semiconductor thin films for improving the
photovoltaic characteristics of Cu.O-based heterojunction solar cells, where they also
achieved the greatest efficiency (3.21 %) in an AZO/ p-Cu20 heterojunction solar cell. This
value achieves the same or better properties than AZO / Cu20 solar cells of similar structure,

manufactured using the pulsed laser deposition process.

In 2020, Miyata et al [122] improved the photovoltaic properties of Cu20-based
heterojunction solar cells that adopt a binary oxide n-type layer composed of non-doped ZnO
thin films. This layer is prepared based on low-damage radio frequency (r.f.) power
superimposed direct current (d.c.) magnetron sputtering deposition (MSD) and a multi-

chamber system, where the efficiency of this cell was 3.22 %.

In 2021, Soichiro shibasaki et al [123] developed a transparent Cu2O solar cell with power
conversion efficiency (PCE) of 8.4 %, the highest in the world for this type of cell.
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All these details of developments in Cu2O heterojunction solar cells are summarized in Table
2.3.

Table 2.3: Some Cu»0-based heterojunction solar cell efficiency latest developments (to
2020).

Type of junction PCE (%) Deposition method Year
TCO/ Cu0 1.21 Pulsed laser deposition (PLD) 2004
TCO/ Cu0 2 lon beam sputtering 2006
n-ZnO/p-Cu20 1.28 low-temperature electrodeposition 2007
AZQO/ Zn0O/ Cu,0 3.83 pulsing laser deposition (PLD) on Cu,O sheet 2011
AZO/ ZnO/ Cu0 4.13 pulsing laser deposition (PLD) on Cu,O sheet 2013
AZO/ Ga,0s/ Cu,0 5.38 pulsing laser deposition (PLD) on Cu,O sheet 2013
Gaz0s4/ Cu0 3.97 atomic layer deposition (ALD) 2014
Zno.79Mgo.210/ Cu20 2.2 Atmospheric atomic layer deposition 2014
ZGeO/ Cu0 8 Pulsed laser deposition (PLD) on Cu,0 sheet 2016
Zn0/ Cu0 3.18 rapid quenching and post annealing treatment of 2018
radical oxidized
AZO / Cu,0 3.21 pulsed laser deposition (PLD) 2019
AZO/ Cu0 3.22 magnetron sputtering deposition (MSD) 2020

Figure 2.12 shows a summary of some significant attempts and achieved conversion
efficiencies in the past fifteen years. Cu.O-based heterojunction solar cells which show
progressive and increasing efficiency during the last decade, where the recent industrial
development of this technology by Minami groups and etc. portends significant growth in the

near future.
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Figure 2.12: Power conversion efficiency in Cu20-based solar cells by year of publication.

2.5.2.1. Some buffers layers used in the Cu.O HJSC

As we mentioned above the production of n-type semiconductor/p-type Cu.O heterojunction
solar cells reported in a large number of scientific papers used. Consequently, there are a
number of n-type material candidates for building heterojunctions with cuprous oxide,
including ZnO, ZMO, AGO, and ZGeO. And we will only talk briefly about these three
oxides.

2.5.2.1.1. Zinc oxide (ZnO)

ZnO is an 11-VI semiconductor with an ionicity that falls in between covalent and ionic. It
crystallizes in three structures: wurtzite, zinc blended, and the rarely observed rocksalt. In
comparison to other possible crystal structures, the wurtzite structure is the most stable and
consequently the most frequent under ambient circumstances [124]. With lattice parameters a
=3.25 and ¢ = 5.21, ZnO crystallizes in the wurtzite hexagonal crystal structure (space group
P63mc) (see schematic in Figure 2.13). This structure is the result of the superposition of two
hexagonal-close-packed (hcp) Zn and O sublattices, where the zinc atoms and oxygen atoms
are connected tetrahedral coordination and vice versa [125]. It is an n-type transparent
conductive oxide (TCO) having a large exciton binding energy of 60 meV, a wide bandgap of

3.37 eV, high electron mobility, high thermal conductivity, and strong piezoelectric responses
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[126]. This made it among the candidate materials to be the buffer layer in Cu,O-based

heterojunction solar cells.

Figure 2.13: Schematic representation of ZnO wurtzite structure [127].

2.5.2.1.2. Zinc— Magnesium —-Oxide thin film (Znix Mgx O) ZMO

In order to improve the properties of a ZnO material the addition of the element Mg to zinc
oxide, enables controllable changes to the material's work function, band gap energy, and
lattice parameters [128]. This by substituting other bivalent metals, like Cd and Mg, for Zn, is
one of its most intriguing properties. Mg substitution inside the ZnO lattice would result in an
increase in the band gap dependent on the Mg content, whereas MgO is the prototype of an
ionic compound semiconductor with a large band gap of 7.8 eV [129]. As shown in Figure
2.14.
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Figure 2.14: Schematic representation of Zn1-xMgxO structure [130].

2.5.2.1.3. Aluminum-Gallium-Oxide thin film (Alx -Gai1-x-0) AGO

Among the five polymorphs (phases) possible of Ga,0O3 [131], p -Ga203 has gotten a lot of
interest and has gotten a lot of research because of its high physical, chemical, and thermal
stability [4], where there are 2 kinds of coordination of metal ions in B-Ga20Os, i.e. tetrahedral
and octahedral, where the location of both tetrahedral coordination of Ga (1) and octahedral
coordination of Ga (2) ions in the unit cell Figure 2.15 (a) [132].

Alloying is a common way of modifying semiconductor features such as lattice constants,
bandgaps, and valence- or conduction-band offsets (which are important to control or confine
carriers in heterostructures) [133]. And This is the reason for adding In and Al to f-Ga20s,
resulting in B-(In, Ga)203 and B-(Al, Ga).03 alloys. Considering that the Al.Os3 is an excellent
candidate, with a bandgap of 8.82 eV in the corundum (sapphire) phase [134], with lattice
constants of a = 4.76 A and ¢ = 12.99 A, as shown in Figure 2.15 (b). And therefore, the
bandgap of (AlxGai-x)203 alloy can be controlled by changing the Al composition from 0 to 1
[135], which has a tunable bandgap ranging from ~4.8 eV (B-Ga203) to 8.7 eV (a-Al203)
[136, 137]. This allows for the implementation of a variety of semiconductor heterostructure
designs [136]. Thus these features of (AlGa) Oz (Figure 2.16), made it a promising candidate

for forming a pn heterojunction with cuprous oxide.
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Figure 2.15: Schematic illustrations of (a) the monoclinic () phase structure of Gallium oxid
[132] (b) Corundum structure of Al,O3 [138].

Figure 2.16: Schematic illustrations of AlxG1-xO structure [139].

2.5.2.1.4. Zinc-Germanium-Oxide thin film (Zn1-xGexO) ZGeO

Zn1xGexO is an alloy of two binary compounds ZnO and GeO». Indeed, experimental
evidence on the ternary complex Zn,GeOQs is limited, with just a few studies focusing on
different Zn/Ge ratios. The composition of the material also plays a key role in achieving
good performance. Currently, the best cell yields are obtained for Germanium On the
optoelectronic level, these ratios influence more or less directly a certain number of the
optical properties of Zn1xGexO, in particular the bandgap Ej, and electron affinity y. They

showed that a direct energy gap of the material (homogeneous in composition) is empirically
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linked to its Ge ratio, where X is the Ge ratio, typically, the ZGeO gap varies between 3.34 eV
for pure ZnO and 6.00 eV for pure GeOx.

25.2.2. Methods of fabrication of n-type semiconductor Oxide (Buffer layer)

We also know that the photovoltaic parameters of heterojunction solar cells are affected by
the methods and conditions of deposition of absorber layers (active layers). the same with the
buffer layer, where it was also found that the obtained photovoltaic properties in the Cu20-
based heterojunction solar cells are considerably affected by the preparation conditions of the
n-type buffer layers used [117]. Among the most common methods of deposition of buffer
layers in Cu2O heterojunction solar cells, such as sputtering, anodic oxidation,

electrochemical deposition...etc, we will mention only two methods, as follows:

2.5.2.2.1. Pulsed laser deposition (PLD)

For the production of metal oxide and complex metal oxide, the PLD technique is a versatile,
promising, simplest, and frequently used method, where the target material is vaporized in an
ultrahigh vacuum or in the presence of gases such as oxygen using a powerful pulsed laser
[140, 141]. The deposition is carried out in the presence of chemically reactive gas, where the
gas molecules interact with the ablated material and deposit on the substrate in a reactive
pulsed deposition [140]. The schematic representation of a pulsed laser deposition technique

is shown in Figure 2.17.
Laser beam

Port with
quartz windov

Target
carrousel Heatable

sample stage

Substrate

Laser plume

Rotating target Vacuum chamber

Figure 2.17: Schematic diagram of the PLD system [140].
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2.5.2.2.2. Atomic Layer Deposition

Atomic layer deposition (ALD) is a CVD-based technique for growing thin films with high
precision and it is considered the most advanced version of the traditional CVD process [142-
144]. ALD (atomic layer deposition) is a chemical vapor deposition method depended on self-
limiting gas—solid reactions mechanism [145]. ALD, on the other hand, is a cyclic process in
which film growth is achieved by the repeating of cycles, each of which contains multiple
steps, which it is providing for good surface coverage with extremely precise control of
deposited thickness [143]. Figure 2.18 shows how a thin film is formed in units of atomic

layers on a wafer.
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Figure 2.18: Shows the ALD Process deposition technigque [146].

2.5.2.3. Some features of the buffer layers to improve the properties of the

solar cell
The introduction of a buffer layer (BL) is recommended when heterojunctions are fabricated,
since it allows the networks between different crystal structures to be coupled and,
consequently, minimizes the density of interfacial states that occur in the contact plane

between both materials. The BL must satisfy some conditions:

e Thickness: From the point of view of electrical transport, the BL must be minimally
thick, a few nanometers, to allow tunneling current, which is one of the transport
mechanisms present in heterostructures. In addition, the use of the buffer layer favors
the reduction of interfacial recombination [118]. It is necessary that the BL does not

have thicknesses comparable to those of the adjacent layers, because it could
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contribute to the series electrical resistance of the heterostructure since, generally, the
buffer layers used in this type of structure exhibit high resistivity [147, 148].

e Lattice parameter: The selection of BL lattice parameter should be chosen to
facilitate the coupling between the two semiconductor oxides, that is, to allow a less
abrupt transition between both crystalline structures that form the interface.

e Bandgap width: The BL will form part of the window layer of the heterostructure;
therefore, its Eg is required to be wide, allowing the passage of most of the solar

radiation toward the active layer.

2.5.2.4. Challenges associated with the poor performance of Cu.O HJSC

When considering the Schockley—Queisser limit (SQL) and other important factors such as
materials abundance, low-cost fabrication, suitable band alignment, and the possibility of
having semitransparent devices, Cu2O solar cells emerge as one of the most promising
technologies with significant potential. However, the maximum experimental efficiency of 8
% remains to be far from its predicted theoretical efficiency. The origin of this weak
efficiency is still unclear, and several relevant issues are thought to be possible sources, we

mention the following:

2.5.2.4.1. Interface Problems at the heterojunction

Interfacial defects, which arise from the lattice mismatch between the individual materials as
well as roughness and a step structure formed at the grain boundary (i.e., the surface) of the
absorber layer sheets by chemical etching associated with differences in the crystal plane
(crystalline direction) of the growth, are one of the largest drains on the effectivity of Cu20-
based cells that have been identified. All of this lowers the PN-built-in junction's potential and
creates the recombination current that is created at the heterojunction’s interface. As a result
of which its photovoltaic characteristics are reduced [19, 149]. Also, according to many
studies and due to the use of separate deposition techniques, the CuO layer has always
undergone oxidation before the deposition of the buffer layer, and an undesirable CuO layer
was formed at the junction, which is harmful to device performance. CuO will create new

interfacial defect states, which will enhance recombination [150].

25.2.4.2. Conduction band offset between Cu20 and an n-type layer

For optimum minority carrier transportation, any possible spike-type in the conduction band

at the heterojunction should be reduced. Cu.O's electron affinity is as low as 3.2 eV, making it
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challenging to find an n-type partner with a similar electron affinity. As illustrated in Figure.
2.22, Brandt et al surveyed band offset between Cu20 and a wide range of n-type materials,
which provides useful information [151]. For example; the conduction band offset between
Cu20 and ZnO is as high as 1.2 eV, which could be the reason for its low open-circuit
voltage. In contrast, a low offset of 0.04 eV was observed between Cu,O and ZGeO, which

can explain its high performance to date.
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Figure 2.19: Band energies of n-type materials with respect to Cu.O. All energies are
referenced to the valence band of Cu20 [151].
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3.1. Introduction

The device physics can be investigated using a numerical device simulator, which helps you
to "observe and visualize" through cross-sections within a device. Simulation offers a taste of
the virtual fabrication laboratory environment, in which we can perform methodical and
thorough optimization of device design parameters, with the benefit that a parameter can be
varied according to the necessity without costing a penny, and the results can be obtained in a
very short time rather than waiting a long time in the actual fabrication laboratory.
Furthermore, as numerical simulations are backed up by accurate physical and/or theoretical
models, the outcomes can be extremely useful and substantive. A numerical device simulator,
in particular, is important for researching novel technologies and understanding device
mechanics, such as solar cells, since it helps users to change several device parameters in a
limited amount of time. This leads to the continuing research and development of products
like this.

3.2. Simulation Tools

The most widely used free-of-charge software for solar cells is PC-1D [152], SCAPS-1D
[153], wxAMPS [154], and AFORS-HET [155]. These -mentioned four softwares are useful,
however, they all address individual solar cell viewpoints, without providing complete
coverage of the complex combination of phenomena that actually take place.

PC1D is computer software for IBM-compatible personal computers that solve the fully
coupled nonlinear equations for the quasi-one-dimensional transport of electrons and holes in
crystalline semiconductor devices, with a focus on photovoltaic devices [152]. It is designed

for Si PVs and is popular because of its easy methods and quick calculations.

SCAPS-1D is a one-dimensional solar cell simulation program developed at the Department
of Electronics and Information Systems (ELIS) of the University of Gent, Belgium. This
original program is developed for cell structures of the CIS and the CdTe family, considering
ion injection conditions that are not uniformly distributed [156]. Kim et al. succeeded in
simulating of CIGS/c-Si tandem solar cells using SCAPS-1D [157].

The wxAMPS program is a 1D solar cell modeling program developed at the University of
Illinois at Urbana-Champaign in collaboration with Nankai University in China [158]. It
follows the physical principles of AMPS, adding the contribution of tunneling current,

improving convergence and velocity, and improving visualization [159].
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AFORS-HET is a numerical simulation tool for modeling heterojunction and homojunction

devices [160]. It should also be capable of simulating perovskite/c-Si tandem solar cells [161].

2D and 3D software’s such as SILVACO TCAD, etc were also developed for better and more
accurate modeling of devices and are very useful for more realistic simulation prior to device
design and manufacturing. Unlike the four solar cell simulation models mentioned above,
which are based on a combination of discrete electrical components, this novel model enables
direct manipulation of materials, dimensions, and doping and may be used to extract the
electrical properties of a solar cell based on the virtual manufacturing of its physical structure
[162]. Silvaco is an American company corporation based in Santa Clara, California. It is a
leading provider of technical simulation software chains, with applications for modeling
analogue and computer circuits in all fields of electronics. Since being established by Dr. Ivan
Pesic in 1984 [163], SILVACO has developed into the most significant semiconductor device
simulator. The company's software includes everything from basic modeling to complex

integrated circuit schematics and mining tools.

3.3. SILVACO overview

SILVACO TCAD is referred the acronym for Silicon Valley Corporation Technology
Computer Aided Design. It is a package for simulating the semiconductor process that
combines numerous physically based simulators (such as ATHENA, ATLAS, MERCURY,
SSUPREMS, etc.) into a single environment called DECKBUILD. And due to the large
number of these tools, we will mention only the ones that were used in this work, where some
of the significant tools included in this software are ATLAS, DECKBUILD, TONYPLOT,
etc. Where in this work, the devices were built using DECKBUILD, and the simulations were
run in ATLAS. The outputs were viewed using TONYPLOT. A brief on the tools employed

are given next.

e DECKBUILD: is an interactive runtime and input file development environment within
which all TCAD modules can run. Also, it has an extensive library with hundreds of pre-
run examples decks that cover a wide range of technologies and materials and enable
users to quickly recognize simulations [43].

e ATLAS: is a physics-based device simulator. It provides general capabilities for 2D and
3D simulations of semiconductor devices through it defines the physical structure to be
simulated, the physical models to be employed, and the bias settings for which the
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electrical characteristics of the device are to be reproduced. And predicts the electrical
behavior of specified semiconductor structures [164].

e TONYPLOT: is a visualization tool that provides comprehensive interactive scientific
visualization capabilities. It is used to plot data obtained from device simulations. The
usual methods for showing scientific data are all supported. These comprise polar plots,
surface and contour plots, Smith charts, and x-y plots with linear and logarithmic axes.
Also, user-defined equations with the variables can be plotted, whether the electrical data

(such as drain current) or physical parameters (e.g., electric field) [165].

3.4. Principle of the SILVACO-ATLAS simulator

The electrical properties of devices are predicted using ATLAS, a physically-based device
simulator, based on physical structures and bias conditions. This device simulator is based on
the simultaneous resolution of the Poisson equation and the continuity equations for the
electrons and the holes i.e. these equations provide the general framework for device
simulation, where the nodes of a grid that is superimposed over the device are subjected to a
set of differential equations based on Maxwell's laws and the semiconductor transport
equations [166] in order to achieve this, where the electrostatic potential and the concentration
of electrons and holes are calculated at all times and at all points in space in a sequence of

finite elements.

e Poisson equation

The equation of Poisson gives the relation between the electrostatic potential and the

space charge density, as shown by the following equation [50].

div(eVy) = —p 3.1

Where 1 is the electrostatic potential; € is the dielectric permittivity, and p is the space

charge density.

Where, the space charge density is given by:

p=ql—-n+Ny—Np) (3.2)
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Where, q is the elementary electric charge; N7 and N, are the concentrations of ionized
impurity donors and acceptors respectively; n and p are the electron and hole densities

respectively.
e Continuity equation for electrons and holes

The continuity equation describes the variation of both electron and hole carriers’ densities

as a function of time. It is can be written as [167, 168]:

o L T +6, - R

at q n n n

o 1 (3.2)
E=—adl17]p+6p—Rp

Where:
Jn. and J,, the electron and hole current densities,

G, and G, : are the generation rates for electrons and holes,

R, and R, are the recombination rates for electrons and holes;

e Carrier transport equations

Drift and diffusion are the two fundamental transport modes in a semiconductor. Drift, the
movement of charge due to electric fields (the first term of equations below), and diffusion,
the flow of charge due to density gradients (the second term of equations below) [168].

N N dn
Jn = qnuyE + qD

" dx
— - dp (3.3)
Jp = qpupE — qua

E=- grady
Where:

pnand ,: the mobility of electrons and holes;
D, and D,, are the electron and hole diffusion coefficients, which are given through Einstein's
relationship [169]:

__ KpT . __ KpT
Dn_T:un ' Dp —T.up
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3.5.  ATLAS Inputs and Outputs
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Figure 3.1: Atlas inputs and outputs.

From Figure 3.1, we note the types of information which circulate in the entry and exit of
ATLAS. Most of the simulations performed by ATLAS use two input files. The first file is a
script file containing the commands for ATLAS to run (represented by the Command file).
The second file is a structure file that defines the structure that will be simulated. At the out of
ATLAS, we have three types of files. The first of these files is the "Runtime™ output which
gives the progress, errors and warning messages during the simulation. The second type of
file is the "log™ file which stores all the voltage and current values from the analysis of the
simulated device (this is the electrical behavior file). The third output file is the Solution file,
this file stores 2D or 3D data concerning the values of the solution variables in the device at a
given point (this is the physical file; it contains the structure in a particular state). The last two
files are processed by the TONYPLOT viewing tool [170].

3.6. The order of Atlas commands

Silvaco-Atlas receives the input files through DeckBuild. The code is written in the input file

calls Atlas to work with the following command:

"Go Atlas"
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Following this command, the order of the commands in the input file is significant. The
respect of this chain is essential to allow ATLAS to take into account all the specified models
correctly. There are five groups of commands shown in the Figure below (Figure 3.2).

(a) Structure Specification . .
(d) Solution Specification

* Structure MESH specification, * LOG file declarationto contain

* Structure REGION specification IV characteristics

* ELECTRODEplacement * Solution of device using SOLVE

* DOPING profile specification with intervalsfor biasvoltage

(or drive current) specification

Specifying data types to be

. solved (e.g., recombination parameter, bad
(b) Model Specification

energy, etc.).

* Defining MATERIAL type for each region

(Si02 or Al etc.)

* Invoke appropriate physical MODELS

¢ Setting boundary conditions (e) Result ys1s

¢ and CONTACT information

* Parameter extraction via
INTERFACE specification

EXTRACT command,

Analyzing device structure

with different bias condition

© N erical Method Selection using graphical post-processing tool

TONYPLOT

* Invokesuitable numerical solvers such as

Gummel, Newton, or Bulk METHOD for
different operating conditions with
appropriate parameterssuch as number of

iteration, error limit, etc.

Figure 3.2: The order of command groups to be specified in ATLAS from (a) to (e) [171].

The buildup consists of a well-defined mesh on which cells are built, where the density of the
mesh's many triangles determines the simulation's resolution, which also specifies how
accurately cells are represented and how long program iterations must take. Then, various
materials are allocated to each of the regions of this triangular mesh that have been
partitioned. The electrodes are then assigned in order to get the electrical properties needed
for the device or for any desired region. Next, every defined material must be linked to

doping, and material attributes must be disclosed to the greatest extent feasible for the most
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accurate simulation. The user's next step is to select a model from a variety of options,
determine which is best for assessing the structure and achieve a better outline for specific cell

simulation.

After specifying a structure file in ATLAS, the rest of the configuration (except for outcome
analysis) consists of supplying command-line instructions to ATLAS in order for it to
complete a simulation run. The order in which these orders are given is critical, and it can be
broken down into five classes of statements (see Figure 3.2). It's also necessary to pay
attention to the order of statements within each category, such as structural specification,
model specification, and solution methods. Failure to obey these orders can result in the

premature termination of a simulation run or the appearance of an error message.

3.6.1. Structure Specification

A system structure can be defined in three different ways in ATLAS [172]:

e Can be enable structure by using a file to read an internal structure.
e Through DeckBuild's automated interface feature, the input structure may be
transferred from ATHENA or DevEdit.

e The ATLAS command language may be used to construct a structure.

3.6.1.1. Mesh

To use of Atlas command language to describe the structure device, you must first create a
mesh. It consists of horizontal and vertical lines with a user-determined space between them.
Where it establishes a set of triangles that define the physical boundaries of the cell within
which the simulation runs. Whereas, a node is created at each corner of the triangles; for each
node, the equations to be solved are computed [173]. The upper limit of the number of nodes
used is 100000—the maximum number of nodes permitted by ATLAS (in 2D) [174].

The simulation’s accuracy is determined by whether the mesh is coarse or fine. The simulation
is faster with a coarse mesh, but the results are less precise. The simulation is slower with a
fine mesh, but the measurements are more precise. As a result, the regions with a finer mesh
are the most important in the simulation. The most effective approach to operate is to use a
fine grid only in crucial areas (around junctions and depletion regions, areas of a high electric
field, areas of the current flow, areas of significant recombination effects, areas of high impact

ionization...etc.) and a coarser grid anywhere else [173]. The Mesh can be defined as follows:
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MESH SPACE.MULT=<VALUE>
X.MESH LOCATION=<VALUE> SPACING=<VALUE>

Y.MESH LOCATION=<VALUE> SPACING=<VALUE>

3.6.1.2. Region

After the mesh has been defined, it is necessary to define the regions. The mesh is partitioned
into discrete, numbered regions, each of which corresponds to a specific material. This
considering that the atlas has a maximum regions definition of 15000 [174]. The boundaries
of each region are identified explicitly in the x and y axes (y.min, y.max, x.min, and X.max) in

microns. This is done by this statement as follows:

REGION number=<integer> <material_type> /<position parameters>

3.6.1.3. Electrodes

In this step, electrodes are identified of the device. This is done using the ELECTRODE

statement as follows:
ELECTRODE NAME=<electrode name><position_parameters>.

The positions parameters specify are define using y.min, y.max, Xx.min, and x.max parameters
in micron. Instead, you can define the position of electrodes by using the BOTTOM or TOP

statement. Further, can be enabled another details about their materials and work functions.

3.6.1.4. Doping

The doping statement is the structure specification's final necessary input. Inside the
previously allocated areas, where the doping statement is used to assign the doping level.
Various properties can be added to the doping statement to determine how the semiconductor
was doped and whether the region is n- or p-type, as well as whether the doping was uniform

or gaussian. The format to define this statement is as follows:
DOPING <distribution_type> <dopant_type> <position_parameters>.

For position parameters, can be define by y.min, y.max, x.min, and x.max parameters or by

region number.

All these steps in building the structure specification are shown in Table 3.1.
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Table 3.1: Basic steps to design a ZnO/ Cu20 heterojunction solar cell structure specification
with the simulator ATLAS.

structure specification Plot

Mesh:

x.m 1=0s=0.5
x.m 1=10 s=0.5
y.m 1=0 s=0.05
y.m 1=0.2 s=0.005
y.m 1=0.2+$zno s=0.0002 2
y.m I=$thick/2 s=$thick/40 ”

y.m I=$thick-1 s=$thick/200

y.m I=$thick+0.2+$zno s=0.2 0ss

y.m I=$thick+1.2+$zno s=0.2 S

nnnnnn

015 —

Region:

region num=2 y.min=0.2
y.max=0.2+%$zno material=2ZnO
name=2ZnO

region num=3 y.min=0.2+$zno
y.max=$thick+0.2+$zno
name=Cu20 user.material=Cu20 |

284 2844 2.848 2852 2856 286 2.864
rons
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Electrodes:
elec num=1 name=cathode top

elec num=2 name=anode
y.min=$thick+0.2+$zno

y.max=$thick+1.2+3%zno
mat=Gold

Doping:

#doping AZO

doping region=1 uniform n.type
conc=1e21

#doping ZnO i
doping region=2 uniform n.type
conc=1el9

#doping Cu20

doping region=3 uniform p.type
conc=1.25e14 e

g 8 g8 £ 8 8 2 &z

Schematic diagram of the
simulated structure.

3.6.2. Materials Model Specification

After define the structure specification, the materials model specification is the next step.

3.6.2.1. Materials

After specifying structure of the device, the material statements describe each of the various

materials used in the simulation. The format of the material statement is:
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MATERIAL <localization> <material _definition>

Where this statement allows to specify values for basic parameters and properties of material
used in the simulation, where there are several parameters that the user can identify for the
material of a given region we cite for example lifetimes, mobility (electrons and holes),
electron affinity, dielectric constant, bandgap, and an optical file containing the wavelength-
dependent refractive index n and extinction coefficient k for a material [175], etc. Otherwise,

Atlas will use its default settings which can be recognized in the software help.
For example:

Material material=ZnO EG300=3.3 mun=10 mup=5 affinity=4.4 permittivity=9
NC300=2.2e18 NV300=1.8e19

For new materials that are not recognized by Atlas, this is done by entering a file (nk file) that
contains each of the wavelength, the refractive index, as well as the extinction coefficient for
the new material to be defined, then replacing the MATERIAL parameter in the REGION
statement with the USER.MATERIAL parameter in order to name of the new material. Also
must be classified this material through user.group parameter [174]. As well as the known
Atlas material is taken as a default material using the user.default parameter. It is as shown in

this example:

Material material=Cu20 EG300=2.1 MUN=200 MUP=100 affinity=3.2 permittivity=7.6
NC300=2.43e19 NV300=1.34e19 me.tunnel=0.93 mh.tunnel=0.56 index.File= Cu20.nk

user. Group= semiconductor user. Default=zno

3.6.2.2. The Models

Atlas includes a large number of physical models. We can pick which physical models Atlas
will use throughout the device simulation once we establish the mesh, geometry, and doping
profiles, and tweak the properties of electrodes, where mobility, recombination, carrier
statistics, impact ionization, and tunneling are the five types of physical models [174]. The
MODELS declaration specifies all models, with the exception of impact ionization where the
IMPACT statement sets impact ionization. These physical models can be enacted for the
entire device or for a material-by-material basis [175]. The model statement has the following

syntax:

MODELS <model-name>
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These models are among those enabled in our simulation:

MODELS BGN CONMOB SRH TEMP=300 PRINT

“BGN: Bandgap narrowing model”.

“CONMORB: is the concentration dependent model”.

“SRH: Specifies Shockley-Read-Hall recombination using fixed lifetimes”.

“PRINT: Prints the status of all models, a variety of coefficients, and constants which will be

used during the simulation”.
3.6.2.3. Contact

The usual assumption for an electrode in contact with semiconductor material is that it is
ohmic while it is considered a Schottky contact if a work function is defined. The CONTACT
statement is used to indicate one or more electrodes' metal work functions. Also, the surface
recombination parameters in the CONTACT statement can be enabled by the SURF.REC

parameter. For example:

CONTACT NAME=ANODE WORKFUNCTION=5.1

CONTACT NAME=ANODE SURF.REC VSURFN=1e7 VSURFP=1e7
3.6.2.4. Interface

The “interface” statement is used to the definition of the interface charge density interfaces
between semiconductors and insulators also surface recombination velocity. And the

statement is as follows [165]:

interface <localization> <parameter>

3.6.2.5. Light Beam

Where a device's illumination is critical (as in solar cells), it's possible to use a variety of light
sources and change their location, orientation, and intensity. The light spectrum can be
described in all of its detail [176].

For the purposes of this work, the cell was exposed to 1- sun illumination AM1.5G with a
normal-incidence light source at 100 (mW/cm?) powers. This can be simulated in the Silvaco
database by using the definition of the BEAM statement with the AM1.5 parameter as

follows:
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Beam number=1 angle=$BeamAngle y.origin=$BeamYorigin Xx.origin=$BeamXaorigin

xmin=$BeamXmin xmax=$BeamXmax AM1.5

The X. ORIGIN and Y. ORIGIN parameters specify the source position, the ANGLE=90
describes vertical illumination from the top of the cell, and the number of points used in the

spectrum is defined by "wevel.num."

3.6.3. Numerical Method Selection

Following the specification of the material models, the numerical method form must be
defined. A variety of numerical methods exist to calculate the solutions:

e The decoupled method of Gummel.
e The coupled method of Newton.
e The Block method.

The Gummel method solves for each unknown while leaving the other unknowns constant.
This process is replicated until a stable solution is found. NEWTON's method solves all of the
unknowns at the same time. The BLOCK method for solving uses the NEWTON method for
some equations and the GUMMEL method for others [174].

For system equations that are weakly coupled and have only linear convergence, the
GUMMEL method is utilized, whereas the NEWTON method is utilized for strongly coupled
system equations with quadratic convergence. This leads ATLAS to spend more time when
solving for quantities that are essentially constant or weakly coupled. When the NEWTON
method is unable to deliver a reliable solution, the BLOCK method can provide faster
simulations. The following example is the statement to determine the method [174]:

METHODE NEWTON

3.6.4. Solution Specification

The simulation is ready to take on to the next step (the solution) after the specification of the
device structure, material properties, physical models, and the numerical method. This section
of the input deck of ATLAS is where the simulation calculates to solve for the specified
device. It is divided up into four parts: LOG, SOLVE, OUTPUT, and SAVE.
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3.6.4.1. The "LOG'" statement
The “LOG” statement allows the creation of a data file where All results of a run are stored in
this file; any DC, transient, or AC data generated by "SOLVE" statements after the "LOG"

statement are also saved. Example of this Statement syntax:

LOG OUTFILE=Cuprous_SolarCell.LOG

3.6.4.2. The "SOLVE'" statement

For one or more bias points for either D.C. or A.C., the SOLVE statement determines the
solution. To achieve a first estimate of the final solution, it is necessary to perform a
simplified initial solution (which solves simply Poisson's equation). The syntax would be as

follows:
SOLVE INIT

SOLVE VANODE=0 VSTEP=0.02 VFINAL=0.76 NAME=ANODE

3.6.4.3. The "LOAD' and ""SAVE" statement

In order to get more accurate initial guesses for bias points, the "Load" and "Save" statements
are combined. The SAVE statement is used to store all information about the node points, and

after that, the LOAD statement retrieves this information and helps solve it.

Save outf=Cuprous_SolarCell.str

3.6.5. Data Extraction and Plotting

The last section of the input deck consists of extracting the data and plotting it. The
DeckBuild environment offers the EXTRACT statement, which directly prints out the
required data from the file to the output deck. This command allows extracting device
parameters, where electrical quantities such as current short circuit (Jsc), open-circuit voltage
(Voc), efficiency (n), and others may be extracted from simulation results. The EXTRACT
command is operated on the previously solved curve or structure file. EXTRACT By default,
it uses the currently open log file, unless a different filename is specified before the extraction

routine.

All the results of device simulations in Atlas are plotted by first storing the results in a file and
then loading the file into Tonyplot.
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In the case of a structure file, the data is shown in the form of a 2D mesh plot (structure of
device). And as for the case of a log file, Tonyplot will display the data in an x-y plot (the
current density-voltage characteristics). (As see Figure 3.3).

X% Cathode Current (&)

Cathode Currert (A)

0 o1 0z 0.3 0.4 0.5 0.8 07 0.8
Anode Voltage (V)

Figure 3.3: Curve I-V of the solar cell from Tonyplot.
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4.1. Introduction

Given the growing need for low-cost solar cells, the abundant semiconductors on Earth are
considered promising candidates [177, 178]. Among them, cuprous oxide has been very
popular in this field. Cu20 has long been thought to be difficult to make a p-n homojunction
due to its natural p-type conductivity [82, 179, 180]. Instead, a heterojunction device design
with an n-type transparent conducting oxide (TCQO) comprising aluminum-doped zinc oxide
has shown to be the most successful method of constructing Cu20-based solar cells (AZO)
[117]. However, the PCEs of Cu>O-based heterojunction devices have remained low, owing
to a high density of defects at the heterojunction interface [117, 181, 182], leading to a greater

interface recombination rate and a dramatically lower open-circuit voltage (Voc) [183].

Various buffer layers [19, 115, 117, 184] have been added between the Cu20 and TCO layers
to minimize the non-ideal heterojunction. The device's performance has been greatly
improved because of the well-controlled electrical band alignment of the buffer layer and
defect density at the interface. So far, among Cu>O-based solar cells with a Voc of 1.2 V, a
Zinc-Germanium-Oxide (ZGeO) buffer layer produced by pulsed laser deposition has
achieved the greatest PCE of 8 % [19].

In this chapter, the simulation of Cu.O solar cells using SILVACO TCAD software is
achieved. Our approach consists in modeling several heterojunction solar cells based on Cu.O
and in identifying the optimization variables, that is to say, the parameters of the solar cell
resulting in the best performance. To do this, we adopted optimization, dependent on varying
one of the physical parameters and observing its influence on the performance of the device.
It, therefore, allows above all highlighting the influence of a given parameter that we want to
optimize to maximize the performance of a device. In the case of the optimization of the
efficiency of a solar cell, it would make it possible, for example, to know the influence of the
physical and geometric parameters of the cell, thus making it possible to know the optimum
value of the efficiency according to each parameter and its sensitivity in relation to these
different parameters. The advantage of this type of optimization lies in the fact that the
influence of each parameter on the efficiency of the cell is easily visualized and thus makes it

possible to classify these parameters according to their degree of influence.

First, we will simulate the AZO/Cu.0O solar cell, and the validation with experimental results
is made based on the comparison of J-V characteristics. Next, we will study the possibility of
introducing four different types of buffer layers (ZnO, ZMO, AGO, and ZGeO) between AZO
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and Cu.0O and compare the respective J-V characteristics with experimental results. Based on
the experimental studies available, we have chosen to continue with the two solar cells; that
with a ZnO buffer layer and with ZGeO. The optimization of the first solar cell
AZO/ZnO/Cu20 is done by introducing HTL (hole transport layer) of different materials and
studying the effect of contact work function. The optimization of AZO/ZGeO/Cu;0 solar cell
is based mainly on the band gap energy of the buffer layer and the affinity of both the buffer

layer and front window.

4.2. AZO/ Cu0 solar cell structure

The first CuO-based solar cell structure proposed by Minami et al was n+/p, as shown in
Figure 4.1. It is a very simpler design with an n-AZO thin film window layer of 0.2 pm thick,
a p-Cu20 as an absorber layer of 200 um thick, and a gold layer of 1um thick as back contact
(anode). The simulation of this structure is performed using material parameter values
described in Table 4.1.
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"
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@ * - Cuzo
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e

Figure 4.1: Schematic diagram of the n+-AZ0O/ p-Cu20 heterojunction structures.

64



Chapter 4: Results and discussion

Table 5.1: Semiconductor material parameters of TCO (AZO) and the absorber layer (Cu.0)

[115, 117, 185-189].

Parameters

W(um)
&
E,(eV)
x(ev)

N¢(em™)
Ny(cm™3)

pe(cm?/V.s)

pn(cm?/V.s)
Np(em™3)
Ny(em™)

Defect type

Npg(em™3)

Nye(em™3)

ED/EA (eV)

We(eV)

o.(cm?)

op(cm?)

Description

Thickness

Dielectric constant
Bandgap

Electron affinity

Effective density of states of conduction
band minimum
Effective density of states of the valence band
maximum
Electron mobility

Hole mobility

Donor concentration

Acceptor concentration

Gaussian state density for donor-like

Gaussian state density for acceptor —like

Gaussian peak energy level

Gaussian defect standard deviation

Capture cross-section of electrons

Capture cross-section of holes

TCO

AZO

0.2

3.35

4.4

2.2 x 108

1.8 x 10°

10

1x 1021

D-like,
Gaussian

1x 1018

midgap

0.1

1x 10712

1x 10718

Absorber

Cu20

200

7.6
2.1

3.2

2.43 x 10%°

1.34 x 10*°

200

100

103 to 1016

D-like, Gaussian

1x 103

midgap

0.1

5x 10713

1x 10715
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The AZO/Cuz0 configuration was simulated at AM1.5G solar spectrum with an incident

power density of 100 mW/cm? at room temperature (300 K).
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Figure 4.2: Simulated J-V characteristics of AZO/Cu20 structure under AML1.5 illumination

solar spectrum at 300 °K.

Table 4. 2: Simulated output parameters of AZO/Cu20 cell.

Simulation Experimental [117]
Structure Isc Isc
Voc(V) | FF(%) | Eff(%) Voc(V) | FF(%)|Eff(%)
(mA/cm?) (mA/cm?)
AZO/Cu20 8.221 0.55 57 2.578 8.19 0.55 57 2.53

The obtained current density-voltage characteristic (J-V) curve is shown in Figure 4.2,
respectively. The cell exhibits low output parameters Jq. = 8.221 mA/cm?, Voc= 0.55 V,
FF= 57 %, and a power conversion efficiency (PCE) of ~2.578 %. These values are in

agreement with the corresponding experimental values as shown in Table 4.2.
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This device however seems to give poor PCE. Among the possible causes of the poor
performance of this structure are the interfacial defects between the AZO layer and the
cuprous oxide layer shown by the simplified diagram in Figure 4.2. These interfacial defects
may be due to lattice mismatch, different grain boundary sizes, and impurity injection during
the formation of AZO/Cu0 transitions. It can be also due to incomplete bonds at the interface
AZO/Cu20 because this act as a trap for the charge carriers generated by the photons.
Therefore, all these interfacial defect conditions cause high interfacial recombination and a

shunting path for carriers that induce considerable losses in the solar cell performance.

Light
Ec
® -
Electron-
hele pair  Eg=2.1 eV
generation
in Cuz» E,
''''''' """'.:.r;rra;;%:j;;;::"““'""“';'
states e v v
, (®
p-Cu:z0

n-AZO

Figure 4.3: Energy band diagram of AZO/Cu20 solar cell showing the possible interface
defects.

The tunneling effect, in which electrons pass through from the conduction band of AZO to the
valance band of Cu20, has also played a significant role in cell performance in addition to

defects problems at the junction interface.
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4.3. Effect of different buffer layers on Cu.O-based solar cells

In a heterojunction, a buffer layer's function is to join with the absorber layer to form a
junction and direct the most quantity of incoming light possible toward the absorber layer
[190]. During the transport of the photo-generated carriers to the outside circuit, the buffer
layer should have minimum absorption losses, low surface recombination, and minimal
electrical resistance [191]. In addition, the band alignment, electrical qualities, and the
creation of a large depletion zone with the p-type absorber layer are also important futures of
the buffer layer. All of these can reduce carrier tunneling and keep open circuit voltage values
higher to provide a higher contact potential [190].

In this section, we will study the effect of different buffer layer materials between the window
layer (AZO) and the absorber layer (Cu20) .The suggested materials are ZnO, ZMO, AGO,

and ZGeO. The input parameters of these buffer materials layers are illustrated in Table 4.3.

Table 4.3: The material parameters of the buffer layers [19, 115, 117, 184-189, 192-194].

Parameters Description Buffer
Zn0 ZnosiMgoos0  (Alo.025Gap.975)203 Zno.38Geo.e20
W(pum) Thickness 0.05 0.05 0.06 0.06
& Dielectric constant 9 10 10 10
Eg4(eV) Bandgap 3.35 3.48 4.9 5
x(eV) Electron affinity 4.4 4.37 4 3.24
N¢(em™3) Effective density of states of 2.2 x 1018 2.2 x 1018 3.72 x 1018 3.72 x 1018
conduction
band minimum
Ny(cm‘3) Effective density of states of the 1.8 x 10*° 1.8 x 107° 3.72 x 1018 3.72 x 1018
valence band
maximum
pe(cm?/V.s) Electron mobility 10 10 118 10
un(cm?/V.s) Hole mobility 5 5 50 5
Np(em3) Donor concentration 1x10%° 4 x 10 1.25 x 108 1x 10%°
Defect type D-like, D-like, D-like, Gaussian D-like, Gaussian
Gaussian Gaussian
Npg(em™2) Gaussian state density for donor- 5 x 1017 5% 107 5x 107 1x 108

like
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ED/EA (eV) Gaussian peak energy level midgap midgap midgap midgap
Wg(eV) Gaussian defect standard 0.1 0.1 0.05 0.05
deviation
o.(cm?) Capture cross-section of 1x10712 1x107'2 1x10712 1x 10712
electrons
on(cm?) Capture cross-section of 1x107% 1x107% 1x10715 1x107%
holes

Numerous investigations have shown that the Cu2O layer has always experienced oxidation
prior to the deposition of the buffer layer, resulting in the formation of an undesirable CuO
layer at the junction all because of the employment of separate deposition methods [150].
Numerous techniques have been used to lessen but not entirely get rid of these oxidized layers
[150]. To reduce the CuO layer, for instance, reactive precursor vapors can be introduced

prior to the commencement of the buffer layer deposition [150].

Although, the buffer layers are used to reduce interfacial recombination by enhancing band
alignment across the heterojunction and lowering the density of interface defects. However,
some interface defects still exist and are even required in simulation to reproduce electrical
outputs that are close to experimental values. By simulating solar cells without enabling
surface defects at the interface, we noted that the solar cells have a far greater Voc than the
baseline heterojunction solar cells (experimental devices), (data not shown here). In addition,
the simulation of the CuzO layer as defect-free leads to an unreasonably efficient carrier

transport over the contact.

Yuki Takiguchi and al. [185] developed a reliable model of simulation through the
introduction of an interfacial layer (IL) and a defective Cu.O layer with a defect density of
101%c¢cm™3. One potential cause of the surface defect layer was a non-stoichiometric Cu.0O
oxide phase, which was unstable under most circumstances and was mentioned in various
reports about the heterojunction interface [185]. In order to describe interface defect states,
rnulf Nordseth and al [187] and Christyves Chevallier and al [189] created an interface defect

layer between the buffer and Cu20 layers.

Therefore, we have considered these interfacial defect states indicated in [150, 195] and

summarized in Table 4.4 for the four heterojunction solar cell structures.
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Table 4.4: Interface defects parameters used in our simulation [185-189].

HJSC structure

Zn0O/Cu,0

ZMO/Cu20

AGO/Cu20

ZGe0O/Cu,0

Interface defects

Npg(em™3)  We(eV) Epg(eV) On/ 0y
4 x 101 0.1 1.05 5 x 102
7 X 101° 0.1 1.05 5 x 10?2
1x 10Y 0.1 1.05 5 x 102
1x 107 0.1 1.05 5 x 10?2

Results of the simulation of AZO/Cu.0 solar cells with different buffer layers are shown in

Table 4.5 and Figure 4.4. The comparison is done with what was reported by Minami group

[19, 115, 117, 184, 192, 193].

Table 4.5: The output parameters of the AZO/Cu20 heterojunction solar cells with different

buffer layers.

Simulation Experimental [19, 117, 184, 193]
HJSC structure Isc Isc
Voc(V)| FF(%) | Eff(%) Voc(V) | FF(%) | Eff (%)
(mA/cm?) (mA/cm?)
AZO/Zn0O/Cu,0 9.74 0.72 60.37 4.26 9.69 0.71 60 413
AZO/ZMO/Cu,0 9.756 0.728 61.071 4,342 9.38 0.73 63 431
MgF./

AZO/AGO/Cu,0:Na 11.55 0.85 66.20 6.56 10.95 0.84 66 6.10
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MgF./

AZ0O/2Ge0O/Cu,O:N 10.88 1.08 73.92 8.72 10.80 1.20 63 8.23
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Figure 4.4: Calculated J-V characteristics of the four HISC structures under AM1.5

illumination solar spectrum at 300 °K.

We found that the results of the simulation and the experiment were nearly in good
agreement. However, the fourth structure (AZO/ZGeO/Cu20) has given higher FF and lower
Voc than the experimental. This can be attributed to additional defects in the interface
between the buffer layer and the absorber layer that we have not taken into account in our
simulation. Minami and all [19] mentioned the possibility of surface defects in the interface. It
was difficult for us to introduce these defects since we have no idea about their electronic
features (positions in band gap capture cross section, density, etc...). We envisage studying

the effect of such defects by using their electronic features as fitting parameters.

By returning to the obtained results, the primary heterojunction solar cell simulated with ZnO
buffer layer exhibits solar output parameters of Jsc = 9.78 mA/cm?, Voo = 0.72V, FF=
60.37 % and efficiency of 4.26 %. A significant improvement is noticed by replacing the ZnO

buffer layer with Magnesium doped zinc oxide (ZMO) where the output parameters
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werefg. = 9.75mA/cm?, Voc= 0.727 V, FF= 61.07 %, and Eff= 4.34 %. Also, more
significant improvement is achieved by using aluminum-doped gallium oxide (AGO) as a
buffer layer and replacing the absorber Cu2O layer with Cu2O:Na (doped by sodium), and
adding MgF- as a top anti-reflecting coating. Under these considerations, Js¢, Voc, FF, and
efficiency reached 11.55 mA/cm?, 0.85 V, 66.20 %, and 6.56%. For the fourth structure, the
same considerations as the third structure were taken, except for the buffer layer, which was
of ZGeO. Further improvement is remarked for this structure and we noted that the solar cell
with a ZGeO buffer layer had the best efficiency of 8.72 %. The other parameters are Jg» =
10.88 mA/cm? V, = 1.08 V, and FF= 73.92 %. Here Jo. decreases a little bit to 10.88
mA/cm? compared to the third structure. For the measured values, the same remark holds
except for FF which is equal to 63 %. The further improvement in the simulated Voc, FF, and
hence the efficiency can be explained by the additional reduction in AEc and the significant
extension of the Cu20 layer type inversion. The small reduction in Jsc can be related to the
increase of AEc at the interface AZO/ZGeO and the reduction of the potential barrier in front
of holes in the Cu20 region that have become a minority due to the type inversion at the

interface. This favors additional interface recombination between opposite free carriers.

The reduction noticed in the experimental value of FF can be related to the significant

increase of the measured Voc. It is known that FF = —m

, then, apparently the significant

ocJsc

increase in VVoc over Pm (which reflects the efficiency of the cell) induced a reduction in FF.
However, in the simulation, the proportional increase of VVoc with the efficiency results in a
FF this rather increases. A possible reason to explain the reduction of the measured FF can be

the presence of additional resistive losses in the real structure.

Among the most possible reasons that explain this increase in the efficiency of solar cells
from 4.26 % (ZnO/ Cu20) to 8.72 % (ZGeO/ Cu20) is the conduction band offset (CBO) at
the interface between the buffer layer and the absorber layer. This results from the band
alignment at the buffer/ absorber contact.

CBO is the energy difference (AEc) between the absorber layer's CB level and the buffer
layer's CB level. Conduction band offset (CBO) comes in two kinds: cliff-like and spike-like
band alignment, as seen in Figure 4.5. An energy cliff will occur at the buffer/absorber
interface and AEc will be negative when the CB level of the buffer layer is lower than that of
the absorber. However, if the buffer layer's conduction band edge is higher, then it is formed

an energy spike at the interface and AEc will be positive [196-198]. The band alignments
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were likewise based on the electron affinity rule —or vacuum level alignment—. According
to Anderson's rule, the valence and conduction band discontinuities at the hetero-interfaces

are displayed as follows [197]:

AEc = Xsc1 = Xsc2 (4.1)
AEy = Isc1 — Isc2 (4.2)
AEy = (xsc1 + E5Y) — (xscz + E5€%) (4.3)

With ysc1, Isc1 and ysea , Isco are the electron affinity and ionization potential of sc1 and

Sc2, respectively. The sum of electron affinity and bandgap indicates the ionization potential.

(b)
(a) Vacuum level Vacuum level

X X
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Eg (absorber)
Eg[buf‘fer}
Eg (absorber)
Eg(buf‘fer} v Evlab:orber]
A 4 Ev (absorber)
Ev (buffer) h4
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Figure 4.5: Band structure of CBO: (a) negative CBO; (b) positive CBO.
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Figure 4.6: Bands alignment between different buffer layers materials and CuO.

In our cases, the n-p junction of the different buffer layers (ZnO, ZMO, AGO, and ZGeO) and
Cu20 have a cliff-type discontinuity of the conduction band because of the low electron

affinity of Cu>O compared to that of the buffer layers. This is shows in Figure 4.6.
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Figure 4.7: Schematic energy band diagram of n-type buffer/ p-Cu.O solar cell (a) ZnO (b)
ZMO (c) AGO (d) ZGeO.

The reduction of the value of the conduction band offset (4Ec) from -1.2 eV (ZnO) to -0.05
eV (ZGeO) (the value of affinity from 4.4 (ZnO) to 4.23 (ZGeO)) gives the band diagrams
illustrated in Figure 4.7 (a), (b), (c), (d), where the band discontinuities between the buffer
and the absorber layer have changed significantly. The built-in potential at the n-p interface
increases when AEc decreased from -1.2 to -0.05 because it lowers the barrier in front of
electrons moving from the p-side to the n-side. As a result, as the electron affinity decreases,
so do both the electric field and the width of the depletion region increase. Also, we remark
by examining the band diagrams in Figure 4.7 (c) and (d), an inversion of the type occurred at
the n-p interface and induced a noticeable shift of the junction toward the CuO absorber
layer. This endorses the separation of photo-generated free carriers at the absorber layer by
the internal field of the shifted depletion region. Consequently, achievable photovoltaic
characteristics such as the open-circuit voltage and fill factor for Cu.O-based heterojunction
solar cells manufactured using a more appropriate n-semiconductor may be improved due to a
decrease in the height of the conduction band discontinuity [117]. And is what theoretical
research demonstrate that the recombination of majority carriers increases with an increase in

CBO and the open circuit voltage drops concurrently in a heterojunction solar cell [18].

The conduction band discontinuity between the buffer and absorber layers is not the only

cause that affects the efficiency of the cell. Also, the band gap of the buffer layer plays an
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important role. It is known, that it is preferable that the band gap of the buffer layer be large in
order to allow a greater number of photons, which have less energy, to pass through toward
the absorber layer. This means that they are absorbed effectively where the band gap of 5 eV
of ZGeO is larger than 4.9 eV of AGO, 3.48 eV of ZMO, and 3.35 eV of ZnO which certifies
a better selectivity of minority carriers (electrons) at the interface buffer/Cu.O and reduces
interface recombination. This explains the increase in efficiency of the cells by increasing the
bandgap of the buffer layers, respectively.

In addition, the efficiency of the cell is significantly influenced by the carrier concentration of
the absorber layer, where a higher hole concentration in CuO would result in higher V.
values and a higher electric field. The depletion width is therefore significantly influenced by
the carrier concentration [199]. This explains the high efficiency and high open circuit voltage
of both (AGO/Cu.0) and (ZGeO/Cu.0) structures, respectively.

Keeping in mind the function of the MgF. anti-reflective coating utilized in structures
(AGO/Cu20) and (ZGeO/Cu20), which has a role in raising the efficiency of the solar cell for
both of them. All of these explain the noticeable improvement between these structures
judging from the structure (ZnO/Cu20) with its efficiency of 4.26 % to the structure
(ZGeO/Cu20) with its efficiency of 8.73 %.

4.4. Optimization of a ZnO/Cu.0 structure solar cell

4.4.1. Effect of hole transport layer (HTL)

In this part, we will try to improve the AZO/ZnO/Cu,0O/Au solar cell which was the first cell
suggested for Cu.O-based solar cell and was previously in section 4.2 simulated and verified
to be consistent with the experimental results. We suggest including a back-hole transport
layer (HTL) as shown in Figure 4.8. This aims to enhance free hole extraction and block
electrons that are responsible of recombination. Three-hole transport materials (HTM) are
proposed CuSCN (Copper (1) thiocyanate), Cul (Copper (1) iodide), and NiO (Nickel (1I)
Oxide), and the optimization of the cell parameters is done in terms of thicknesses and doping

concentrations of the device layers.
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T

Figure 4.8: Schematic diagram of the proposed structure of the solar cell.

The study of the effect of the HTM on the performance of the solar cell was done using the
primary parameters obtained in the preceding section for AZO/ZnO/Cu.0O solar cell. CuSCN,
Cul, and NiO are used as hole transport materials with the input parameters given in Table
4.6.

Table 4.6: Summary of the simulation parameters for different HTM [200-206].

Parameters Description Layers
Cul NiO CuSCN
W(pm) Thickness 0.05 0.05 0.05
& Dielectric constant 6.5 11 10
E (eV) Bandgap 2.98 38 3.4
x(ev) Electron affinity 21 146 17
N¢(em™2) Effective density of states of 2.8 x 1019 1.6 x 10%° 1.7 x 10%°

conduction band minimum

78



Chapter 4: Results and discussion

Ny(ecm™2) Effective density of states of the 1 x 1019 1.1 x 10%° 2.5 x 102!

valence band maximum

u.(cm?/V.s) Electron mobility 1.7 x 107* 50 1x107*
wn(cm?/V.s) Hole mobility 2x107* 50 1x 107t
-3 18 18 18
Na(em™) Acceptor concentration 1x10 1x10 1x10
Defect type _ D-like, Gaussian
N (cm™?®) 1x10!° 1x 10 1x 10

Gaussian state density for donor-like

Figure 4.9 and Table 4.7 show the J-V characteristics curves and the photovoltaic output
parameters, respectively, of the solar cell having different HTLs. We note that with the use of
HTL, all output parameters of the solar cell are further improved compared to the referential
solar cell. For instance, the power conversion efficiency (PCE) increases from 4.26 %
(without an HTL) to 5.589 % (with an HTL). Solar cell performance with HTLs is improved
for many reasons, and the main reason can be traced back to the HTL adjusting the
conduction band's and valence band's alignment to pass through holes and block electrons
from reaching back contacts. By doing this, the rear-contact surface's recombination rate is
decreased and carrier collecting effectiveness is increased [207], where it is the responsibility
of HTM to ensure that holes are diffused from the absorber (Cu20) to the back contact Au via
the internal potential and ultimately to the external circuit. The diffusion-dissociation of the

photogenerated charge carriers depends on this layer.
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Figure 4.9: J — V characteristics of the simulated solar cells, with and without different HTL

Table 4.7: Photovoltaic parameters of the solar cells with different HTM.
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HTM (m ! ) Voc¥) FF(%) EFF(%)
CuSCN 101924 0.764215 67.5755 5.26358
NiO 10,7355 0.70302 67.5896 5.58937
cul 10.1298 0.763487 675742 5.22617

In addition, according to the obtained results, we noticed that the efficiency with the NiO
HTM was the best compared to the other HTMs (Cul and CuSCN), and the corresponding
output parameters areJs. = 10.735mA/cm?, Vo = 0.77 V, FF = 67.589 %, and efficiency
= 5.589 %. With CuSCN the solar cell has delivered an efficiency= 5.263 %, J¢c =
10.19mA/cm?, Vo = 0.764V, and FF = 67.575 %. While with Cul provided the lowest
efficiency of 5.226 % with Jsc = 10.12mA/cm?, Vo = 0.763 V, and FF = 67.574 %.
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The superior performance of the solar cell with NiO as an HTL was attributed to the
alignment of frontier energy levels, suitable electron affinity, and hole mobility of the as-

simulated materials, as will be discussed below.

As shown in Figure 4.10, a favorable band alignment at the Cu2O/NiO interface results from
the fact that the valence band maximum, VBM of NiO (- 5.26 eV) is close to that of the Cu.O
layer (- 5.3 eV). This means that the barrier height formatted for free holes is so small with a
cliff-like VBO of (- 0.04 eV) at the Cu20/NiO interface. Consequently, the flow of free holes
from Cu20 to NiO is easier compared to the other HTMs. Indeed, in the cases of the Cul, and
CuSCN HTMs, an energy barrier height of —0.22 eV, and —0.20 eV, respectively, were
obtained. This overdue the transport of holes from the absorber layer to the HTL.

47  -146
_2'1 —_ I ]
— '312 =
> —_— - $ Q CBM
e 3 38 =
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T = — e —_—_ \/BM

Figure 4.10: The band alignment between the Cu20 absorber layer and different HTM layers.

In addition, suitable electron affinity between the absorber layer and HTMs leads to rising the
conduction band offset (AEc) to block electrons. From Figure 4.10, it was proven that NiO
has the highest electron-blocking barrier at Cu2O/HTM interface. The calculated AEc values
were 1.74 eV, 1.5 eV, and 1.1 eV for NiO, CuSCN, and Cul, respectively.
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The mobility of the carriers in the material of HTM is an important factor in the efficiency of
the solar cell and obviously the hole mobility (pp) of the used HTM should be high enough to
transport holes before they recombine. The hole mobility in NiO is bigger than the one in the
other HTMs. The NiO's hole mobility is 50 cm?/V s [206] which is the highest compared to its
competitors, and is part responsible for the high Voc value obtained, due to the effective

extraction and transport of holes in the HTL prior to radiation recombination.

NiO was considered as the best HTM for usage in our study. Therefore, we will reserve it as

the HTM in the following sections.

4.4.2. Effect of thickness of absorber layer (Cu20)

In order to examine the effect of thickness on device performance, we have changed the Cu.O
absorber layer thickness from 1 to 300 um with keeping other parameters constant. The
optimal thickness is determined by tracing the J-V characteristics. The obtained characteristic
curves and the variation of the PV output parameters with the change in absorber layer
thickness are shown in Figures 4.11 and 4.12, respectively.

—— d(Cu,0)=1 gm
=—3—d(Cu,0)=5 um
=—— d(Cu,0)=10 um

] d(Cu,0)=20 gm
8 - =—— d(Cu,0)=30 ym
] d(Cu,0)=50 gm

\  |=—9—d(Cu,0)=70 gm
—— d(Cu,0)=100 gm
—a— d(Cu,0)=150 gm
d(Cu,0)=200 gm
—o— d(Cu,0)=300 ym

Current density (mA/cmz)
[}

0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 112
Voltage(V)

Figure 4.11: Thick of Cu20 with NiO layer as HTL layer.
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Figure 4. 12: Effect of absorber layer thickness on output parameters with NiO as HTL.

Figures 4.11 and 4.12 depict the effect of absorber layer thickness (1 um to 300 um) on the
photovoltaic parameters. We can observe the Jsc, the open circuit voltage and the efficiency
are rising rapidly with increased absorber thickness until the thickness is 70 pm, which is
considered to be the optimal thickness for the solar cell, where they reach their highest values
of 10.48 mA/cm? and 0.76 V, and 5.909 %, respectively. The reason for this increase in these
output parameters is the improving light absorption i.e. the high absorption of wavelength
photons in the absorber layer, which leads to the generation of additional charge carriers and
an increase in Jsc, and the efficiency is enhanced [208, 209], but after this point, the short
circuit current saturates and tends to as nearly almost constant that value. And the open circuit
voltage continues to rise slightly, while the efficiency starts decreasing afterward. This
deterioration can be attributed to the thickness of the absorber layer increasing relative to the
minority carrier length [210], and more charge carriers recombining before reaching the
contacts [207, 211]. While the solar cell's FF decreased when the thickness of the absorber
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layer was raised, this is attributed to a drop in shunt resistance and increased series resistance
[211].

It is clear that a thin absorber layer is not beneficial for a solar cell due to poor light
absorption which results in reduced both Jsc and efficiency. But regarding the thicker
absorber layer, which increases the probability of recombination for the photogenerated
charge carriers, is also not appropriate. Therefore, choosing the optimum cuprous oxide

absorber thickness is essential for good efficiency.

4.4.3. Impact of the HTL (NiO) thickness

Figures 4.13 and 4.14 show the variation of the J-V characteristic and output parameters of
the solar cell, respectively, for various thicknesses of the HTL ranging from 0.03 to 0.2 um
with the absorber's thickness maintained at 70 um. And the value of N, of HTL was fixed to

1x108cm™3,

—— t,,7,=0.03 um
—— t,,7,=0.05 m

44 ——t,r,=0.1 zm

—— 4, =0.2 um

Current density (mA/cmZ)
»

0.0 0.2 0.4 0.6 0.8
Voltage (V)

Figure 4.13: Thickness effect of the HTL layer on the J-V characteristic of the solar cell.
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Figure 4.14: Effect of thickness of the HTL on solar cell parameters (Jsc, Voc, FF, and 7).

As shown in Figures 4.13 and 4.14 it can be seen that when the thickness of the HTL (NiO) is
increased from 0.03 to 0.02 pm the photovoltaic outputs remain constant. This is due to the
fact; that sunlight passes through the active absorber layer before reaching the HTL in the
solar cell. As a result, most photons are absorbed by the absorber layer and the buffer layer,
leaving the HTL with minimal absorption. Therefore, the change in the thickness of the HTL
has no effect on the amount of photo-generated charge carriers. Thus, it does not affect the

performance of the solar cell.

4.4.4. Impact of the HTL doping concentration

Finding the ideal HTL material and its appropriate thickness is important, but it's also vital to
find an optimal value of the acceptor doping concentration (N4). For this, the impact of the
doping concentration of the NiO HTL on the J-V characteristic and output parameters of the
solar cell has been investigated. It can be seen in Figures 4.15 and 4.16, respectively; where

the doping concentration of an HTL was changed from 1 x 10%cm™3 to 1 X 10%¢cm ™3,
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while keeping the thickness of the absorber layer and HTL at optimal values of 70 um, and
0.05 pum, respectively.
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Figure 4.14: J-V characteristic as a function of the HTL doping concentration.
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Figure 4.16: Output parameters as a function of the HTL doping concentration.

From Figures 4.14 and 4.16, it can be observed that all the solar cell output parameters are
slightly improved with an increase in the doping concentration of HTL. Where the Jsc slightly
increased from 10.1565 to 10.663 mA/cm? as the doping concentration of the HTL was
increased from 1 x 10%cm™3 to 1 x 10cm™3. As well as the Voc was increased from
0.7616 to 0.7646 V. The efficiency was thus improved from 5.7025 to 6.026 %. The reason
for this improvement is that an increase in the doping concentration results in it moving the
Fermi level of HTL toward to valence band, resulting in ohmic contact with the Au back-
metal electrode and, in turn, an efficient collection of holes at the contact [212]. Also, this is
when the HTL is highly doped; the interface recombination is reduced because of the strong

electric field generated at the HTL/absorber interface, which prevents minority electrons from

Results and discussion
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And we observe an increase in FF was thus changed from 73.7216 to 73.91 %, the reason for
the improvement of the fill factor with increasing the doping of HTL is due to the
improvement of the sheet resistance and conductivity [213].

4.45. Effect of back metal work function

Figures 4.17 and 4.18 illustrate the J-V characteristics curve and the efficiency calculated
from different back-contact work functions, by changing the back electrode work function
from 4.65 to 5.3 eV. The work function of several metals used as PSC back contact electrodes
is displayed in Table 4.8.

Table 4.8: Back electrode metals work function [214].

Back Electrode Ag Pd Cu Ni Au
4.7 5.3 4.65 5.0 5.1

Work Function (eV)

12

10+

S J

L

< 84

E

2 6. —o— Copper (Cu)

2 —o— Silver (Ag)

3 —— Nickel (Ni)

= 44 —o— Gold (Au)

o

S

O 24
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Figure 4.17: J-V curves of the solar cell for different work functions of the back electrode.
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Figure 4.18: Power conversion efficiency as a function of the different work functions of the
back electrode.

From our results, we can observe that the efficiency of the solar cell and the work function of
the back electrode are increased together. where when ¢ (metal back work function) is at low
values as a Cu (4.65 eV), can observe the decline in Voc (0.71V) is due to the decline in Vbi,
which results in an ineffective collection of photogenerated carriers, and it can be seen Jsc is
also slightly reduced [215]. And leading to a Schottky junction forming at the HTL/back-
contact interface, which causes the cell performance to decrease dramatically, where in this
case, the efficiency is 4.792 %.

But with an increase in the metal's work function, the barrier height for holes at the back-
contact interface decreases, allowing for easy hole transport from the HTL to the back
contact, leading to an enhancing the efficiency of solar cells [207]. As in the case of gold (5.1
eV), it gave an efficiency of 6.03 %, and an open circuit voltage is 0.765 V. Also, the greatest
efficiency, which is 6.36 %, is achieved when the back electrode is made of palladium
material (Pd), which has a work function of 5.3 eV. Because it is well known that solar cells
become more effective as their work function is increased. This happens because more ohmic
contact is produced when the work function value increases due to a drop in the majority
carrier's barrier height [216, 217]. And for this, we will choose our study palladium as the best

material for the back electrode.
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It was created the new ideal structure for the ZnO/Cu20O solar cell by integrating the optimal
parameters that were found. This through to establish the optimum doping values and
thickness of the HTL and the optimal thickness of the absorber layer as well as the optimum
metal-work function for back contact. As it has been demonstrated, in comparison to the
reference efficiency, where it was conversion efficiency initially in the ZnO/Cu.O
heterojunction solar cell was 4.26 %, our optimization enabled us to achieve an efficiency of
6.36 %. Table 4.9 and Figure 4.19 reveal the results of our simulation for comparison between
the photovoltaic parameters of the cell after the optimization and those of the same cell before

the optimization.

All these simulated results can be useful, for experimenters looking to enhance the

performance of their cells in the future.
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Figure 4.19: J-V characteristics of the ZnO/ Cu2O heterojunction solar cell; before optimize
(Red), after optimize (Blue).

Table 4.9: Comparison of output parameters of the ZnO/ Cu20 heterojunction solar cell

before and after optimization.

Parameters Jsc(mA/cm?) Voc(V) FF(%) Eff(%)
Simulation initial 9.74 0.72 60.37 4.26
Simulation optimized 11.18 0.77 74.07 6.36
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4.5. Optimized of ZGeO/ Cu20 heterojunction solar cell

When choosing the material that composes the cell's buffer layer, many criteria that have an
effective role in the efficiency of the solar cell must be taken into consideration, including the
bandgap and the electron affinity, as well as the alignment between it and the absorber layer
and also not forgetting the role of the TCO in the efficiency. This is what we will cover in the
fourth part of this work; we will optimize the structure ZGeO/Cu»O through changing input
parameters for both ZGeO and AZO, where this device was verified to be consistent with the

experimental results in the previous part (second part).

4.5.1. Effect of the bandgap of the buffer layer (ZGeO) on the performance of the solar
cells

The obtained J-V characteristics and parameters photovoltaic are shown in Figures 4.20 and

4.21, respectively, by varying the band gap of the buffer layer from of 4.8 to 5.5 eV while

fixing the electron affinity for both ZGeO and AZO at 3.24 eV and 4.4 eV, respectively.
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Figure 4.20: Effect of band gap of the buffer layer (ZGeO) on J-V characteristics.
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Figure 4.21: The electrical parameters of the solar cell as a function of the bandgap of the
buffer layer (ZGeO).

In our results, we observe in all outputs very little changes. For example, V,. increases slightly
from 1.08 to ~ 1.1 V with the band gap of the buffer layer while the FF decreases also slightly
from 73.8 to 72.9 %. This gives efficiency unaffected. It is well known that there is a
relationship between band gap energy and V,. and its little increase is responsible for the

minor diminution in fill factor (FF).

It is worth noting that an increase in the band gap of the buffer layer gets the output
parameters of the structure ZGeO/CuzO closer to the experimental results.

4.5.2. Effect of electron affinity of the buffer layer on the performance of the cell

Figure 4.22 illustrates J-V characteristics as a function of electron affinity where it ranged

from 4 to 3 eV. While taking into account the band gap of the ZGeO layer is 5.5¢eV.
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Figure 4.22: Effect of the electron affinity of the buffer layer (ZGeO) on J-V characteristics.

Through analysis of the J-V characteristics, the solar cell's output parameters were determined
and are presented in Figure 4.23. We can observe that electronic affinity has a significant
impact. At an electronic affinity of 3.5-3.6 eV, V,. and efficiency are at their optimum
values, respectively ~1.29 V and 10.2%, before declining to lower values; FF peaks at 78.4%
at 3.7 eV. However, as the affinity increases from 3 to 4 eV, Js. decreases from 10.92 to
10.72 mA/cm?.
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Figure 4.23: The electrical parameters of the solar cell as a function of the electron affinity of

the buffer layer.
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Figure 4.24: The band gap of the buffer layer (ZGeO) at equilibrium for electronic affinity of
(@ 3.2eV, (b)3.6eVand(c)4eV.

On the basis of the band gap diagram shown in Figure 4.24 (a), (b), and (c), more explanation
is provided. At an electron affinity of 3eV, we see a significant the AE. at the AZO/ZGeO
interface, as well as a dramatic drop in Voc and FF. The ZGeO/Cu,0 side maintains the

necessary inversion type while also establishing the depletion region, as well as the n/p

95



Chapter 4: Results and discussion

junction, which is well established and extended in the absorber layer. When an affinity of 3.6
eV, AE. is decreasing at the AZO/ZGeO interface and increases at the ZGeO/Cu0 interface.
This is because the strong type inversion remains preserved and this has a positive effect on
the values of Voc and FF, and hence on the efficiency. And with the affinity of 4 eV AE,
becomes more significant, and thus, the n/p junction moves toward ZGeO/Cu0O. This

undesirably influences the separation of photo-generated carriers in the Cu20 absorber layer.

Moreover, for large conduction band offset, the carriers (electrons) resulting from photo-
generated in the absorber layer will be confined, this leading to recombination at the interface-
by-interface defects [218-220], It explains the decrease in the open circuits voltage. We can
see that as the electron affinity of the buffer layer increased to a value greater than 3.7 eV, all
of the output parameters of the solar cell decreased, primarily because of the cliff form
between the buffer and absorber layers, which increased recombination between carriers and
defects at the interface and, which it led decreasing Voc. Decreased FF can be attributed to
decreasing in the electric field caused by insufficient carrier collection [220, 221]. Also, the
fill factor decreases when the formation of a high spike or a deep cliff [219]. Hence, this will

result in a decline in efficiency.

4.5.3. Effect of the affinity of the front window AZO on the performance of solar cell

This section will study the influence of the electron affinity of the front window (AZO) on the
electrical characteristics of the AZO/ZGeO/Cuz0 solar cell structure. This was achieved by
keeping bandgap (E,) and electron affinity (x) of ZGeO constant at 5.5 eV and 3.6 eV,
respectively; where the two values match the previously discussed optimal values for best
efficiency. The electron affinity of AZO is changed from 4 to 4.5 eV. Figures 4.25 and 4.26

illustrate both the modeled J-V characteristics and output parameters.

96



Chapter 4: Results and discussion

(SN
N

=
o
1

Current density (mA/cmZ)

0 1 1 1 T T
00 02 04 06 08 10 12 14

Voltage (V)

Figure 4.25: Effect of the electron affinity of front window on J-V characteristics.
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Figure 4.26: Simulation of output parameters of the solar cell as a function of the electron
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Figures 4.25 and 4.26 show that as the electron affinity of AZO was increased from 4 to
4.5eV, all of the solar cell's output parameters dropped during the simulation process. This is
because the discontinuity between the AZO and the buffer layer (ZGeO) increases whenever
the electron affinity of the AZO is great, which results in slowing down the transport of
electrons resulting from the absorption of photons in the absorber layer (Cu2O) and their
separation at the interface (ZGeO/Cu20) while the holes are transported to the anode (Au). As
can be observed in Figure 4.28, the band gap diagram of this solar cell, the decrease in output

of the solar cell is due to the impeding in the transport of the electrons.

(RN
AZO
X.

Energy (eV)
ll\) 1

-3 - —Ef

4] —Ec
. —E,
-5
'6 T T T T T T T Ll Ll Ll
00 01 0.2 0.3 04 05 0.6 0.7 08 09 1.0

Possition (um)

98



Chapter 4: Results and discussion

Energy (eV)
1 ll\) 1

-— _EF
31 —Ec
4 —
5.
-6-

00 01 0.2 0.3 04 05 0.6 0.7 08 09 1.0
Position (um)

Figure 4.27: The band gap diagram at equilibrium for electron affinity of the front window
(AZO) (a) 4eV (b) 4.5eV.

The best values that lead to the high efficiency of the ZGeO/Cu20O solar cell were achieved
after studying the effect of improving the parameters of each of the band gap of the buffer
layer as well as the electron affinity for each of the buffer and the front window layers,
respectively. The J-V characteristics and output parameters for comparison of both the
optimized and the initial ZGeO/Cu20 solar cell are shown in Figure 4.28, and Table 4.10,
respectively.
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Figure 4.28: J-V characteristics comparison of the ZGeO/Cu.0O solar cell before and after

optimization.

Table 4.10: Comparison of the ZGeO/Cu,0 solar cell output parameters before and after

optimization.
Parameters Initial Simulation optimization
Jsc(mA/cm?) 10.88 10.82
Voc(V) 1.08 1.28
FF(%) 73.92 81.18
Eff(%) 8.72 11.30
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Cuprous oxide (Cu20) has attracted great interest from research scientific due to its low-cost,
abundance, non-toxic and high absorption coefficient as well as theoretical power conversion
efficiency of about 20%. All these features did make cuprous oxide as interesting as solar cell
material. However, due to the difficulty of forming the n-type of this material, that's made
these materials encountered challenges that would restrict their capabilities in building a p-n
homojunction solar cell, instead, researchers focused on p-n heterojunction, and indeed many
reports have emerged on heterojunction solar cells based on cuprous oxide (Cu.O) as an
active layer with different n-type semiconductors.

In order to optimize the device performance proficiently and to provide a clear understanding
of Cu.0-based-heterojunction solar cell performance, we developed a comprehensive
simulation that accurately describes the device operation, by performing several sets of

simulations over main physical parameters based on experimental results.

In the preliminary study, AZO/Cu2O heterojunction solar cell structures were simulated at
AML1.5G solar spectrum with an incident power density of 100mW/cm? at room temperature
(300 K). This structure showed relatively poor performance, where the power conversion
efficiency was about 2.578 % for this structure which is consistent with the experimental
results. The poor performance of this structure was related to the defect states at the junction
interface where these act as traps for the charge carriers generated by the photons.

In order to improve the performance of this structure, so, several materials were effect studied
for possible buffer layers (n-type) where we added different buffer layers between the n+-
AZO layer and the absorber layer ZnO, ZMO, AGO, and ZGeO and compared to their
experimental results, where we found that it’s a good agreement with the measured values.
And we found that replacing the buffer layer with a small band gap and high-conduction band
offset buffer for a buffer layer large with a band gap and low-conduction band offset
improved the solar cells performance where the power conversion efficiency was 4.26 % for a
solar cell with ZnO as a buffer layer to 8.73 % for a solar cell with ZGeO as a buffer layer.
Also, it was good band alignment between the buffer layer and the absorber layer one of the

most prominent reasons that led to this remarkable improvement.

Based on the experimental studies available, we have pursued two types of solar cells, one

with a ZnO buffer layer and another with ZGeO, where the primary solar cell (ZnO/Cu20)
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was improved by several optimization techniques. First, we added an HTM layer between the
absorber layer and the metal back contact. where several hole transport materials (Cul,
CuSCN, and NiO) were studied to choose the most suitable one for the solar cell, after
analyzing the obtained results, we noticed a significant increase in efficiency with all HTL
materials, but it was found that NiO HTL gives the best efficiency of n = 5.58 %. Then, was
also studied the effect of the thickness of the absorber layer, as well as the thickness and
doping concentration of the HTL on the performance of the solar cell, in these considerations,
the efficiency has improved to n = 6.02 %. The third step suggested in this improvement was
choosing the suitable metal for the back electrode to form good contact with high efficiency.
Where we found that the efficiency, in this case, has increased significantly to n = 6.36 %
with the palladium (¢=5.3 eV) as the best back electrode.

But regarding the ZGeO/Cu.O heterojunction solar cell, we have improved it through study
the bandgap and electron affinity of the buffer layer (ZGeO) and the electron affinity of the
front window (AZO), and studied their effects. Under these considerations, the power
conversion efficiency of the ZGeO/Cu.O heterojunction solar cell reached 11.30 %.

These studies, which also included choosing the optimal parameters and adding various
optimization, it can be made a significant impact on the development of Cu.O-based

heterojunction solar cells and enhance their performance in the future.
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