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Abstract

During this study, a solar cell was designed. A chemically electrodeposited zinc oxide and copper oxide
heterojunction cellwas designed.

Indeed, such acell wasfoundto have excellent and promising optical and electrical properties, due to
their natural p-type and n-type and their highly exploitable band gap as a semiconductor.

This work thus presented the different deposition factors that influence the structureand morphology
of the layers present in the device as well as their electrical and optical properties. However, before
that a state of the art was written. It presents the solar cells and how they work by explainingin depth
the p-njunction. Then the characteristics of the two oxides concerned were highlighted as well as the
manufacturing and characterization techniques such as x-ray diffraction or J-V measurement.

It was therefore stressed that the important factors to be controlled during deposition were the pH of
the bath, the deposition temperature, the applied current and of course the thicknessof the thin oxide
layer. All these parameters were listed and studied according to the different characterization
techniques. The influence was noticeable mainly on the preferential growth structure of both semi-
conductors. Indeed, the wurtzite crystalline structure of ZnO displayed a favourable (002) orientation
due to its epitaxially behaviour with ITO substrate and Cu,0. The same thing appeared with copper
oxide with a preferential (111) direction growth where it shows their best properties as solar cell.

Key words: thin film solar cell, Cu,0, ZnO, p-n junction, electrochemical deposition
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Resumen

Durante este estudio, se disefid una célula solar. Se disefié unacélula de heterojunction de 6xido de
zincy 6xido de cobre electrodepositado quimicamente.

De hecho, se descubrié que dicha célula tenia excelentesy prometedoras propiedades dpticasy
eléctricas, debido a sutipo p natural y sutipo ny a su gran aprovechamiento delhueco de la banda
como semiconductor.

Asipues, en este trabajo se presentaron los diferentes factores de deposicion que influyenenla
estructuray morfologia de las capas presentes en el dispositivo, asi como sus propiedades eléctricas
y 6pticas. Sin embargo, antes de eso se escribid un estado delarte. Presentalas células solaresy
como funcionan explicando en profundidad la unién p-n. A continuacién se destacan las
caracteristicas de los dos dxidos en cuestion, asi como las técnicas de fabricacidn y caracterizacién
como la difraccién de rayos X o la medicién J-V.

Se subrayd, pues, que los factores importantes que debian controlarse durante la deposicidon eran el
pH del bafio, la temperatura de deposicion, la corriente aplicada y, por supuesto, elespesor de lafina
capa de 6xido. Todos estos pardmetros se enumerarony estudiaron de acuerdo con las diferentes
técnicas de caracterizacion. La influenciafue notable principalmente enla estructurade crecimiento
preferencialde ambos semiconductores. De hecho, la estructuracristalina de wurtzitadel ZnO
mostré una orientacién favorable (002) debido a su comportamiento epitaxial con el sustrato ITO y el
Cu20. Lo mismo ocurrid con el éxido de cobre con un crecimiento de direccién preferencial (111)
donde muestrasus mejores propiedades como célulasolar.

Palabras clave : célula solar de pelicula fina, Cu20, ZnO, unién p-n, deposicion electroquimica



Analysis and design of Cu,0/Zn0 optoelectronicthin layers by electrodeposition

Resum

Durant este estudi, es vadissenyar una cel-lula solar. Es va dissenyar una cel-lula d'heterojunction
d'oxid de zinci oxid de coure electrodepositado quimicament.

De fet, esva descobrirque la dita cél-lula tenia excel-lentsiprometedores propietats optiquesi
eléctriques, acausa del seutipus p natural i el seutipus nial seu gran aprofitamentdelbuit de la
banda coma semiconductor.

Aixi, doncs, en este treball esvan presentarels diferents factors de deposicié que influixen en
I'estructura i morfologia de les capes presents en el dispositiu, aixi com les seues propietats
eléctriquesi optiques. No obstant aix0, abans d'aixo esva escriure un estatde I'art. Presentales
cél-lulessolars i com funcionen explicant en profunditat la unié p-n. A continuacié es destaquenles
caracteristiques dels dos oxids en qliestid, aixicom les tecniques de fabricacid i caracteritzacié com la
difraccio de rajos X o el mesurament J-V.

Es va subratllar, perque, que els factorsimportants que havien de controlar-se durantla deposicio
erenel pHdel bany, latemperaturade deposicid, el corrent aplicada i, per descomptat, lagrossaria
de la fina capa d'oxid. Tots estos parametres es van enumerarivan estudiard'acord amb les
diferentstecniques de caracteritzacid. La influéncia va ser notable principalment en I'estructura de
creixement preferenciald'ambdds semiconductors. De fet, I'estructura cristal-lina de wurtzita del
ZnO va mostrar una orientacié favorable (002) a causa del seu comportament epitaxialamb el
substratITO i el Cu20. El mateix va océrrer amb I'0xid de coure amb un creixement de direccid
preferencial (111) on mostrales seues millors propietats com a cél-lula solar.

Paraules clau : cél-lula solar de pel-licula fina, Cu20, ZnO, unié p-n, deposicié electroquimica
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1. Introduction

Motivation

Nowadays, the need for energy is increasing in a world where the industrialized countries, which are
constantly making energy-intensive technological progress, and in a world faced to an expected world
population at 2.5 billion in 1950. This significant demographicgrowth will certainly be accompanied by
an increase in energy consumption, particularly of fossil fuels such as oil, gas, and coal, which
constitute the main source of energy production, especially electrical energy. Nevertheless, fossil
reserves are limited and will be exhausted within afew decades. Moreover, the consumption of fossil
fuels leads to air pollution and pollution of the atmosphere. production of greenhouse gases such as
carbon dioxide, nitrogen oxidesand greenhouse gases. Halogenated hydrocarbons which are the cause
of a worrying global warming. The need to address these problems resultsin the designand study of
many renewable energies. Among them, solar energy has proved to be promisingin the production of
photovoltaicenergy (Koussi-Daoud, 2016a)

Justification

Photovoltaic energy, which consists of the conversion of light energy into electrical energy, has
therefore undergone a notable development with the appearance of different generations of cells
(Koussi-Daoud, 2016a). Photovoltaic energy knows a production of 47% (Ananda, 2017) per years
which justify the fact this energy attracted the attention of the world and could be a tremendous
advance for the innovation and the ecology. Even though it does exist several solar cells now, one is
considerably starting to be considered. ZnO/Cu,0 heterojunction solar cell is indeed a low-cost, non-
toxic for the human being and abundant in out planet earth. Moreover, recently a high conversion
efficiency regarding this solar cell has been achieved: around 4% (Fabrication and Characterization of
Copper Oxide-Zinc Oxide Solar Cells Prepared by Electrodeposition - IOPscience, n.d.), which is more
than considerable for this device (Minami et al., 2011). However,r this was deposited by thermal
oxidation which is excellent but expensive. That is why a low-cost electochimical deposition will be
preferred. Furthermore, both ZnO and Cu,0 semiconductor show a natural n-type and p-type
behaviour, respectively. Copper oxide has a direct band gap of around 2 eV (Tran et al., 2018) and ZnO
a direct wide band gap of 3,3 eV (Yeul & Dhote, n.d.). 20% (Tran et al., 2018) is the theorical power
conversion efficiency of an cuprous oxide.

Objective

The aim is thus to investigate such a cell, they are very promising. However, the recorded PCE is still
very low compared to the already commercialized solar cells. In this project different electrode position
parameters will be scrutinized in orderto exhibithow is the device influenced by them, to chose the
bestamongthem and to design such solar cell.

10
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2. A state of the art

In this section, a state of the art of the entire work will be carried out. The aim is to have a better
understanding of what already exists concerning solar cells and more particularly how Cu,0/ZnO thin
film solar cells (TFSCs) are fused. How they are characterized and how it could be outlooked in the
future.

2.1. Solar cells

First and foremost, asolar cell is a device which is constantly coveted by the researchers overthe past
decade. Indeed, it converts natural energy, well-known as sun lights, into electricity (Isik, 2015).
Nowadays itis more than necessary to find a sustainable and an eco-friendly way to produce electricity.
This is called photovoltaicenergy conversion. This energy could permit to avoid the use of fossil fuels
which are damaging and more and more scarce (Hamakawa, 2013). However, creating an electric
currentthankstothe cellis a long process and moreover, thereis numerous materials and types which
could suit solar cells as refer Figure 1.

Usually p-n junction (Gibbons, 1977) semiconductor materials are used in this field in order to reach
high power conversion efficiency (PCE). This section will, thus be dedicated to the five different types
of solar cells the most used nowadays before giving information of what a semiconductor is and how
a p-n junction does work.

3 5 .
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Figure 1: Efficiency of different solar cells through the years (NREL, 2019)

2.1.1. Multijunction solar cells (MJSCs)

12
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A multi-junction cell is a cell consisting of several semiconductors assembled with each other.
Commonly known as a tandem cell, they have the advantage of being able to combine the efficiency
of the best semiconductors, which provesto be very useful.

As an example, the most manufactured multijunction cell is the lattice matched (LM)
GalnP/GalnAs/Ge, as viewable in Figure 2.

It is known to have reached a PCE of 44% (McEvoy’s Handbook of Photovoltaics, 2018) with a rather
long lifespan. However, the assembled semiconductors must be carefully chosen, asthey must have a
very similar or evenidentical crystal structure. Therefore, this type of cell is always a challenge.

Contact

£ =187V
4 » 12.31 mAJem’
BSF

Tunnel jJunction

Window layer
.= 1400V
4 = 12.01 mAJem?

BSE

Tunnel junclion

Buffer

£, =0.66eV
4, * 17.95 mAJem”

Figure 2: Scheme of a typical LM (McEvoy's Handbook of Photovoltaics, 2018)

2.1.2. Monocrystalline silicon solar cells (MSSCs)

Today MSSCs are one of the most used solar cells if not the numberone. The word “mono” is used to
referto the fact that solar cells are made of a singular silicon crystal. The crystallographic structure of
silicon is represented Figure 3. Pure silicon is molten at high temperature after which a crystal seed s
added. The molten silicon forms afterwards allaround the seed which corresponds to the single crystal.
They are the cut into little pieces. Ina generalway, 60 MSSCs composed a whole solar panel. Compare
to either polycrystalline silicon solar cells (PSSCS) or TFSCs, MSSCs display the best PCE so far. These
commercially available solar panels have an efficiency ranging from 17% to 22% (Types of Solar Panek,
n.d.). Obviously, since this a monocrystalline cell, electrons are enabled to circulate easier inside the
cell, which is considerable regarding the efficiency of the device.

Although they are the most commercialized, the main issue for this kind of solar panel is the cost
(Kalogirou, 2009). Their high efficiency and the manufacture have driven up the price. This has
therefore become a significant disadvantage, hence the need to study and develop other viable
systems as this projectis dedicated. This structure, as shown in Figure 3 (Said-Bacar, n.d.), makesthe
cells as well as the panelblack.

13
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v

Figure 3: Crystallographic structure of a
monocrystalline silicon

2.1.3. Polycrystalline silicon solar cells (PSSCs)

Itis well-known that PSSCs are less efficient that MSSCs (Kalogirou, 2009). They are created similarly
the same way of MSSCs. Nevertheless, the seed crystal is extracted once silicon is cooled down. This
cooling process ends up with the formation of multiple crystals. Having a multi-crystal structure will
make the movement and circulation of electrons much harder and less fluid than within a single crystal.
As a matter of fact, the disorder induced by the grain boundaries and the distortion of the bonds
between the silicon atoms cause a distribution of electronic states (Said-Bacar, n.d.). Their efficiency
is nonetheless honourable knowing that it is around 15% and 17% (Types of Solar Panels, n.d.). This
device is still on improvementas every kind of solar cells.

Figure 4: A monocrystalline and a polycrystalline solar
panel

14
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Due to the fact that, these cells have a lower manufacturing cost and efficiency than MSSCs, these
panels have become a very interesting understanding for people who want to install solar panels at
homes. This kind of solar panels, as noticeable in Figure 4 (Types of Solar Panels: What Are Your
Options? | EnergySage, n.d.) are bluer.

2.1.4. Perovskite solar cells (PSCs)

Overthe pastdecade, PSCs based on hybrid organic-inorganic metal halide perovskite absorber layers,
which has its crystallographic structure shown Figure 5 (Eames et al., 2015), have come up as one of
the most promising emerging photovoltaic technologies, increasing from 3.8% of efficiency in 2009
(Kojimaetal., 2009), to 25.2% in 2020 —forsingle-junction architectures —and 29.1% in silicone-based
tandem cells (NREL, 2019), exceedingthe maximum efficiency achieved in single-junction silicon solar
cells and narrowing the gap with the Shockley-Queisser theoretical limit of 33.7% for a single p-n
junction (Shockley & Queisser, 1961). Moreover, these materials can be prepared from solution-based
methods and vyet display optoelectronic features equivalent to older, classic solid-state
semiconductors. This has resulted in photovoltaic devices that can be prepared at ambient
temperatures, and still attain power conversion efficiency (PCE) levels comparable to already-
widespread polycrystalline silicon (NREL, 2019). Despite the fact that their fundamental working
principles are not yet fully established — therefore remaining a subject matter for research, PSCs can
be viewed as the currently fastest-advancing solar technology, presenting a growing commercial
interest thanks to theirvery low-cost production and ever higher potential efficiencies.

But a considerable issue remains, as PSCs are not stable enoughin the long-term when submitted to
temperature variations (Schwenzer et al., 2018), moisture (Leguy etal., 2015), oxygen (Aristidou et al.,
2017), UV radiation (Farooqet al., 2018) and elevated temperatures(Bastos et al., 2019; Domanski et
al., 2018). In order to be competitive, PSCs must warranty a minimal power output of 80.2% of the
initial power output after 15 years, which is a common value for other conventional photovoltaic
technologies such as Si and GaAs solar cells (Canadian-Solar-Warranty-12-Years.Pdf, n.d.). In terms of
real-life application thermal degradation, which is now one of the main issues to be addressed, they
should also be able to withstand temperature rates of up to 100 °C/h and temperatures up to 85 °C
(IEC61646 - Thin-Film Terrestrial Photovoltaic (PV) Modules — Design Qualification and Type Approval
| Engineering360, n.d.)

Figure 5: Typical structure of methylammonium lead halide; the CH3NH3*
cation is surrounded by corner-sharing PbXs octahedra
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2.1.5. Thin film solar cells (TFSCs)

Athin-film solar, which is considered to be the newgeneration of solar cells cell (Isik, 2015), is generally
composed of severalthin layers of semiconductor materials as well as asubstrate (Lee & Ebong, 2017).
It does exist numerous types of thin-film device, as exposed in Figure 6, which have their own shaping
process. They can be up to 300 times thinnerthan the devices shown above (WhatAre Thin Film Solar
Panels, How Do They Work and Why Aren’t They Used for Residential Solar Systems?, n.d.). As aresult,
this implies a considerable reduction, firstly, in the weightand, secondly, in the cost of the solar cell.

THIN-FILM

Figure 6: A thin-film solar panel (Types of Solar Panels: What Are Your Options? | EnergySage, n.d.)

However, this type of device may contain certain substrates that are toxic to humans and the
environment. Moreover, its efficiency is lower compared to other systems, with a PCE of between 4%
and 12% (Types of Solar Panels, n.d.). This is indeed what will catch the eye of researchers. Thin-fim
solar cells, due to their low cost, have many areas for improvement. Indeed, this project will focus on
the study of thin-layers Cu,0/Zn0O production.

2.1.6. Semiconductors

Materials could be divided into three categories: conductors, insulators and, in between,
semiconductors (Figure 7). As the name suggests, these materials are known to have electrical
resistivity between insulators (>10*®* Q.cm) and metals (<10* Q.cm) (Helaili, n.d.). Its main
characteristic is to have a filled valence band and a conduction band ready to accept electrons. In fact,
betweenthesetwo bandsis the band gap also called energy gap (Eg). Its value for these materials must
be between0.1and 3.2 eV precisely. In otherwords, below this value the material will basically be a
metal (conductor) and above that an insulator. The value of 3.2 eV has been calculated theoretically.
The maximum energy provided by the visible spectrum corresponds to the wavelength of violet, i.e.,
aboutA =400 nm. To produce a photon, the following relationshipis given:

E=hxv with h =6.63 x 103 m?.kg.s* Planck’s constant

Moreover, knowingthatthe frequency of radiation v is calculated in this way:
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v=c+2A with ¢ = 3 x 108 m.s! light velocity

This energy obtains in joules may be easily converted in eV (1 eV = 1,6.10*° J) this falls on the value
given previously,3.2eV (Chawake, 2014).

Conduction band

Energy —

Band Gap
$ﬂ“”“"‘ﬂ‘”ﬂm"“’-"ﬂ
Valence band
Metals Semiconductors Insulators

Figure 7: Energy bands comparison between conductors, semiconductors and insulators materials (Chawake, 2014)

If an energy source provides enoughenergy to the semiconductor,an electronis excited and goes from
the valence band up to the conduction band and leaves behind a hole. It, hence, is going to create
electron-hole pairsinside the device. This is what will be at the origin of conductivity. The conductivity
will then depend on several factors, namely, the illumination provided by the sun in this case, the
temperature, and the presence of impurities in the material known as doping (intentional or
unintentional). This will be discussed in detail in the next section, but doping increases the charge

carrier density within the material. Therefore, it will change the type of conduction and transport
properties.

2.1.7. Ap-njunction solar cell

For information purpose, p-n junctions are found in a multitude of electronic devices such as diodes
and it is on this same junction that solar cells are based. Fundamentally p-n junction is obtained by
combining one material who has a majority of electrons carrier with another who has a majority of
holes carrier. This means respectively a n-type and a p-type material. For the most known and used
solar cells, such as monocrystalline/polycrystalline silicon or perovskite, itis a necessity to dop the cell.
In other words, it is mandatory to integrate impurities into them. On the contrary, this will be seen
later, semiconductors such as Cu,O and ZnO are investigated to be natural p-type and n-type
respectively. In other words, it does exist two types of semi-conductors:

e Unintentional doping: as highlighted above, Cu,0 and ZnO are extremely wellknown to be p-
and n-type semiconductors respectively, naturally. Thatis to say that the material intrinsically
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has uncontrolled defects in the crystallographicstructure (gaps, excess of atomsorimpurities).
Forinstance, Cu,0 displays a lack of copperatoms and in orderto keep the electronicstability
of the device certain atoms of copper are found in the Cu?* form instead of Cu*, this result,
hence, in a lack of electronsin the valence band: a p-type doping is obtained. Same thing
happens concerning ZnO. This is therefore very advantageous in the field of energy conversion.
Indeed, the hole and electron density will increase. This will become highly exploitable
regarding solar cells. This unintentional doping depends a lot of the fabrication process.
Therefore, it might be an avenue to be exploredin order to improve the performance of the
Cu,0/Zn0solar cell (Bergerot, n.d.).

¢ Intentional doping: basically, the case of silicon, which is today the most commercially
available solar cell. It is found in both monocrystalline and polycrystalline forms. The
monocrystalline form is more efficient in terms of converting solar energy into electrical
energy but is much more expensive as explained above. One of the reasons it is more
expensive isthatit needstobe chemically doped. It consists of voluntarily introducing one or
more other atoms into the material, chosen according to their electronic structure. For
example, silicon has 4valence electrons onits outer layer. In orderto obtain an n-type junction
forsilicon, it is known to incorporate phosphorusinstead of certain silicon atoms. Indeed, since
phosphorus has 5 valence electrons, it will then create a free electron that is easy to excite.
Thus, creating a large quantity of negative charge carriers. This is how n-type dopingis carried
out. Conversely, boron has only 3 electronsin its outer layer, so by substituting it for silicon, it
will be able to bond with 4 silicon atoms, but one of the 4 bonds will only be made with a single
electron. One electron will therefore be missingin relation to silicon, which meansthat a hole
has been introduced. This gap can be filled by an electron from another bond, but this other
bond will then present a gap in turn: the gap has moved, which is equivalent to say that the
hole has moved. The introduction of boron thereforeintroduced a moving hole in the material
and therefore a p-type doping (Bergerot, n.d.).

Considering, then a p-type copper(l) oxide and a n-type zinc oxide solar cell device which are two
different materials, during their assembly it is in this case a question of heterostructures or
heterojunction (Abd-Ellah et al., 2016; Benhaliliba et al., 2017).At this point, if the junction between p-
type and n-type materials is made, the device will immediately start to work. Indeed, the device will
try to attain the equilibrium. As long as, there is an excess of electrons in the n-type junction and of
holes in the p-type area, they are going to, trough the junction, combine themselves. Which is
representing anumerous motion of charges. That means, afterwards that the negative charges of the
n-type side will go in the p-type side. Resulting with a drop of electron concentration in the n-side and
an increase in the p-side and ending up with a difference of polarity and thus the emergence of an
electric field which goes fromthe n-type to the p-type. This field is the consequence of the creation of
layer composed only of static charges called the depletion layer. The direction of the electric field is
important, that means that electrons will try to go on the opposite direction. Leading to the formation
of a layer nearby the junction of static negatively charge carriers in the p-area and static positively
charge carriers in the n-side. The layeris called as the depletion layer (Shahrestani, 2013).

Each semiconductor material has their own electrical properties (valence band, conduction band, band
gap, carrier lifetime ect...) (HITACHI, n.d.). Photons produce by the sun rays are absorbed by the cell.
These photons need to have a certain energy to excite an electron to let it reach the conduction band
of the material. If it is the case electrons will be removed nearby the p-n junction leading to the
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formation of holes. Naturally, holes will be filled by the contribution of electrons which will circulate
in the crystalline network in the p-side. The electronsreleased by the sufficient energy of the photon
to shift the charge from the valence band to the conduction band will move to the n-zone where there
is an excess of positive charge. Due to the magnetic field created by the p-n junction, electrons and
holes will not be able to recombine forsome time. This means thatan accumulation of opposite signs
will occur, so if we connectnand p externally then the electrons willbe able to circulate and create an
electric current. A schematic representation of a p-n junction at thermal equilibrium in Figure 8 is
displayed.

Static charges not contributing to the current
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Figure 8: Zero bias applied p-n junction (Shahrestani, 2013)

The open circuit voltage is a concept extremely important fora solar cell. The light generated carriers
are conducted towards contact terminal which create, thus a different voltage of both side of the
device. More the drop of the voltage is wide more the open circuit voltage is efficientand better will
be the light conversion into electricity of the photovoltaiccell. Usually The external quantum efficiency
(EQE) of a cell is determined by the number of photons converted into light carriers within the cell.
Generally, it depends on the chosen semiconductor and particularly on the value of its band gap. In
fact, thanks to this, a material will be more suitable for energy conversion at certain wavelengths. The
EQE also depends on the probability of charge recombination. A short carrier distance will be preferred
due to a lower probability of recombination (T. Wang et al., 2019). And this of course dependson the
intrinsic properties of the selected semiconductors.

2.2. Copper(l) oxide semiconductor

Before being a semiconductor nanomaterial for solar cell devices, copper oxide is more commonly
foundin the form of bulk materials. It is a mineral that can easily be foundin nature under the name
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of cuprite. It is a red coloured (Figure 9) compound whose formulais Cu,0. Normally it is widely used
as a pigment for glass and ceramics.

Most interesting for this study is the fact that copper oxide has natural p-type semiconducting
properties known since the 1917s and ever since but more recently, it has been deeply studied as a
future material for solar cells (Olsen et al., 1982). The very first known oxide with semiconducting
properties. It was even used as a semiconductor long before silica, which appeared in the 1940s
(Bergerot, n.d.).

Figure 9: Cuprite powder (Cuprous Oxide | Metal-Powder-Dust.Com, n.d.)

2.2.1. General properties

Figure 10: a) Cu,0O crystallographic structure. (b) 2x2x2 atomic structure cells of Cu,O (Resende, 2017)

Nowadays this semiconductor has many advantages among others such as silicon or even better the
perovskite known as calcium titanium. Indeed, this ore is presentin nature in abundant quantities, it
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is not expensive and not toxic (Bergerot, n.d.; Koussi-Daoud, 2016b; Resende, 2017; Salek, 2013;
Shahrestani, 2013). Its crystalline structure (Figure 10) is cubic with oxygen atoms arranged in a centred
cubic (CC) structure and copper atoms occupy the centre of half of the a/2 edge cubes (Salek, 2013).
The mesh parametera = 4.2696 A. This structure has the properties, in stoichiometric condition, a
density of 6.10 g.cm=and a molar mass of 143.09 g.mol?* (Resende, 2017).

Copper oxide is known, as a semiconductor, to have a wide band gap of the order of 2eV and a high
absorption coefficient. This value is likely to be differentaccording to the articles. The mostaccurate
value to propose is 2.137 eV. In other words, this means that it partially or totally absorbs light from
wavelengths below 580 nm (blue range) and therefore transmits light at higher wavelengths (yellow
and green range). Therefore, Cu,0 appears yellow and transparent to the naked eye, making it a
significant candidate for the formation of transistors and photovoltaic cells (Bergerot, n.d.).Basics
properties of Cu,0 are setforthin Table 1.

Table 1: Basics properties of Cuz0 (Olsenetal., 1982)

Band gap ~2.0eV
Electron affinity 3.2eV
Crystal structure Simple cubic
Lattice constant 4.2696 A
Melting point 1235°C
Density 6.0 g.cm™
Thermal expansion coefficient 3.5x10°®°C!
Conductivity type p type

Thanks to Figure 11 that displays the number of publications about Cu,0 semiconductors through the
years. Irrefutably it currently grows tremendously. The needs of finding the right material for green
solar cells device in order to answer the question of the environmental and the human being
protectionis, sadly, hurrying up.
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Figure 11: Estimated numbers of publication about Cu,0 semiconductor solar cells during the years (Koussi-Daoud, 2016b)
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2.2.2. Electric conduction

Many defects are present within the copper oxide structure. These defects can be explained by the
presence of excess oxygen leading to the formation of copperatom lacunae. As shownin Figure 12 the
2p levels of oxygen, which has a high electronegativity, will create a strong valence band edge. This
results in a low mobility of the holes in relation to its effective mass. However, the 3d'° levels of Cu*
will form the top of the valence band and therefore improve the mobility of the holes (Resende, 2017).
This explainsits p-type electrical conductivity This givesit a wide mobility of positive carriers at room
temperature, p,~100cm?.V1.s?, from the momentitis manufacturedin a thin layer.
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Figure 12: Chemical bond between an oxide ion and a cation with closed metal d shell (Resende, 2017)

Elaboration will have to play a major role concerning the structure of the copper oxide and will then
have an impact on its properties. Indeed; there is certain parameters regarding the creation of Cu,0
semiconductor which have to be carefully undercontrolled, alwaysin orderto enhance the efficiency
(Salek, 2013) of Cu,0as a solar cell.

2.2.3. Cux0 for solar cells

Currently, it is without doubts that copper oxide is one of the main candidates regarding solar cells
application. As specified before, Cu,0 shows up a natural p-type behaviour. This is explained by the
formation of Cu vacancies in the crystal structure (Nolan & Elliott, 2006). As a matter of fact, 20% is
the maximum power conversion efficiency concerning Cu,0 which has been theoretically calculated,
taking into account that current losses are only causing by the injection of minority carriers within the
junction. Investigations reported to expect, in a viable way, efficiencies up to 9% (Olsen et al., 1982).
Nowadays the highest PCE achieved by Cu,0, included as an active layer in MgF,/Al-doped
Zn0/Zng35Gegs,-0/Cu,0, is knowing to be 8,1% (Jayathilaka et al., 2020) . All of this proves
considerably the strength of this semiconductor.

Nevertheless, compare to the other devices already commercialized, copper oxide-based solar cells
need obviously enhancements and thus further research. These researches have to be oriented on
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three mains issues that Cu,0 solar cells are exposed to, namely junction formation, material growth
direction and photocurrent.

2.3. Zinc oxide semiconductor

The use of zinc oxide, a white (Figure 13) inorganic compound (whenitis pure) (Yeul & Dhote, n.d.), as
a promising compound in the field of light-emitting diodes or solar cells semiconductors (Hamid, 2009)
in particular was discovered at a late stage. Indeed, even before the 2000s, the main applications of
ZnO were dedicated to the pharmaceutical and chemical industries (Hadouchi, 2017). It is also well
known to be used as an additive in numerous materials such as rubber (~36%) (Karam, 2017).

It was in 1968, by Daprak (Karam, 2017), that the possibility of manufacturing light-emitting diodes
(LEDs) was discovered. Currently, this element has become an actively coveted and studied material
because of its more than interesting chemical and physical properties (wide band gap semiconductor,
large exciton binding energy, low-cost synthesis, possibility of depositing different morphologies of
nanostructures, etc.) in photovoltaicapplications.

Figure 13: 99,5% pure Zno powder(Zinc Oxide Nanoparticles, n.d.)

2.3.1. General properties

Just like copper oxide, ZnO attracts the attention of researchers because this element is inexpensive,
abundantin nature and non-toxic (Hadouchi, 2017; Karam, 2017; Luo, 2020; Yeul & Dhote, n.d.). Here
are the main characteristics that are increasingly sought afterin the construction of solar panels.

Naturally, this oxide is called zincite. Three different crystal structures of ZnO are known, the hexagonal
type, the wiirtzite form, zinc blende or rocksalt. However, as it can be seenin Figure. 14, without any
change in structure, the latter can be found in the thermodynamically stable form of wiirtzite,
belonging to space group P6;mc (Hadouchi, 2017), under normal pressure and temperature
conditions. This structure therefore corresponds to a stack of compact double laye rs along the ¢ (0001)
axis formed, obviously, by oxygen and zinc atoms with the following lattice parameters: a = 0.32495
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nm and ¢ = 0.52069 nm. The ratio c¢/a = 1.602 is visibly very close to the ideal compact hexagonal
structure,i.e.c/a=1.633 nm.

It is known that the achievement of one-dimensional ZnO nanostructures is greatly favoured by the
anisotropic growth along the c-axis. This is due to the fact that the wiirtzite structure has no centre of
symmetry and that the individual stacked planes lead to a dipolar moment between (0001) and (000-
1) (spontaneous intrinsic polarisation). And since the surface energyinthe (0001) plane is higher than
in the other planes, this resultsin a higher growth rate along the c axis (Karam, 2017).
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Figure 14: Crystalline structure of ZnO (Wiirtzite) (Karam, 2017)
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Prepared underso-called classical conditions, at 300K, ZnO is a wide band gap semiconductor. Its value
is about 3.30 eV without doping. When doped, it can reach up to 3.90 eV, as display in Table 2. This is
often compared to gallium nitride (3.50eV). Furthermore, thanksto this characteristic, it is transparent
to the solar spectrumin the visible range and can be considered for optoelectronic applications in the
blue and UV range.

This oxide will be preferred to the use of GaN wheniits bindingenergy is learned from the free exciton.
Namely 60 meV for ZnO against 25 meV for GaN. This energy, shown by an absorption peak, is
therefore really close from the gap. This makesit, thus, very promising for optical devices.

Table 2: Basics properties of Zno

Band gap (300 K) ~3,30 eV
Exciton binding energy 60 meV
Crystal structure Wirtzite
Volume density (300 K) 5,675g.cm3
Lattice constants a=0,32495 nm
¢ =0,52069 nm
Electrons mobility 205 cm?. V1t
Melting point 1974 °C
Conductivity type n-type
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3.3.2 Electric conduction

As previously mentioned, zincoxide is intrinsically n-type doped. This can be explained by the fact that
the crystallographic structure has many gaps due to the large difference in ionic radius between the
Zn2* cation (r = 0.60 A) and the 0% anion (r = 1.38 A). It appears that about 55% of the volume of the
crystal is composed of voids. This therefore induces insertions of zincatoms or impurities, leading to a
stoichiometricimbalance of the oxide and then to an excess of electrons, thus creating electron donor
centres within the structure. This is what happensin fact, the ZnO structure very often presents oxygen
gaps or an excess of zinc that can be observed in the interstitial sites.

Zinc oxide has an electron mobility which varies between 10 and 102 ohm™.cm™ considering the
undopedZnO. As explained, in most cases, ZnO is intrinsically doped which increases its conductivity
by between 10*and 10> ohm.cm™.

This value can become even higher when the oxide undergoes extrinsic doping. Indeed, like silica, it is
possible toincorporate impurities into the crystal lattice of the semiconductor. This doping takes place
either by substitution orin the interstices, in the same way assilica. There is a wide variety of elements
that can potentially doped ZnO. Doping the lattice is, however, economically, and temporally more
expensive.

3.3.3 ZnO for solar cells

In many respects, ZnOtends to be a substitute to GaN an TiO,. Zinc oxide shows a low cost production
and better optical properties (Ozgur et al., 2010). This is therefore, why this material is attracting
attention. ZnOis considered as the next generation of solar cells caused to its wide band gap in order
to harvest enough sufficiency fromthe solar spectrum and so reach better PCE (Zhou et al., 2017). For
now, the issue regarding ZnO based solar cells is the required p-type doping, which is leading to
recombinant traps due to the crystal defects and thus to poor efficiencies and short circuit currents.
This is the reason why, this study is going to use ZnO within a heterojunction solar cell. Zinc oxide
semiconductor is mainly used as window layer and transparent thin film transistor (TTFT) (S. Jeong,
2010).

What is more than interesting with zinc oxide is that it is possible to control the growth of the single
crystal rather easily. Indeed, it is through the different deposition techniques that the growth of the
crystal lattice can be controlled. And therefore, have a significant impact on the optoelectronic
properties.

2.4. Fabrications techniques

The performance of a solar cell, whether thin-film or otherwise, is determined by key optical and
electrical properties. These different properties are a consequence of the way the cells are
manufactured. Indeed, there are many different process methods for the manufacture of these cells.
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Depending onthe method chosen, the efficiency of the cell will be modified. It is therefore necessary
to compare themin order to getan idea of the methods used.

This section will therefore be a presentation on the different methods of manufacturing ZnO/Cu,0
solar cells, presenting their influence on the electrical and optical properties and the quality of the
layer interfaces.

The following techniques will be presented below:

e Chemical Vapor Deposition (CVD)
e Thermal oxidation
e Electrochemical deposition (ECD) which is the method related to this study.

This part will also prove that the efficiency of the cell is also depending on the used fabrication
parameters. All these parameters will be more highlighted and explained for the ECD in the third
section.

2.4.1. Chemical Vapor Deposition (CVD)

It is known, in the semiconductor industry, CVD is attractive firstly because regarding optoelectronic
devices, this method is able to create epitaxial ZnO films and secondly because it is useful for mass
production. It is mainly used for creating semiconductor film due to its aptitude to manufacture high-
purity semiconductor (Siddiqui et al., 2012). Since ZnO is growing faster in the c-axis due to its
anisotropic growth and columnar morphology (S. Jeong, 2010). This method improves, thus, the
surface and the heterojunction of the device.

CVD process basically consists of bringing a volatile compound carefully chosen to be deposited onto
the surface material. A solid product is formed by one ore more chemical reactions. The non-desired
other products must be volatile in order to be removed from the surface. Impurities are avoiding as
much as possible, thus the reaction has to be carefully controlled like, forinstance, pressure and energy
input (Dépots physiques en phase vapeur, n.d.). As a matter of fact, CVD technique can be
differentiated according to the type of energy used to activate the chemical reaction.
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Figure 15: Steps regarding CVD of thin films on a substrate (S. Jeong, 2010)
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In that way, this paper puts forward the Metal Organic Chemical Vapor Deposition (MOCVD), showed
to be the best, of ZnO (as the steps are displayed in Figure 15 and Figure 16) and Cu,O (S. Jeong, 2010).
For many processes, the final properties of the device depend naturally on several factors. They
highlight, for example the type of substrate and precursor, the process pressure and the deposition
temperature (S.Jeong, 2010).

Inthe aim of deposit zinc oxide (ZnO) thin film by CVD, the precursorand the source must contain zinc
and oxygen, respectively. The precursor could either be diethyl zinc (DEZ): Zn(CsHs), or zinc
acetylacetonate: Zn(CsH,0,),, Zn(acac), as metal organic compounds.

S. Jeonguseda Zn(CsH;0,),, Zn(acac), based precursorinstead of a DEZ. Even though DEZ is the most
employed precursor due to the facts that the quality film is improved and the easy control of the
deposition rate, the manipulation of zinc acetylacetonate is however more accessible.

The CVDsetup forZnO is welldefined and described in Figure 15. Zinc precursor is located into a steel
tank. Some carrier Ar gas is going through in on one side. And on the other side an outlet bonded to
the deposition chamber throughout ashowerhead. Allthe lines in red mean that the processis heated
in those area thanks to a band heater, and a thermocouple is attached down to the tank in order to
regulate the temperature up to 150°C to avoid condensation. A capacitance manometer gauge is
connectedin between the butterfly and the rotary pump to control the pressure in the range of 1to
10 Torr. Inthe end both the precursorand the source, separated in two different flow lines to prevent
reaction betweenthese two, are fed into the deposition chamber.

Gases flow rate, such as argon (carrier gas), O, as the source and N, forventing, are carefully controlled
in the range of 0 — 3000 sscm (standard cubic centimetre per minute) by mass flow controller. The
substrate is obviously laid on the sample stage heating up to 1000°C according to a resistance heater
(S.Jeong, 2010).
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Figure 16: Schematic of ZnO thin film CVD process (S. Jeong, 2010)
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As it is going to be put forward in the third section regarding the ZnO/Cu,O electrodeposition
technigue, numerous parameters may be modified to reach the best structure and then the best
properties of the solar cell device. In this same way, S.Jeong started to show the impact of different
parameters regardingthe MOCVD process.

First studying the morphology on various substrates. It has been clearly shown that the modification
of the substrate to be deposited had a remarkable influence on the ZnO film morphology. To give an
example, ss it can be seen in Figure 16 where X-ray diffraction measurements display that ZnO has a
preferential growth direction. In other word, as mentioned inthe 2.3.1. part, this is due to its intrinsic
properties. Naturally ZnO will tend to grow faster where the formation energyis high, which is for ZnO
the normal direction of the plane (c-axis).
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Figure 17: XRD showing morphology dependence on substrates of the growth direction of ZnO : from the top to the bottom
(1) Glass; (2) (100) oriented Si ; (3) (111) oriented Si ; (4) a-plane sapphire ; (5) r-plane spahire (S. Jeong, 2010)

Itis also highlighted thatthe surface may presentvarious morphologies regarding to the temperature
deposition of ZnO on r-plane spahire. Mainly the smoothness of the surface is taking into
consideration. According to Figure 18, which is introduced by Scanning Electron Microscopy (SEM), It
is possible to notice the different surfaces behaviour. More the temperature is increasing less the
surface tends to be smooth. Higher than 500°C poles growing out appear. Same statement with the
Atomic Force Microscope measurements presentingin Figure 19. It has been even impossible to
measure the surface under 700°C as it was considerably rough.
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Figure 18: ZnO deposited SEM images (a) 500°C ; (b) 600°C ; (c) 700°C (S. Jeong, 2010)
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Figure 19: ZnO films deposited AFM images (a) 400°C ; (b) 500°C; (c) 600°C (S. Jeong, 2010)

That puts up widely the dependence of the deposition parameters that must be highly considered,
concerning every types of deposition.

Copperoxide is deposited using MOCVD process as well as shown on Figure 20 which represents the
unfolding of the process. Using a solid hexafluoroactylacetonate cu(hfac), powderin a cylindrical tank
where the depositedsubstrate is placed on aheater. To avoid unwanted gas reaction, oxygen and H,0

are fedin the tank through 2 distinct pipes too. Pressure inside the deposition chamber is controlled
by butterfly valve.
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Figure 20: Schematic MOCVD process for Cu;0 deposition (S. Jeong, 2010)

As ZnO, copper oxide shows preferential properties and morpholgy depending on how the substrate
surface state is, on which amount of zinc and oxygenthere is (Chang & Yeh, 2001), and on what kind
of parameters are set during the deposition process, such as the deposition temperature, the
thickness... This will be not detailed, because itis not the process used for this subject. Itis only to give
a preview of the main processes and to give an overview of how Cu,0/Zn0 heterojunction could be
upgraded for solar cell regarding the variation of the different deposition parameters. Indeed, it is
clearly noticeable that fabrication parameters have a huge influence on the device properties and
hence on the efficiency.

The strongest drawback of the CVD is naturally its high cost, which is, here, tried to be as lowest as
possible. Beside its benefits other fabrication methods will be preferred, as it will be seen with the
electrodeposition method.

Itis also comparable to the thermal oxidation method which is going to be explained straight after.

2.4.2. Thermal oxidation

Thermal oxidation is, regarding solar cells, the main manufacturing route used (Siddiqui et al., 2012),
so then relevant to talk about. It leads, indeed to high purity structure for semiconductors. However
this technique is more appropriate to film and not to this film that is why D. Guoand Y. Ju (Guo & Ju,
2016) investigated ZnO nanowires by thermal oxidation.

First the preparation of ZnO nanowires has been carried out evaporating on the Indium Tin Oxide (ITO)
glass substrate a film of zinc under 1 x 103 Pa at 0,1nm.s* using electron-beam evaporator. It ended
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up with a thickness of about 400 nm. The substrate was undergoing room temperature while zinc film
was deposited at 500°C during a day. Nanowires were formed and the cooled down to room
temperature.

Afterwards, stillusing beam-evaporator, copperfilm was deposited upperthe ZnO nanowires under 1
x103 Paandat 0,1 nm.s to reach alayerthickness of about 500 nm. Everything was depositedat room
temperature and at the end heated up to 250°C for one day again to obtain the Cu,0/ZnO
heterojunction.

After characterization, the conclusion was the necessity of tuning growth parameters of Cu,0 layer in
orderto improve its crystallization to enhance the quality of the p-n junction (Guo & Ju, 2016).

Although thermal oxidation is considering as the best fabrication method for solar cell it still has to be
deeplyresearchedin orderto reach the best PCE regarding the considered heterojunction.

2.4.3. Electrochemical deposition

The purpose of this section is to present the electrodeposition (or ECD) general method. The fact is
that this processis at the heart of our study. Indeed, this deposition method is very versatile, easy to
use and therefore very promising for the manufacture of thin-film solar cells. It is known to be
potentially expensive in every respect, both economically and energetically. There is no heat
treatment, the shape, crystallographic structure, and size of the grains can be modulated, in particular
by controlling the pH or adding additives.

Its greatest success is necessarily its very low economic cost, as it does not require any vacuum
treatment unlike otherprocesses.

All the parameters that are relevant to the state of the cell and the efficie ncy will be exposed and
explainedinthe third section dedicated to the “best” manufacture of a Cu,0/Zn0 heterojunction thin
fil solar cell.

It does exista bunch of ECD technique categories. Itis possible to cite: electroplating, electrophoretic
deposition and underpotential deposition (Hanawa, 2018). Among them, the used technique regarding
solar cell is the three-electrode electrochemical cell deposition.

Asillustratedin Figure 21, the metallic coatingis occurred in a conductive bath called electrolyte, which
therefore involveions, both positive and negative. The metal oxide which is going to be deposited must
be present in the bath in liquid form dissolved in the water in order to create molten salt. The two
principal electrodes are firstly diving into the electrolyte. The one bonded to the positive terminal
(anode) is the counter electrode (CE) or the reference electrode and the anode connected to the
positive side of the battery is the working electrode (WE). Usually there is a third electrode as known
as auxiliary electrode and its responsibility is to carry the current through the cell, on the surface of
which no interesting processes take place. The auxiliary electrode provides a circuit to which current
is applied or measured. The potential of the auxiliary electrode is usually not measured and is adjusted
to balance the reaction occurring at the working electrode. This configuration allows the potential of
the working electrode to be measured relative to the known reference electrode without
compromising the stability of the reference electrode by passing currentthroughiit .
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The WE and the CE are basically connected to a power source supply. The movement of the ionsinthe
electrolyte bath is simple, the positively charged ions that are found on the anode are going towards
the cathode to link an extra negative charge. The thin layer is thus the deposition of the metallic ions
on the cathode. Naturally the nature of the anode, the cathode and the electrolyte bath is carefully
chosen based onthe experiment led.

Three electrode potentiostat

e & o

Thermometer
I Cell Cover
|I —e- 10 circulating water bath
—— p—

Water-jacketed cell

U auxiliary electrode

Working electrode

i  From circulating water bath
pr—

Reference electrode

Figure 21: Schematic representation of a three-electrode electrochemical cell (Shahrestani, 2013)

The tremendous things about this technique are that it has low-costs, and it is easy to use. It is
therefore very easy to control certain parameters such as thickness with the time duration of the
plating and the surface state of our device with the pH and temperature. That will be the state of the
other main part in which will be described the influence of this parameters onthe cell and then
ending up with the best design of the cell choosing the best parameters.

2.5. Methods of characterization

Numerous methods of characterization can be occurred regarding properties of solar cells. They are
specific for structural properties and hence for electrical and optical properties. In order to
characterize the structure of the cell there is two very know method:
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e X-Ray Diffraction (XRD)
e Scanning Electron Microscopy

These two methods will be described below to give a betterunderstanding of how it is working.

2.5.1. X-Ray Diffraction

XRD is a very classical technique for the identification and characterisation of the crystalline structure
of materials, which dates to the beginning of the 20th century and has been continuously improved
since then. In its ordinary version, used here, it enables the precise measurement of the distances
d(hkl) betweenthe different crystal planes (hkl) of a crystal, based on the measurement of the angles
of deviation 20 of an incident X-ray beam (La Diffraction Des Rayons X | Laboratoire Interfaces et
Systéemes Electrochimiques, n.d.). ltenables us to observe the defects and preferred orientation of the
thin -film nanostructured crystal. Thanks to the Bragg equation: 2dsinB8=nA (with A the wavelength, 6
the scattering angle, d the inter-planar distance and n the diffraction order) it gives us the possibility
to see the preferable growth direction of the crystal. In fact, crystallites are diffracting X-rays beam
with a specific angle to respect Bragg’s condition. As schematically explained in Figure 22 which
displays, as already highlighted, that a detector receives X-ray beam from the X-ray source always
reflected from the sample with a 26 angle. Usually when this characterization method is used it is
setting out in a graph exhibiting the intensity function of the 26 angle (Wubet, 2019).

Normal to Surface
X-ray 1
S Detector
ource Diffracted
X-rays

L 4 ] Sample

Figure 22: XRD schematic representation (Wubet, 2019)

3.5.2. Scanning Electron Microscopy

The main utilities of the MEB instrumentare obviously its given topology, materials composition and
morphology information as well as its high-quality three-dimensional image of the studied surface.
SEM is scanning a 1 nm circle of the surface sample. The electrons throwing by the source are hitting
the sample as showing in the Figure 23. Afterwards the topography of the surface is made by the
reflection of the generated electrons. Each pointin the 1 nm diameter area is scanned to obtain the
whole surface representation at each point (Wubet, 2019).
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Figure 23: SEM basic schematic representation method (Electron_microscope.Png [SubsTech], n.d.)

With the help of these two techniques, it is then conceivable to predict how would be the optical,
electrical properties and the efficiency of the device.

2.6. Device efficiency characterization

The surface and the device characterization are likely related to each other. Indeed, if the surface is
smooth or exhibit some defects the properties of the cell will not be the same. That is why the surface
state is very concerned and mostly the state if the heterojunction surface. Generally, a solar cell is
defined by four different main sizes: the External Quantum Efficiency (EQE), the Power Conversion
Efficiency (PCE), the open-circuit voltage (Voc) and the short-circuit current (Jsc) determined with the
current-voltage (J-V) characteristics underillumination (S. Jeong, 2010). This section will, therefore, be
dedicated to the presentation of this method.

The electrical power delivered by a photovoltaic cell is the product of the voltage by the current it
generates. These two quantities, current and voltage, depend both on the electrical properties of the
cell and the electrical load at its terminals. The electrical properties of the cell are synthesised in a
graph known as the current-voltage characteristic. Every electric dipole is entirely defined by its
current-voltage characteristic, which is unique to it. A random example is givenin Figure 24.

The point where the J-V curve intersects the tension-axis is called the Vq; this is the voltage at the
terminals of the cell when the cell is in open circuit, i.e., when the positive and negative sides are
electrically isolated from any other electrical circuit (the current flowing throughitis then zero). In this
case, the powersupplied by the cell (P=U x |)is equalto zero.
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The other characteristic point that shows up is the one when the curve hits the current-density axis (y-
axis), as well called Jsc. Same thing here, this is the current that flows through the photovoltaic cell
whenit is short-circuited, i.e., when the positive pole is connected to the negative pole (the voltage at
its terminals is then zero). In this case, the power supplied by the cell is zero (GuidEnR
PHOTOVOLTAIQUE > Caractéristique Courant-Tension d’une Cellule Photovoltaique, n.d.).

vﬂ‘ c

>
Voltage

o

Current density

JS c

Figure 24: Virtual J-V characteristics illustration for a solar cell under illumination (S. Jeong, 2010)

As illustrated in Figure 24, the curve achieves a maximum power, which is important to calculate
afterwards the PCE of a solar cell. Knowing that P.,,., = V., X J,,, it is then possible to get n, the power
conversion efficiency of the cell, which is the ratio between P,,,, and P; (with P; the illumination power
density).

n= P’)’;—,‘”‘(S. Jeong, 2010)
13

PCE and EQE are two similar values to describe the efficiency of the cell but still different. The extemal
guantum efficiency is known to be also the incident-photon-to-current-conversion-efficiency (IPCE).

The spectral response (SR) measurement is elementary to find the EQE of the device. The measure are
obtaining thanks to the set up used (Ananda, 2017) in Figure 25. EQE is needed to understand the cell
behaviour, it is a function of the wavelength given by this formula:

EQE(A) = % x SR with A the wavelength, h Planck’s constant, c the light velocity, q the electronic

charge, andfinally SR corresponds to the ratio of the current that the cell produces and the power that
the cell receives (Ananda, 2017).
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EQE is then the ratio between the quantity of electrons produced and the total of photons absorbed
by the device. In other words, the amount of incident photons that has been converted into electrons,
afterwardsitis possible to evaluate the recombination rate, which is the main drawback fora solar cell
device. As mentioned before this obstacle is partly due to the state of the surface of the deposited
semiconductors.
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Figure 25: SR measurements set up (Ananda, 2017).

This is naturally where the researche are currently oriented and this will be the topic of this project.

3. State of the project

Thanks to the partnership between my school the Ecole Européenne d’Ingénieurs en Génie des
Matériaux (EEIGM) in Nancy and the Universitat Politécnica de Valencia (UPV), I have had the chance
to carry out my final masterthesisin Spain. Unfortunately, allimpacted by the world-known epidemic
situation, | neverwentto the laboratory to lead my experiment on my topic.

As a matterof fact, | decided to turn the experimental partinto a proof a concept. The project willthen
be a gathering of articles that will conduct, for me, to the “best” manufacture of a Cu,0/ZnO
heterojunction thin film solar cell.

In this section, the electrochemical deposition of the copper and the zinc oxide will be exhibited and
explained. The variation of different ECD parameters will be highlighted in orderto pick the best among
them. They will be carefully chosen after studying them with the different characterization methods
describedin the state of the art.

3.1. Organisation of the work

Firstly, this project began with a bibliographic documentation of the topic presentedthrough the state
of the art. The supervisor was kept informed of the progress of the research. A meeting has been
organized to give me their insights. After what the non-access to laboratory was still not a fatality. So,

36



Analysis and design of Cu,0/Zn0 optoelectronicthin layers by electrodeposition

| was waiting for confirmation to have access to it. Finally, after few weeks the access was not granted
to me.

| thus installed a simulation software called SCAPS-1D which is used for solar thin-layer simulation.
That was my first time using this software. In the end neither my supervisor nor | managed to get
results from the software.

Consequently, | settled to give a proof of concept by the articles | read. This will give deeper
information of how the structure and the yield of such a cell is influenced by certain parameters during
the electrochemical deposition. Hence the design of the cell will be described inthe end.

3.2. Parameters influencing the device

3.2.1. Influence of the pH

The control of the bath pH during electroplating is very easy but very important. Indeed, studies show
its influence during the deposition of copper oxide, comparing the same ECD device under three
different bath treatment. It has been proven firstly, by using XRD, that bath pH changesthe preferential
growth of the structure of the copper oxide deposited on the zinc oxide. Indeed, at low pH (from 9)
the preferential orientation of the crystal is [100] while at pH of 12 and above the [111] orientation of
the crystal is favoured. Similarly, for a pH between the two, the [111] structure takes precedence as
illustrated in Figure 26. On a structural level, the growth of the copper oxide crystal would rather be
at pH = 12 which would correspond to the [0001] (S.S. Jeong et al., 2008) oriented structure of zinc
oxide. Also shown in Figure 27, Cu,0 deposited at pH = 12 display a better morphology with bigger
grain and crystals in the form of pyramids of 3 faces, that will increase the minority carrier transport
length (Gershonetal., 2012).

CaO(I11)

1
Zn0(002 Cu0(200)

30 35 40 45

Figure 26: Influence of the pH displaying XRD measurements of three similar heterojunctions (S. S. Jeong et al., 2008).
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Beyond the difference in structure, the pH would therefore have an influence on the capacity of the
cell. It turns out that the resistivity of the device. The higherthe pH, the higher the resistivity. This can
be explained by the presence of larger holes when the pHincreases (from 10'2to 10** cm3) (S.S. Jeong
et al.,, 2008) and thus increase the photocurrent (Shahrestani, 2013). Afterall, at pH 12 the displayed
cell hasthe best properties.

(d) Cu;0/ZnO/FTO +pH = 9i5

(F).Ci:0/20 /FT0 pH = 215

Figure 27: Copper oxide deposited under three different pH bath (d) pH = 9,5 ; (e) pH =10,5; (f) pH = 12,5 (C. Wang et al.,
2016)

In the same way, ZnO exhibits preferential structures according to the pH applied during the
deposition. As prior revealed, (002) orientation stays the best for thin films regarding transparency.
Controlling at the same time other deposition conditions, the pH is investigated as exemplified in
Figure 28. 1t is thus easy to conclude that at pH = 2,6 the substrate is completely covered while at
higher pH like 4,1Zn0 is underthe shape of islets (llly etal., 2011).
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Figure 28: Deposited ZnO under different pH obtained by SEM (a) 2,6 ; (b) 2,9 ; (c) 3,2, (d) 3,5, (e) 3,8, (f) 4,1 (llly etal.,
2011)

3.2.2. Influence of the solution temperature

In addition, it has been put forward that the control of the temperature was crucial. In comparison
with the pH, the temperature hasalso effects onthe copperoxide crystalline structure regarding the
ECD. At differenttemperature, cells have been studied through XRD and SEM. Rising the temperature
from 40 to 60°C finishes asincreasing the intensity of the [111] Cu,O peak, resulting to an amelioration
with crystallinity. However, exceeded 60°C the peak suddenly shrinkage. Figure 29 shows the images
obtained by SEM. It is clearly noticeable that at 40°C the structure put on display small size of grain
and textured surface with identifiable defects and voids. At 50°C and 60°C deposition temperature, it
is likely to see agglomeration and hence a bigger grains size. Nevertheless, once above 60°C, at 70°C
SEM demonstrate pinholes and cracks. The quality or in other words the absorption of the TFSCs is
enhancedforan ECD leading at 60°C (Tran etal., 2018).
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Figure 29: SEM comparison of Cu-0 thin films at various solution temperature (a) 40°C; (b) 50°C; (c) 60°C; (d) 70°C (Tran et
al., 2018)

A similar observation can be made with ZnO electrochemical deposition. The preferential growth of
the hexagonal structure is facilitated with a temperature bath around 90°C (Figure 31). Indeed,
between 40and 50°C plate-like particles are identifiable. At 60°C plate-like particles begin to transform
into rod-like particles. The more hexagonal structure occurs at 90°C (llly et al., 2011).

Figure 30: ZnO layer at different temperatures deposition (a) 40°C ; (b) 50°C ; (c) 60°C; (d) 70°C (e) 80°C (f) 90°C (llly et al.,
2011)
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3.2.3. Influence of the thickness

Furthermore, with the negative applied charge, it has been discovered, on the one hand, that the
thickness might be change and, on the other hand, that the thickness of both ZnO and Cu,0 layer has
a consequentialimpact onthe cell’s electrical properties.
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Figure 31: Cu;0 film thickness variation under several negative applied charge (Tran et al., 2018)

The dependence of the thickness with the negative applied charge is shown in Figure 31. Three
thicknesses were investigated (Tran etal., 2018). The open circuit voltage of the cell demonstrated to
increase while the thickness was rising to 3,3 um butit decreased as soon as the thickness reached up
to 4,5 um. It has been validated that a 3,3 pum copperoxide thin layer displays a better absorption and
reduces the physical shunting of such a final cell.

Regarding ZnO ECD, some challenges have been faced. The principal is, undeniably, the thickness
controlled once again with the applied voltage. In fact, a thickness less than 300 nmis needed.The V.
of the device increase when the thicknessis getting lower.

3.2.4. Influence of the applied potential

The effect of the potential is not negligeable, it is directly related to the thickness of the device and
closely linked to the crystalline structure of the two main layers.

Itis thus desirable to apply around -430 mV potential in order to keep the copper oxide thickness as
close as possible to 3,3 um and more importantly to increase the single crystalline structure along (111)
orientation. Because thanks to XRD measurements (Figure 32), it has been provedthat this preferential
growth direction is more likely to be obtained using-430 mV as potential.
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Figure 32: ECD Cu>0 films obtained be XRD under different potential (a) Pt film ;(b) -550 mV; (c)-520mV ; (d) -430 mV; (e)
-400 mV; (f) -340 mV (Elfadill et al., 2015)

By contrast, at -400 and -340 mV applied voltage display a preferred (200) orientation polycrystalline
structure which is undesirable.

Same reasoning regarding ZnO. The voltage must keep the preferential thickness while maintaining
the formation of the preferential growth. It says that the morphology is not undergoing any change
between-1,1Vand-2,0V whereasindividualrods are observed between —0,8and -0,9 V. Inthe range
of -1,0 and -1,2 V the nucleation of ZnO is poor and hence the substrate is not fully covered and
moreoverrods are not growingin the (002) direction. At-1,4 a suspected metalliczincis formed which
is affecting the orientation. A voltage of -1,3V seemsto be the bestintermediate.

3.3. Materials and methods

3.3.1. ZnO electrodeposition

A three electrodes deposition has been carried out under very specific condition. The deposited
substrate as the WE (the cathode) is an Indium Tin Oxide (ITO) covered glass. ITO is considered as the
new generation of solar cells; it has the benefit to be low-priced and flexible and the solar light is easily
turned into energy thanks to the various size rods composition of the Transparent Conductive Oxide
(TCO). Its carrier concentration is known to be high with impressive electrical conductivity. It also
exhibits a great match with the device in order to let zinc oxide growth in its preferential structure
orientation. The substrate is first cleaned according to an ultrasonic bath with acetone, methanol, and
0.1 M NaOH solution and deionised water to remove all the surface defaults. Wire of Pt and saturated
Ag/Ag chloride played the role of the CE and reference, respectively. Princeton Applied Research
potentiostatis usefulto monitor the potential and the current.

42



Analysis and design of Cu,0/Zn0 optoelectronicthin layers by electrodeposition

The concentration of Zn(NOs), introduced in the bathis 130 mM at an applied voltage of -1,3 V under
90°C. The pH of the solution is controlled by adding some acid solution: HCI and fixed at 2,6. Oxygenis
removed by bubbling the nitrogen during 20 min and by depositing the copper oxide straight after.

The occurred chemical reaction is: Zn**+ NO5y + 2e" > ZnO + NOy

3.3.2. Cuz0 electrodeposition

In this case the simple and low-cost ECD occurs with ITO/ZnO as the working electrode using Pt wire
as well as counter electrode and silver/silver chloride as reference. The deposition temperature and
the pH are kept at 60°C and 12, by carefully adding 4 M of NaOH, respectively. The potential is
controlled to be -430 mV during the process. The ECD is prepared by combining 0,2 M of Cu,0and 3
M of lactic acid. In the end to get the heterojunction as smooth as possible the device is rinsed with
waterand strengthens at 150°C.

Silver paste is added at the very end to improve the electric conduction regarding the different tests
as illustrated in Figure 33 that shows the final structure of the electrochemically deposited cell.

®

Zn0O

ITO

Glass substrate

Figure 33: Final design of ZnO/Cu,0 heterojunction solar cell

3.4. Results and discussion

A first series of analysis will be carried out to characterize the different layers constituting the
structures. Initially, scanning electron microscopy will be performed on the cross-section of each cell
to determine the thickness of the layers. The expected thickness of both ZnO and Cu,0 layer should
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be 300 nmand 3,3 um respectively. X-ray diffractometrywillthen be used to check the crystallographic
structure of the crystalline layers as well as the phase distribution. Diffraction peaks will be displayed
in a graph corresponding to each semiconductor layer. As described Cu,0 would show a (111)
preferential orientation structure and a raised (002) orientationforZnO.

Short-circuit current and open-circuit voltage will be exhibited through J-V characteristics using
parameters such as 100 mW.cm? illumination applied by using an AM 1.5 solar simulator. Calculation
of the PCE and the EQE will follow to welldetermine the properties of ZnO/Cu,0 solar cell device.

The PCE might be expected to be around 2% regarding all the deposition parameters, which would be
high for this device so far, but still far away of the 20 % PCE that could reach this kind of
electrodeposited cell.

4. Conclusion and outlook

The cell has been manufactured combiningallthe best parameters highlighted so far in the literature.
The main factors such as the deposition temperature, the pH, the potential applied, and the thickness
have been examined.

Furtherresearch should be investigated in orderto reduce the defect density, particularly in the Cu,0
layer. The electrons recombination is still too high due to the bad interface at the p-njunction, which
preventsthe increase of the photo-generated current This could be thusimproved by surface etching,
thickness, and structural phase control.

Another solution might be adding an organic buffer layer in between zinc oxide and copper oxide.
Incorporating a polymer bufferlayer could improve the hole injection and blocked the electrons at the
surface and thus improved the efficiency. This could be an additional possibility to explore.
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5. Estimated Budget
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1. Introduction

This section is an integral part of the TFM presented. Itis indeed necessary to give an overview of the
budget that a project like this would represent. Naturally, thisis an estimated budgetand not an exact
one. This budgetalso considers the value added tax (VTA) which represents 21% of the entire budget.

This project must therefore first raise funds and then be explained by the cost description of the
materials and machines employed, and the workforce applied.

2. Funding

The funding has been available by the Department of Mechanical and Material Engineering of the
Technical and Higher Industrial School of Engineers at the Universitat Politécnica de Valéncia (UPV)

3. Budget

3.1 Direct Cost

Regarding the unitary cost of the machine used during this project, the amortization is needed to be
calculated following this equation:

With T consideredto be 10 yearsto amortize the machine, t the machine utilization time to carry out
the project, andfinally C the real cost of the machine.

Thanks to this equation it has been possible to determine the real device price. Nevertheless, before
beginning, it is crucial to say that this budgetis totally forecasted because no tests have been made
at the laboratory, due to the epidemicsituation. However, this part will be a prediction of how much
this project could have been cost.

3.1.1. Price of the work force

56



Analysis and design of Cu,0/Zn0 optoelectronicthin layers by electrodeposition

Table 1: Table of the WF price

Units Description Unit price (€)
h Project Manager 25.00
h Project co-director 25.00
h Researcher 25.00
h Chemical Engineer 18.00
h Laboratory assistant 15.00

3.1.2. Price of the material

3.1.2.1.Raw materials andcomponents

Table 2: Table of the raw materials and reagents price
Units Description Unit price (€)
g ZnO powder 2.0x 103
g Cu,0 powder 8.2x107
g Zn(NOs), 2.7 x 10
g Lactic acid 1.8 x 102
u HCl 1,6
g NaOH 2.2 x 103
mL Solution for Ultrasound 1.179 x 102
mL Solution of ethanoland 8.7x10*

acetone
u ITO coated glass 50 mm x 50 16.00
mm
3.1.2.2.Laboratory materials
Table 3: Table of the Laboratory materials price

Units Description Unit price (€)
u Spoon 4.00
u Beaker 100 mL 1.80
u Beaker1lL 9.04
u Pt wire electrode 44,99
u Ag/AgClelectrode 130

3.1.2.3. Personal Protective Equipment (PPE)
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Table 4: Table of the PPE price

Units Description Unit price (€)
u Latex Gloves 5.2 x 102
u Extinguisher 26.99
u Bucket of sand 17.98
Price of the machinery
Table 5: Table of the machinery price
Units Description Unit price (€)
h BRUKER/2D Phaser 4000
h DA300 - 300mm Dual Beam 5320
Scanning Electron Microscope
h OSSILA Solar |-V test system 2200
h OSSILA Potentiostat 1770
3.2. Execution budget
Table 6: Executive budget of ZnO/Cu,0 electrodeposition and measurement
Units Description Unit price Quantity Total (€)
(€)
Device fabrication
h Chemical 18.00 0.25 4.5
engineer
h Laboratory 15.00 0.25 3.75
assistant
g Cu,0 powder 8.2x10? 0.2 x 10* 1,64 x 10°®
g Zn(NOs), 2.7 x 107 0.3 x 10* 8.1x 10°®
g Lactic acid 1.8 x 102 0.2 x10* 3.6 x 107
u HCI 1,6 1 1.6
g NaOH 2.2x103 1 2.2x103
mL Solution for 1.179 x 1072 1 1.179 x 1072
Ultrasound
mL Solution of 8.7x10* 1 8.7x10*
ethanoland
acetone
u ITO coated glass 16.00 1 16.00
50 mm x 50 mm
u Spoon 4.00 1 4.00
u Beaker 100 mL 1.80 0.2 0.36
u Beaker1L 9.04 0.2 1.808
u Pt wire 44,99 1 44,99
electrode
u Ag/AgCl 130 1 130
electrode
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h OSSILA Solar I-V 2200 0.30 660
testsystem
h OSSILA 1770 0.30 510
Potentiostat
Total price | 1377
Table 7: Executive budget of the XRD measurement
Units Description Unit price Quantity Total (€)
(€)
XRD measurement
h Chemical 18.00 0.25 4.5
engineer
h Laboratory 15.00 0.25 3.75
assistant
h BRUKER/2D 4000 0.037 150
Phaser
Total price 158,25
Table 8: Executive budget of the XRD observation
Units Description Unit price Quantity Total (€)
(€)
SEM observation
h Chemical 18.00 0.25 4.5
engineer
h Laboratory 15.00 0.25 3.75
assistant
h DA300 - 300mm 5320 0.037 200
Dual Beam
Scanning
Electron
Microscope
Total price 208,25
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3.2 Overall Budget

Table 9: Overall budget of the research

Description Price (€) | Quantity | Total (€)

Executive budgetresearch
Device 1377 1 1377

fabrication
XRD 1208.25 1 158.25
measurement
SEM observation 1604.25 1 208.25
Total price without 1743.5
taxes

10% Overhead costs 174.35
10% Know-how 174.35
21% VAT 366.14
Total Budget 2458,34




