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Abstract

The main work of this thesis is divided into two parts: The first has an objective to shed
light on the feasibility of developing a novel wide band-gap kesterite based solar cells
using pure Ge (Cu2ZnGeSes), as an alternative solution to overcome the drawbacks
related to free Ge-kesterite solar cells (Tin-kesterite). To fulfill this general objective, the
following sub-objectives are proposed and experimented: (i) optimization of sequential
processes for Cu2ZnGeSes absorbers synthesis, (ii) study and identification of defect
types and concentrations of off-stoichiometric concentrations of CZGeSe and (iii)
understanding the main losses mechanisms limiting the performance of kesterite
CZGeSe. In the second part, the elaboration and characterization of efficient inverted
bulk heterojunction organic devices are presented and discussed. The second part of this
thesis is dedicated to optimize and analyze organic solar cells using different organic
materials, small molecules (fullerene derivatives) as acceptors and conjugated polymers
as donors.

Keywords: Kesterite, CZGeSe, PVD, synthesis, defects, off-stoichiometric, organic solar
cells, cathode buffer layer, ZnO, SnO., PEIE.

Résumeé

Les travaux menés lors de cette thése sont divisés en deux parties. La premiere partie a
pour objectif de faire la lumiere sur la faisabilité du développement d'une nouvelle
cellule solaire a base de kesterite a large bande interdite utilisant du Ge pur
(Cu2ZnGeSes), comme solution alternative pour surmonter les inconvénients liés pour
libérer les cellules solaires Ge-kesterite (on remplace donc Sn par Ge). Pour remplir cet
objectif, les sous-objectifs suivants sont proposés et expérimentés: (i) Optimisation de
procédés séquentiels pour la synthese d'absorbeurs Cu2ZnGeSe4, consistant a déposer
par pulvérisation cathodique des empilements métalliques Cu/Zn/Ge sur des substrats
en verre sodo-calcique revétus de Mo, suivi d'un recuit thermique sous atmosphere
Se+Ge, (ii) Etude des concentrations hors stoechiométrie de CZGeSe et identification des
types de défauts et (iii) Compréhension des principaux mécanismes de pertes limitant la
performances des cellules solaires a base de kesterite CZGeSe. La deuxieme partie de
cette these est dédiée a l'optimisation et a I'analyse des cellules solaires organiques en

utilisant différents matériaux organiques : donneur et accepteur.

Mots clés : Kesterite, CZGeSe, PVD, synthese, défauts, hors stoechiométrie, cellules
solaires organiques, couche tampon cathodique, ZnO, SnO..
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Résumeé Deétaille

Les travaux menés lors de cette these sont divisés en deux parties. La premiere partie a
pour objectif de faire la lumiere sur la faisabilité du développement d'une nouvelle
cellule solaire a base de kesterite a large bande interdite utilisant du Ge pur
(Cu2ZnGeSes), comme solution alternative pour surmonter les inconvénients liés pour
libérer les cellules solaires Ge-kesterite (on remplace donc Sn par Ge). Pour remplir cet
objectif, les sous-objectifs suivants sont proposés et expérimentés : (i) Optimisation de
procédés séquentiels pour la synthese d'absorbeurs Cu2ZnGeSes, consistant a déposer
par pulvérisation cathodique des empilements métalliques Cu/Zn/Ge précurseurs sur
des substrats en verre sodo-calcique revétus de Mo, suivi d"un recuit thermique sous
atmosphere Se+Ge, a l'aide d'une boite semi-fermée en graphite dans un four tubulaire
conventionnel, (ii) Etude des concentrations hors stoechiométrie de CZGeSe et
identification des types de défauts et (iii) Compréhension des principaux mécanismes de
pertes limitant la performances des cellules solaires a base de kesterite CZGeSe, y
compris l'ingénierie de surface pour compenser et atténuer ces pertes.

La deuxieme partie de cette these est dédiée a 1'optimisation et a I'analyse des cellules
solaires organiques en utilisant différents matériaux organiques. Dans ce contexte, une
configuration de dispositif inversée est utilisée en utilisant des oxydes métalliques
comme couche sélective d'électrons (ESL) et un métal avec un travail d’extraction (WF)
élevé (Or) comme anode. Dans cette partie, l'élaboration et la caractérisation de
dispositifs organiques a hétérojonction massive inversée efficaces est présentée et
discutée. La structure repose sur 1'utilisation d'oxydes métalliques tels que ZnO et SnO:
comme couche de transport d'électrons, pour pallier aux inconvénients associés a la
configuration conventionnelle PEDOT : PSS. Pour atteindre cet objectif, les sous-objectifs
suivants sont proposés et étudiés: (i) Une nouvelle bicouche tampon cathodique
constituée de dioxyde d'étain (SnO2) combiné a du polyéthyleneimine éthoxylé (PEIE)

est utilisée pour surmonter les limitations de la couche tampon cathodique unique pour
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les produits organiques par rapport aux cellules solaires basées sur l'hétérojonction
massive utilisant une couche active d'ester méthylique d'acide poly (3-hexylthiophene-
2,5-diyl):[6,6]-phényl-C71-butyrique (P3HT:PCBM). (ii) Etude du ZnO combiné au PEIE,
en utilisant un traitement en solution a basse température, qui peut constituer une
excellente couche tampon cathodique pour des cellules solaires organiques inversées

efficaces.

Mots clés : Kesterite, CZGeSe, PVD, synthese, défauts, hors stoechiométrie, cellules

solaires organiques, couche tampon cathodique, ZnO, SnO, PEIE.
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- The main subject of the first part of my thesis is the development of high-
efficiency thin-film photovoltaic technologies based on kesterite Cu2ZnGeSes
absorbers, using a sequential process (sputtering of metallic stack precursors
followed by reactive thermal annealing), while acquiring a deep understanding
on the defects exist in CZGeSe-based materials and comprehend the key factors
limiting CZGeSe-based thin-film solar cell performance, in order to push up the
CZGeSe solar cells efficiency to a more competitive level.

- The second part focus on elaboration and characterization of efficient inverted
organic solar cells (iOSCs) based on bulk heterojunction using a novel cathode
buffer bilayer consisting of (i) tin dioxide (SnO:) and (ii) Zinc oxide (ZnO)

cathodes buffer layers combined with polyethylenimine-ethoxylated (PEIE) with
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active layer of poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C71-butyric acid
methyl ester (PBHT: PCBM) .

This thesis is structured around four articles published in high impact peer-review
journals. This manuscript is organized into three axes: the first axe casts light on the
general fundamentals aspects of solar cells; the second axe is devoted to the wide
bandgap kesterite based on Cu2ZnGeSe: solar cells and the last part is dedicated to the
bulk heterojunction solar cell based on low-bandgap polymer and soluble fullerene

derivative.
This manuscript is organized in several chapters as follows:

Chapter@1: provides an overview over the fundamentals aspect of solar cells and the p-
n junction properties, moreover an outlook on the different photovoltaic

device generations.

Part I: Wide band gap kesterite based on Cu,ZnGeSe, solar cells

Chapter@2:puts the spotlight on the history of kesterite absorber material, the
crystallographic structure, and the restricted compositional range leading to
high efficiencies. Moreover, insights into the commonly found defects in each
kesterite type are given along with secondary phases among other challenges
facing this material. Finally, a state-of-art of the solutions suggested by other

researchers and the contribution of this work are provided.

Chapter@3:covers the experimental methodology employed throughout this work. First,
a brief overview of such methodology is presented. Then, the main
characterization, deposition and synthesis techniques used throughout the
thesis as well as the pieces of equipment employed to carry them out are
described and explained. Finally, the fabrication process followed for the

fabrication of kesterite solar cells is thoroughly detailed.
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Chapter@4:provides the feasibility of synthesizing PV quality Cu2ZnGeSes absorbers
using a deposition of Cu/Zn/Ge metallic stack precursors by DC-magnetron
sputtering technique, and then selenized through a reactive annealing. The
comprehensive understanding of the factors limiting the performance of
Cu2ZnGeSes based solar cells is the purpose of this work, by combining a
complete characterization of the morphological, structural, compositional
and optoelectronic properties of Cu2ZnGeSes absorbers and devices. Besides,
an in-depth investigation of the main limitations is carried out, specifically
focusing on studying the origin of the large Vocdeficit, the
main recombination mechanisms, electric transport properties, band tails and

possible Cu2ZnGeSes/CdS band offset effects.

Chapter@5: presents a correlation between the structural properties and opto-electrical
variations in CZGeSe kesterite semiconductors along with changes in
composition. This section has as a purpose to determine the narrow efficient
zone and to finely tune the formation of secondary phases and defects thus

preventing their shortcomings.

Part 2: Bulk heterojunction solar cell based on low band gap polymer

and soluble fullerene derivative

Chapter@6:presents the fundamentals of organic semiconductors and organic solar cells.
Current understanding of charge carrier generation, transport and
recombination mechanisms along with the state-of-the-art knowledge on
latest outstanding results in polymer photovoltaic are described.

Chapter@7: main methods and detailed experimental procedures are featured. Starting
from cleaning substrate, preparing the solution and the deposition up to
completing solar cells going through different indispensable steps. This part

of the thesis broaches the diverse techniques used in the synthesis and in the
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characterization of the material from a structural, morphological, optical and
electrical properties.

Chapter@8:provides a novel cathode buffer bilayer lying of tin dioxide (SnOz) combined
with polyethylenimine-ethoxylated (PEIE) to overcome the limitations of the
single cathode buffer layer for inverted organic solar cells.

Chapter@9: is intended to shed light on the origin and the mechanisms underlying the
beneficial effect of incorporation of ZnO and PEIE as electron transporting
layer in inverted organic solar cells, and further explore the role of this

cathode bilayer in high performing inverted organic solar cells.
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General introduction

1.1. Why renewable energy?

owadays, the greenhouse gas (GHG) emissions have become a serious concern
Ndue to their dramatic effect on the global warming and the climate change. About
two thirds of these emissions stem from energy production and use, thus placing the
energy sector at the center of attention as one of the keys for their necessary reduction
and to fight against climate change [1]. The transition from traditional energy sources
based on fossil fuels combustion to a cleaner and efficient energy system is a crucial
policy goal, not only for developed countries but also for developing nations. The first
concerted effort of the international community to confront the problem of climate
change was the birth of the United Nations Framework Convention on Climate Change
(UNFCCCQ) in 1992 (entered into force in 1994) [2], [3]. The UNFCCC established a
framework for action to control and stabilize concentrations of GHG in earth’s
atmosphere. Later on, in 1997, the participants established the Kyoto Protocol, which
entered into force in 2005, including legally binding obligations to reduce GHG
emissions for developed countries, on the basis that they are historically responsible for
the current levels of GHG in the atmosphere [4]. More recently, the Paris Agreement
adopted in 2015 was created with the central aim of strengthening the global response to
the threat of climate change by holding a global average temperature increase this
century well below 2°C above preindustrial levels, and to pursue efforts to limit the
temperature rise to 1.5°C [5]. In order to provide a clear and tangible understanding of
what will be required for different countries to reduce GHG emissions and achieve the

goal of limiting global warming to less than 2°C, the organization DDPP (Deep
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Decarbonization Pathways Project) emerged in 2013. According to DDPP, the deep
decarbonization is technically feasible while accommodating economic and population
growth, and analyzing the different modeled scenarios, the energy-related CO:
emissions would be reduced by 46% - 56% (or 9.9 - 12.1 Gt COz2) below 2010 levels, as

shown in Figure 1.1 for some of the highest emitting countries[6], [7].

Figure 1.1: Emissions evolution for energy COz, 2010-2050 forecast, showing most ambitious

reduction scenarios for several high emitting countries [6].

In this context, renewable energy can play an important role in the transition to a less
carbon-intensive and more sustainable energy system, allowing a significant reduction
of GHG emissions. Renewables have grown significantly in the last years, especially
solar photovoltaic (PV) with a remarkable cost reduction. PV module prices have fallen
by around 80% since 2010, and the global weighted average cost of electricity from solar
PV plants commissioned between the years 2010-2020 have also fallen 69%, even
reaching the range of estimated fossil fuel-fired power generation costs (see Figure
1.2)[7]. According to the International Energy Agency (IEA), renewables accounted for

almost two-thirds of net power capacity around the world in 2016, with almost 165
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gigawatts (GW) coming online. Last year, new solar PV capacity grew by 50% (over 74

GW), and for the first time, it increased faster than any other fuel.
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Figure 1.2: Levelized cost of electricity from utility-scale renewable technologies (ranges and

average)[7].

In view of the foregoing, there is no doubt that solar energy is getting a lot of attention
as one of the key renewable energy sources around the world for keeping a gradual
decarbonization of the power sector and ensure a sustainable future. In the following

section, the main photovoltaic technologies and their current status will be described.

1.2. Photovoltaic technologies

Over the years, the development of PV technology has undergone numerous changes
leading to the cells being classified into different generations, originally defined for
inorganic materials as high cost/high efficiency (1t generation- 1GEN), low cost/low
efficiency (2" generation- 2GEN) and low cost/high efficiency (3" generation- 3GEN).

Solar cell technology is generally categorized into three main generations as illustrated

in Figure 1.3.
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Classification of available PV technologies
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Figure 1.3: Classification and main characteristics of the available PV technologies.

& 15t generation PV: crystalline Si solar cells

Currently, crystalline Si-based solar cells are the dominant PV technology with around a
95% of market share [8]. These are based in p-n homojunction in which boron (p-type
impurity) is diffused into a phosphorus-doped (n-type) Si wafer or vice versa (see

Figure 1.4) although heterojunction concepts have also been very successfully developed

[9]-
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Figure 1.4: Structure of a monocrystalline Si PERL solar cell.

Reproduced with permission from [10].

There are two main types of crystalline Si-based solar cells in the market:
monocrystalline (c-Si) and polycrystalline (p-Si) (Figure 1.5). The former rely on very
high purity monocrystalline Si wafers. The lack of defects and grain boundaries in the
semiconductor material allows obtaining very high efficiencies. This combined with an
intensive electrical and optical engineering at the front and back sides of the devices has
set the current record efficiency at 26.7% for a heterojunction c-Si solar cell [11].
Commercial c-Si solar panels show average efficiencies around 15-19% with the best
ones exceeding 20% [12]. Their market share is around 45% [8]. However, their high
efficiencies carry a counterpart: their production is very energy intensive, complicated
and expensive since it requires a very precise control to obtain flawless monocrystalline
ingots through the so-called Czochralski crystal pulling process [13].

In order to reduce production costs by avoiding pulling processes, p-Si technology was
developed. Multicrystalline ingots are casted from molten Si controlling the cooling
temperature so that the grains grow in a columnar structure [13]. Although the
individual grains possess high crystalline quality, there is a higher density of
crystallographic defects due to dangling bonds at the grain boundaries but also to
dislocations and point defects [14]. However, extensive research on crystal growth and
on the passivation of such defects, together with front and back side optical engineering

has allowed the technology to get very close to c-Si with a record efficiency of 22.3%
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[15]. Commercial modules currently range 13-17% efficiency and represent a market

share of around 50% [10].

Figure 1.5: Pictures of p-Si (left) and c-Si (right) solar cells.

http:/fwww.tindosolar.com.au/learnmore/poly-vs-mono-crystalline/

Siis a very mature and well-performing technology. However, the fabrication costs,

even of p-Si, are very high. This is due to several reasons [14], [16]:

e Although Si is very abundant in nature, it mainly occurs in the form of SiOz. In
order to reduce it to metallurgic-grade (98% pure) Si, very high temperatures
(~1800°C) are necessary. This process requires around 50 M] to produce 1 kg of
Si.

e The covalent nature of silicon-silicon bonds, in combination with an indirect
1.14 eV bandgap, results in poor defect tolerance, which necessitates high-
purity material so additional purifying and high temperature (~1300°C)
chemical vapor deposition (CVD) processes are necessary.

e The manufacturing of Si ingots requires melting the purified material again
(~1400°C) as well as complex pulling/casting process. This is especially critical
for c-Si.

e Wafers need to be cut from ingots with thicknesses usually >100 pm due to the
low light absorption and fragility or Si. During the sawing process, there is a
considerable loss of material so that 3-9 g of raw (before sawing) Si are

necessary per peak watt (Wp) at the module level.
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& 20 generation PV: thin film solar cells

The so-called 2" generation PV started to be developed as a response to the high
production costs of Si solar cells. This generation of PV is based on the usage of direct
band-gap and highly light-absorbent materials that allow reducing the thickness of solar
cells down to a few microns, in contrast to Si wafers. The fabrication of such devices
consists on the deposition of thin layers with different functionalities (back contact,
absorber, emitter, etc.) onto low cost substrates. This is why they are widely known as
thin film PV.

The wide ranges of substrates, materials and deposition techniques that can be
employed for its fabrication provide 2¢ generation PV with an enormous versatility, a
large potential for cost reduction and opens the door to many innovative applications.
Currently, there are 3 main technologies competing with crystalline Si with a non-
negligible market share: amorphous silicon (a-5i), CdTe and Cu (In,Ga)Se2 (CIGS). Thin-
film solar cells (TFSCs) include amorphous silicon (a-Si), micro-crystalline silicon (u-Si),
copper indium selenide/ sulfide (CI(S)Se), copper indium gallium selenide/sulfide

(CIG(S)Se), cadmium telluride (CdTe) and kesterite (CZTS(S)Se).

Y Third-generation PV: Emerging Thin Films

The evolution of third-generation solar cells was a great development in this field as
they came up with a drastically high efficiency when compared with the second
generation solar PVC’s. This generation solar PVC’s provide an alternative to its
countervail made up of p—n junctions and thin cells respectively as these cells surpass
the Shockley Queisser limit of 33.7% PCE [17] for single band-gap solar PVCs. This solar
generation uses organic materials such as small molecules and polymers as photoactive
material and also includes highly efficient and expensive multi-junction solar PVCs.

Their high production cost limits its commercial application. Polymer solar cells or
plastic solar cells, has emerged as a simple, quick and inexpensive large-scale organic

option; as the use of polymer photoactive materials makes it readily available and
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potentially inexpensive. In comparison to first and second generation the third
generation solar PVCs usage is limited; but researchers believe in its great potential and
more devices are still in progress. An a-Si or GaAs contribute as the layers of the
multilayered structure of common third-generation systems; many researchers have
proposed frequency conversion in solar cell. The wavelength conversion enables usage
of light that the solar cell cannot absorb to light spectra that it can utilize, these results in
more output power. The use of hot carrier effects and other multiple-carrier ejection
techniques are also used to enhance PCE.

In the end of this section, one can notice that each generation has its own advantages
and inevitable drawbacks. Many efforts have to be done to mature the different
semiconductors, and to push forward the various technologies to the best efficiency-
stability-low cost compromise with the aim to be commercialized on a large-scale area.
Through this thesis, we have chosen to focus on axes the first one is organic materials
and the second one is kesterite material. In this context, the first paramount step
towards any optimization is very important to know the material from different angles
with the aid of the colossal background gathered in this sense, then; pinpointing the
weaknesses and strengths of this semiconductor is of extreme importance, which will be

the purpose of the following chapters.

1.3. Fundamentals of solar cells

The photovoltaic solar cells can convert light into electricity. This is possible
thanks to the so-called photovoltaic effect that consists in the creation of a
voltage and an electric current in a material upon exposure to light. It was
tirst observed by Edmond Becquerel in 1839. Although the first solid state
solar cell based on selenium was developed in 1877 by Adams and Day [18],
it was not until 1954 that the first device with significant power conversion
efficiency was developed by Bell laboratories [19]. Bell’s solar cell was based

on silicon under the influence of the rapid development of the electronics
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industry and set the basis for the future development of PV. At first,
intensive research on PV solar cells was triggered by their successful
application in satellite-powering at the beginning of the space era [19].
However, once that the technology was well-established for space
applications and after 1973 OPEC’s oil embargo the focus changed towards
terrestrial power generation [20]. Since then, there has been a huge
development of PV owing to continuous research efforts that have made PV a
competitive means of power generation. Si-based solar cells are the dominant
technology today. However, the intensive research carried out in the last
decades has allowed the development of many other successful and emerging
technologies that will be analyzed later on. Regardless the technology, the

same concept lies behind the operation of every photovoltaic device:

1. A material capable of generating electric carriers under illumination.

2. An internal structure capable of selectively separating and transporting those
carriers out of the material and into an external circuit to generate a useful electric
current.

A p-n junction diode possesses those two properties. As for the first point, diodes are
formed by semiconductor materials which, due to their band structure with a full
valence band and an empty conduction band (at T = 0 K, at higher temperatures some
electrons have enough thermal energy to jump to the conduction band), are capable of
transforming radiative energy into electric carriers. More specifically, if a photon with
an energy equal or higher than the energy gap (Eg) between the bands (bandgap) hits an
electron in the valence band (VB), the latter can be promoted to the conduction band
(CB) leaving a hole (equivalent to a positively charged particle) behind thus creating and
electron-hole pair (EHP) (Figure 1.6). However, if the charges are not separated and
extracted, the EHP will eventually recombine giving off the energy absorbed. This is

why not just a semiconductor but a p-n junction is necessary for a solar cell.
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CB

Electron energy

Figure 1.6: Band diagram of a semiconductor. VB and CB stand for valence and conduction
band, respectively; E; stands for the energy of the bandgap and hv is the energy of an incident
photon.

A p-n junction is the junction between an n-type semiconductor and a p-type
semiconductor. In an intrinsic semiconductor, the concentration of electrons (n) and

holes (p) is always equal:

p=n=ni (1.1)
Where ni is called intrinsic concentration. In contrast to intrinsic semiconductors, n-type
semiconductors possess donor impurities or defects with a concentration Np that give
away electrons to the conduction band where they become mobile charges.
The number of free electrons donated by the donor atoms exceeds niand unbalances
Equation (1.1) so that:

n>>p=ni (1.2)
This makes the conductivity of n-type semiconductors much greater than that of
intrinsic semiconductors. The semiconductor is called n-type because the majority
carriers have a negative charge. Similarly, in p-type semiconductors there are acceptor
impurities or defects within the semiconductor with a concentration Na that are filled

with electrons from the valence band leaving holes behind so that:
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p>>n=ni (1.3)
The conductivity is also greatly improved compared to an intrinsic semiconductor. In
this case, the semiconductor is called p-type because the majority carriers have a

positive charge.

E- Field

P- type semiconductor SCR N- type semiconductor

Figure 1.7: Schematic of P-N junction with the space charge region and the built-in electric field
created across the junction.
A p-n junction can be fabricated by introducing donor impurities and acceptor
impurities in opposite sides of a semiconductor (homo-junction) or by putting in close
contact an n-type semiconductor with a p-type semiconductor (heterojunction). When
this is done, due to the different charge concentrations (i.e. charge chemical potential) at
both sides of the junction, holes diffuse out from the p side towards the n side and free
electrons diffuse out from the n side towards the p side leaving uncompensated ions
behind (Figure 1.7). This causes the p-type side to become negatively charged and the n-
type side to become positively charged generating an electric field (E-Field) across the
junction directed from the n to the p side that, in turn, opposes the diffusion process.
When the force exerted on the carriers by the electric field equals the diffusion force,
equilibrium is reached. This process leaves a carrier-free zone around the junction called
the depletion region or the space-charge region (SCR). If the electron-hole pair (EHP) is

generated by photon absorption and reaches the SCR, the hole and the electron will be
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drifted away from each other (the electron towards the n region and the hole towards

the p region) by the built-in electric field generating an electric current.

However, a build-in electric field is not really mandatory to fabricate a solar cell but
rather a material capable of generating carriers (absorber) and selective membranes for
each kind of carrier [21]. With a proper band alignment, an n-type semiconductor can
allow electrons to pass and block most of the holes and, vice versa, a p-type
semiconductor can be very permeable to holes and almost impermeable to electrons. In

addition, the conductivity of a semiconductor can be expressed as:

0T = Oec+ On=Nleq + PUrq (1.4)

Where 0. and on are the conductivities and pe and un are the mobilities for electron and
holes, respectively. Taking into account Eq (1.2) and (1.3), it is easy to see that oe>>on for
n-type semiconductors and on>>0e for p-type semiconductors. Blocking one type of
carrier while efficiently conducting the other provides n and p-type semiconductors
with the properties required for a selective membrane. Forgetting about the built-in
electric field, when EHPs are being generated continuously in the absorber of such a
device they diffuse in every direction.

Since they cannot pass efficiently through the membranes, holes and electrons will tend
to accumulate near the n and the p semiconductors, respectively (Figure 1.7). This, in
turn, will cause a gradient in the chemical potential of the carriers along the device that
will eventually drive holes towards the p part and electrons towards the n part
selectively separating the charges. Thus, such a device can transform light into an
electric current without the effect of a build-in electric field.

It should be noted that the electrons promoted to the conduction band are in an excited
state so recombination is always present in solar cells during the processes described
above. When a solar cell is at a steady state it means that generation and recombination
processes keep continuously taking place but they have reached equilibrium. Now that

the fundamentals behind EHP generation and separation have been analyzed, the
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question that follows is how to extract power from the devices. For this matter, it is
useful to look at what happens in solar cells under illumination in two limiting
operating conditions: open circuit and short-circuit. In open circuit conditions (i.e.
charges cannot escape the solar cell), at some point the concentration of charges inside
and outside the membranes will be the same and no more diffusion can take place. In
addition, as the number of charges increases so does recombination.

In equilibrium, all the new charges generated will recombine. Since both membranes are
“filled” with the highest possible number of charges, the electrochemical potential
between them (which translates into a voltage) is at its maximum. This voltage is called
the open circuit voltage (Voc). Logically, since charges cannot leave the device, there is
no current and no power can be extracted from the cell. In short-circuit conditions (i.e.
charges can freely escape the solar cell through an external ideal non-resistive wire),
once equilibrium is reached all the charges generated that do not recombine inside the
device, will reach the membranes and flow outside towards the opposite membrane
generating a current. Since all the charges reaching the membranes are escaping the
device, the current generated by the cell is at its maximum. This current is called the
short circuit current (Js). However, since the charges can flow freely towards the
opposite membrane through the wire and recombine, the membranes are “empty” so
there is no electrochemical potential between them, no voltage can build up and no
power can be extracted from the cell.

Logically, in order to extract power from a cell, an intermediate situation is needed. If an
external load is connected to the device, the charges generated can accumulate inside
the membranes to a certain extent until the electrochemical potential (voltage) between
them is high enough to leave the cell generating a current and producing work at the
load. Finally, it is necessary to take a quick look at the internal structure of a solar cell to
understand how the light reaches the devices and how the charges are extracted from

the cells. As depicted in Figure 1.8, the basic structure of a p-n solar cell consists of:
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e An absorber - most of the light is absorbed and the carriers are generated in
this part. Its bandgap should be around 1-1.5 eV in order to efficiently absorb
sunlight [22]. Depending on the technology, it can be either an n-type or a p-type
or even an intrinsic semiconductor.

e An emitter - it must be as transparent as possible to sunlight so this can reach
the absorber.

e A back and a front contact > the contacts collect the carriers and allow them to
travel into an external circuit. Metals are usually employed due to their high
conductivity. However, other materials like transparent conductive oxides are

also commonly employed.

Each part is usually composed of a combination of different layers to optimize its
properties for charge generation, separation and/or collection and to avoid any
incompatibilities between them that can cause losses. This way, each technology has its

own optimized layer structure.

Photon

Front contact

Load

Back contact

Figure 1.8: Schematic of the basic structure of a p-n junction solar cell.
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1.4. Main parameters of solar cells

The behavior of a solar cell is commonly described by a simple electric circuit adopting
one diode model. In dark conditions, the current density as function of voltage is

obtained through the ideal Shockley diode equation as follows:

J(V) =], (exp (ﬂ) - 1) (1.5)

KpT
Where Jo is the reverse saturation current of the diode (i.e. the current due to the
diffusion of minority carriers from the n and p regions towards the SCR), q is the
elemental charge, Ksis Boltzmann’s constant and T is the temperature.
Once illuminated with sunlight, additional charge carriers are created to participate in
the total current generated, it is represented by Jph, the following equation constitutes the

equivalent circuit of the current source and the diode connected in parallel:

J W) =Jo (exp (=) = 1) = Jp (16)

KgT
This equation is equivalent to a circuit with a current source and a diode connected in
parallel. Figure 1.9 represents the previous equations graphically. From it, it is possible

to extract the main parameters that describe the operation of solar cells.

The maximum possible voltage of a solar cell, Voc is obtained at ] = 0 and the maximum
current density, Js, at V = 0. Their product defines the maximum theoretical power (Peo)
of the cell (it should be noted that this power is not achievable even in perfect devices).
However, in real operating conditions, the maximum power that can be extracted from a
solar cell (Pmax) is given by the point of the J-V curve that maximizes the product of ] by
V and is called the maximum power point (MPP). The MPP defines the current density

and voltage at maximum power denoted by Jmp and Vmp, respectively.

The ratio between Pmax and Pieo is called the fill factor (FF):

FF = Pmax _ Jmp* Vmp (1.7)
Ptheo Jsc*Voc
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This parameter measures the squareness of a J-V curve with respect to an ideal diode.
Finally, the power conversion efficiency (n) of a solar cell, i.e. the ratio between the
maximum power generated by the device (Pmax) and the power reaching the cell (Pin), is

usually expressed as:

P, Jsc*Voc*FF
77 — —max _ sc*vVoc (18)
Pin Pin

In standard measuring conditions, Pin corresponds to the power extracted from the

integration of the solar spectrum AM1.5G (~1000 W/m?).

Current density
o MPP MTP
Light B
: : / 5]
e
Jup
Jph
VOC
Dark )
- /). Voltage
Iy Vg

Figure 1.9: Characteristic |-V curves of a solar cell represented by equations (1.5) and (1.6) (with
the sign of the Y axis inverted) and the main parameters used for its description. MTP stands for

maximum theoretical power point.

Up to this point, it has been assumed that solar cells behave as ideal diodes. However, a
real solar cell exhibits manifold losses. These can be encompassed in two terms: the
series resistance (Rs) and the shunt resistance (Rsh). The former includes all the resistive
losses along the device (i.e. due the electrical resistance of the different layers and the
contact resistance between them at the interfaces) while the latter accounts for losses
caused by alternative current paths (shunts). These terms can be included in Eq (1.6) as

follows:
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J) =Jo|exp (FL22) -1+ L2 —pn 19)

F Rsh
This equation describes the circuit depicted in Figure 1.10. Eq (1.9) works well for ideal
p-n homojunction solar cells in which the main recombination process is radiative (i.e.
an electron falls directly from the conduction to the valence band emitting a photon) and
takes place in the neutral region. However, in the case of far from ideal p-n junctions,
like heterojunction, there are important losses due to recombination in the SCR. This
recombination can have both radiative and non-radiative components. Inside non-
radiative, the main recombination mechanisms are Shockley-Read-Hall (SRH) in which
an electron falls from the conduction band to a mid-bandgap state and, then, to the
valence band; and Auger in which an electron falls from the conduction to the valence
band and the energy difference is given to another electron. These losses can be

included in Eq (1.9) by means of an extra term called the diode quality factor, A:

J) = Jo [exp (P2HES) — 1] + L - g (1.10)

AKgT Rsh
The factor A typically varies from 1 (ideal solar cell with mainly radiative recombination

at the neutral regions) to 2 (main recombination at the SCR) [23], [24].

Current
=)

R

S

oh S

Light generated current
Solar cell diode
o)
-
Shunt resistance

Series resistance

1

Figure 1.10: Equivalent electrical circuit of a solar cell with resistive and shunt losses.

Voltage
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Through this thesis, we have chosen to focus on kesterite and organic solar cells. The
first paramount step towards any optimization is to know this material from different
angles with the aid of the colossal background gathered in this sense, then, pinpointing

the weaknesses and strengths of this semiconductor is of extreme importance.
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Cu,ZnGeSe, Kesterite solar cells 1

Wide band gap kesterite based on

The main objective of this part is to shed light on the feasibility of
developing a novel kesterite solar cells wide band gap based on
pure Ge (Cu2ZnGeSes), as an alternative solution to overcome the
shortcomings related to Sn in the classical form of kesterite (free

germanium).
We focused on important three axes, namely:

v" The optimization of the vital conditions for a best efficiency
based Cu2ZnGeSe: solar cells.

v' The analysis of defect types and concentrations of CZGeSe.
off stoichiometric.

v' Identify and address the main issues limiting the CZGSe

performance.
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=2

Kesterite solar cells : background

2.1. Kesterite solar cells: history

hotovoltaic thin films technologies suggests more versatility compared with
P silicon (Si) owing to their compelling features of light-weight and compatibility to
both flexible and rigid substrates, tunability of light spectrum response for single-
junction and tandem devices, and compatibility to both opaque and semitransparent
architectures [25]-[28]. They are an important branch of photovoltaic in realizing cost-
effective, durable and compatible products for future multiple PV markets, such as
build-integrated PV, vehicle integrated PV, semitransparent PV, flexible PV as well as
weak light PV [29], [30], etc. In this area, chalcogenide CdTe and Cu(In,Ga)(S,Se): (CIGS)
materials-based solar cells have demonstrated beyond 20% efficiency with long-term
stability and have been commercialized for more than a decade [31]. However, their
market share has stagnated due to, not only the rapid fall in the cost of Si-based PV, but
also the use of rare (In, Ga) and toxic (Cd) constituents [31], [32]. These either limited the
cost reduction or raise environmental concerns, thus undermining the competitiveness
of chalcogenide PV compared to Si PV. Hence, sustainable terawatt level deployment of
photovoltaic will eventually require the design and development of compounds based
on critical raw materials (CRM)-free and environmentally benign materials and
fabrication processes.
Cu2ZnSnS: thin films were first synthesized, studied and identified as a potential
material for PV for the first time in 1988 under the influence of the success of CulnSe:
solar cells [33]. The great similarity between both materials, led the PV community to try

and apply the available knowledge on CIGS to the development of kesterite based-solar
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cells. This way, the first CZTS based solar cell with a significant power conversion
efficiency (0.66%) was fabricated by Katagiri et al. in 1997 by sulfurization of electron
beam evaporated Cu/Sn/Zn precursors and using a similar cell configuration as CIGS:
SLG/Mo/CZTS/CdS/ZnO/Al [34]. The possibility of successfully applying CIGS's already
developed PVD-based techniques and knowledge allowed the group of Katagiri to
rapidly optimize their process and increase 10-fold the efficiency of their devices in a
decade reaching a 6.8% in 2008 by sulfurization of RF-sputtered Cu/SnS/ZnS precursors
[35]. At that time, IBM was researching on solution deposition processes as a possible
route to reduce the cost of high vacuum-based CIGS manufacturing. Mitzi et al.
succeeded and obtained efficiencies >10% employing a hydrazine-based chemical route
[36]. With the feasibility of producing efficient kesterite solar cells proven, they joined
the quest for improving the technology and, in 2010, by applying their novel CIGS
solution-based process to CZTSSe they achieved a remarkable 9.6% efficiency device
[37]. Further optimization of their hydrazine process led IBM in 2013 to the current
certified record: 12.6% efficiency [38], however, the record efficiency of CZTSSe solar
cells (12.6%) is still significantly lower than those of its predecessors
Cu(In,Ga)Se: (CIGS) and CdTe thin-film solar cells. This record has remained for several
years. The main obstacle for this stagnation is unanimously attributed to the large open-
circuit voltage (Voc) deficit.

Nowadays, CZTSe, CZTS and CZTSSe have been widely studied and successfully
synthesized by a wide variety of vacuum and non-vacuum routes. The history of
kesterite remains short in comparison with the more mature CIGS and CdTe solar cells
that are under continual development for almost 40 years, and there is still much more
unknown details to investigate and unveil about this compound in order to develop it

further.
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This chapter presents an overview of the crystalline structure of kesterite CZTS thin
films besides the challenges preventing its performance evolution. Afterwards, a
summary of the different attempts proposed in the literature to overcome the cited

issues is given, along with what we suggest as solution in the present thesis.

2.2. CZTSSe crystal structure

The most common semiconductor used for photovoltaic applications is from the IV
column of the periodic table. This element has 4 valence electrons and crystallizes in the
diamond crystalline structure. The formation of I>-II-IV-VIs compounds like CZTSSe can
be achieved from II-VI semiconductor by sequential replacement of cations in which the
octet rule is respected and the total charge remains neutral (Figure 2.1).

Group element

I I m IV VI

G [1-VI

I-I11-VI,

Iz"H'IV'VIz

Figure 2.1: Formation of CZTSSe (I-1I-1V-V1s) compounds by sequential replacement of cations.

The CZTSSe crystal structure follows the same crystal structure as CdTe (zincblende).
Schematic of CZTSSe crystal structure and cation substitution phenomena is shown in
Figure 2.2. Additionally, CZTSSe can be crystallized as kesterite (space group I4") or
stannite (space group I42'm). Kesterite and stannite structures differ by the cations
stacking sequences on the axis c [39], [40]. Figure 2.2 shows a stack of the type (--[CuSn]-

[CuZn]-[CuSn]-[CuZn]--) for the kesterite structure, while the stack for the stannite
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structure is of the type ( ~-[ZnSn]- [Cuz]-[ZnSn]-[Cuz]-). Both structures are very likely
to be found in a material because their formation energy differs very little (about 3 meV
per atom). But, the kesterite structure has the lowest formation energy and would be the

most stable one [41].

Cu In/Ga Se Cu Zn Sn S/Se Cu Zn Sn S/Se
CdTe(Zincblende) CIGS(Chalcopyrite)  CZTSSe(Kesterite) Stannite

Figure 2.2: Elemental cells of CdTe (zincblende), CIGS (chalcopyrite) and CZTSSe (kesterite and
stannite) structure, showing the development of each structure by the cationic substitution of the

previous structure. Taken with permission from [42].

Finally, it is also possible to encounter disordered kesterite crystal structure. CZTSSe is
composed of the alternation of two cationic planes along the c axis of the mesh (see
figure 2.3):

e The Cu and Sn planes located at z=0 and z=1/2.

e The planes of Cu and Zn located at z=1/4 and z=3/4.
Anion planes separate each of these planes. The Cuz and Zncu anti-sites have low
enthalpies of formation due to the similar size of the cations. It follows that a kesterite
structure exists in which Cu and Zn sites are occupied in a random way by atoms of
Cu/Zn [43]. This disordered structure is highlighted by Schorr et al. [30] using neutron

diffraction measurements. The degree of disordered state in the absorber depends on
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the metal ratio (especially [Cu]/[Zn+Sn]) and the heating or cooling profile used during
the synthesis [44].

A transition from partially ordered to disordered kesterite occurs at 260°C for CZTS
(pure sulfur-based kesterite) [45] and 200°C for CZTSe (Pure selenium-based kesterite)
[46] compounds. Completely disordered kesterite shows lower bandgap compared to

more ordered kesterite. Nevertheless, it is still under debate if this is the main reason

behind the lower efficiency of CZTSSe solar cell.

Ordered Disordered
kesterite kesterite

2c¢,2d —

Se
Cu,Zn(4d)

‘ ‘ Cu,Zn(4d)
L

Figure 2.3: Crystalline structure of disordered kesterite phase. Taken with permission from [42]

Ikram Anefnaf Page 48



2.3. The limitations factors for kesterite based solar cells

In spite of the similarity between CIGS and CZTSSe absorbers, there is a very large
performance gap between the record devices of each technology as shown in Table 2.1.
The main parameter limiting the efficiency of kesterite solar cells is their high Voc
deficit. This parameter is defined as the difference between the maximum Voc
theoretical value according to the Shockley—Queisser (SQ) limit and the measured Voc

of the device [47]:
SQ, Voc deficit= Voc (SQ limit) - Voc (exp)

Figure 2.4: Comparison of the record CIGS and CZTSSe solar cells

Eg Voc Jsc FF n Voc
(eV) (mV) (mA/cm?) (%) (%) (mV)

CZTSSe [38] 1.13 466 38.9 69.8 12.6 664
CIGS [48] 1.13 746 38.5 79.7 229 384

There have been intense researches efforts trying to understand the origin this problem
a kesterites have been found to possess a manifold of intrinsic problems that can lie at
the origin of the Voc deficit. The main issues limiting the Voc of kesterite solar cells are

reviewed below.

Y Formation of secondary phases

Kesterites are complex quaternary compounds and their single phase formation
thermodynamic region is very narrow compared to that of CIGS (Figure 2.4) [49]-[51].
This implies that the formation of unwanted secondary phases is very likely to occur
together with the kesterite phase. In addition, high efficiency devices have been shown
to require Cu-poor Zn-rich compositions [52], [53]. Taking a look at the bottom-right part
of Figure 2.4, it is easy to see how the size of the stable region decreases for Cu-poor
conditions aggravating the situation. Working in this regime, the formation of Zn(S,Se)

phases is, thus, extremely likely to happen [54]. What is more, the loss of Sn and Se
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during high temperature absorber synthesis has been identified as a critical issue for
kesterites due to the high volatility of Sn(S,Se) compounds [55], [56].

A common approach to minimize the loss of these materials is to increase their vapor
pressure by working in an excess Se and Sn atmosphere. However, besides preventing
material loss, these annealing conditions also promote the formation of Sn(S,Se)x
secondary phases.

Other secondary phases like Cux (5,Se), Cu25n (5,Se)s or SnO;, although less likely to be
formed in Cu-poor Zn-rich conditions, have also been reported, especially at the front
and back sides of the absorber [57], [58].

Secondary phases could be avoided by a very precise control of the kesterite formation
mechanism, and, especially, of the partial pressures of the different compounds during
annealing processes. However, this is very challenging technologically. A more practical
approach proposed by several authors is to accept defeat and allow some secondary
phase formation only to later eliminate them from the surface of as-annealed CZTSSe
absorbers using selective chemical etchings [59]-[61]. Either way, the formation of these
phases within the bulk of the absorber is very difficult to eliminate completely and can
lead to compositional fluctuations at the kesterite/secondary phase interfaces that can
induce the formation of defects that act as recombination centers and ultimately cause

Voc losses [62]-[64].
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Figure 2.5: Chemical potential equilibrium diagrams for CulnSe: (top) and Cu2ZnSnSes
(bottom). The black area represents the stable one phase region. Reproduced with permission from
[49].

Y High density of defects

Although theoretical calculations have proven that the kesterite crystal structure is the
most energetically favorable for CZTSSe compounds, the energy difference with the
stannite crystal structure (see Figure 2.5, (a)) is very small [41]. This small difference,
together with the isoelectronicity and similar ionic radii of Cu and Zn, induces a strong
tendency to the formation of Cuz and Zncu anti-site defects [39]. In particular, the
donor—acceptor defect complex [Cuzn + Zncu] has an extremely low formation energy
which results in a high concentration of these defects, widely known as the Cu/Sn
disorder [39], [65].

On the other hand, in Cu-poor Zn-rich compositions, Vcu is the defect with lowest
formation energy and is expected to be the main responsible for p-type conductivity of

CZTSSe absorbers (Figure 2.5, (b))[49]. This way, a high concentration of Ve, Cuzn and
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Zncu is expected in CZTSSe absorbers. In addition, it has been proposed that deep
defects like Snzn and defect clusters such as [2Cuzn + Snzn] can also occur during kesterite
formation even in Zn-rich conditions [66], [67].

All these charged defects and defect clusters, depending on their spatial distribution,
induce point defects (isolated defects), bandgap fluctuations (spatial correlation of the
defects in the VB and the CB) and/or potential fluctuations (uneven spatial distribution
of charged defects) that translate into a series of permitted states within the bandgap
(see Figure 2.5, (c)) [68], [69]. This phenomenon is known as band tailing since it is

characterized by sub-bandgap absorption that can be described as:

X ~ exp (— Eg_E) 2.1)

Ey
where a represents absorption and Eu stands for the so called Urbach energy. The states
within the bandgap can act as recombination centers and, thus, strongly reduce the Voc
in kesterite devices. In fact, a near-linear correlation between Eu and the Voc deficit of

different technologies was found a De Wolf et al. [70].
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Y Other limiting factors

Some other factors that have been considered to limit the Voc of kesterite solar cells to a
lesser extent are: (i) Front interface (CdS/CZTSSe) recombination due to non-optimum
band alignment, especially for wide bandgap [73]-[75], back interface recombination
due to a defective CZTSSe/Mo coupling and chemical instability [73]-[76], short

minority carrier lifetime [77] and grain-to-grain non-uniformities [78].
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As a final remark, it should be born in mind that all the different factors affecting the
Voc deficit of kesterites discussed above are not isolated one from each other and that

there are deep relationships between them [78], [79].
2.4. The way to improve kesterite Solar Cell performance

Inspired by the successful approaches executed to the chalcopyrite CIGS technology.
The kesterite based solar cells has been following the path of its predecessor to get rid of
its limitations and go forward with higher efficiencies. In this regard, there is a
particular research axis targeting the reduction of defect density to boost device
performance by optimizing processes of surface and grain boundary passivation [80],
[81]. Additionally, the issues of optical losses [82]. Nevertheless, the intrinsic point
defects are still a critical issue in the bulk of the absorber [83]. The alternative solution to
decrease cation disorder in the CZTSSe compound is the cationic substitution: Zn with

Cd [84], Zn with Ba [85], Cu with Ag [86] and Sn with Ge [87].

2.4.1. Doping and alloying kesterite
Getting motivated by the successful approaches executed to the chalcopyrite CIGS
technology. The kesterite has been following the way of its predecessor to get free of its
limitations and go forward with higher efficiencies. In this regard, we present hereafter
solutions among others proposed in the literature. However, before given more details
about what has been done in the literature, one should keeping in mind that the initial
goal of doping is (i) to modify the electronic of thin-film kesterite properties (ii) to
maximize the collection of photo-generated carriers without changing the crystal
structure or altering the optical properties of the host material. However, alloying is
referred to an isoelectronic cation substitution to introduce ionic size mismatch, which

can be particularly interesting for the absorber band engineering [88].
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2.4.1.1.Doping kesterite

Y Alkali doping:

The alkaline elements doping of the absorbers has been observed to be a critical issue
for the development of CIGS and CZTSSe solar cells and an effective way of reducing
the large Voc deficit of the technologies. Alkalis, especially Na, have the ability of
modifying the synthesis process and improving the morphological and electrical
properties of the absorbers, which results in enhanced device performance. The
following sections review the evolution and main effects of alkaline doping in kesterite
solar cells.
Sodium (Na): The discovery of the beneficial effects of Na doping in CIGS absorbers
was one of the major breakthroughs in the development of the technology [66], [89],
[90]. They were first described by Hedstrom et al. in 1993 [91]. They fabricated CIGS
devices in different substrates (soda lime glass, borosilicate, sapphire and alumina) and
observed that the absorbers grown on soda-lime glass exhibited a superior crystal
structure and performance and associated it to the presence of Na coming from SLG
[92]. Since then, Na doping became a hot research topic and its presence was ultimately
found to be a requirement to achieve high efficiencies [89], [90]. Following the success of
Na doping in CIGS, the beneficial effects of alkali doping in kesterites solar cells have
also been a major topic of research in the last years. Na has been found to produce
similar effects in kesterite devices than in CIGS and to be crucial to achieve high
efficiencies [93]. Principally, Na acts three-fold:

e As afluxing agent and increasing crystal size;

e Asa grain boundary passivator;

e Asa carrier concentration booster.
These effects translate into devices with a highly improved performance due to
enhanced Voc and FF, mainly. It is widely accepted that Na ions have a large mobility in

kesterites during high temperature annealing easily migrating through Cu vacancies
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due to the low energy formation of Nacu [94]-[96] and that Na tends to accumulate at
the grain boundaries where, due to their synergy with oxygen [96], [97] or help create a

positive potential that facilitates charge separation [97].

2.4.1.2. Alloying kesterite

The alloying strategies based mainly on cationic substitution using isoelectronic
elements from the same column. For instance, the partial substitutions of Cu by (Ag, Li,
K, Na), the Zn substitution is possible by (Cd, Ba, Mn, Fe, Co, Ni) due to their analogous
structure and finally, Sn substitution is feasible by Ge and Si.

In this thesis, we focus on the Sn substitution by Ge.

Y Germanium (Ge)

Germanium (Ge) is probably one of the most suitable and interesting group IV elements
for adding into the kesterite structure, in particular at the Sn-sites. Considering the most
stable oxidation states of these two elements, +4 is more likely to occur with Ge than
with Sn [98], thus avoiding presence of potentially harmful +2 oxidation states [99].
Additionally, a bandgap range from 1.0 to 2.25 eV is possible with the Cu2Zn(Sni-
«Gex)(S1-y,Sey)s alloy [100], [101].

Several works can be found on the Ge addition in the kesterite host, from doping levels
to alloying, including partial and total substitution of Sn. Regarding doping strategies,
Giraldo et al. reported the beneficial effect of Ge as dopant in CZTSe [102], [103],
observing a large efficiency improvement for very small quantities of Ge (less than 0.5%
relative to Sn), followed by addition studies further exploring the origin/mechanism
involved in this approach [103], [104]. Firstly, a strong impact on the morphology and
grain size has been observed, frequently obtained large grains [105], [106]. This was
related to the formation of Ge-Se liquid phase (at 380 °C) during the reactive annealing,
acting as crystallization flus. Other beneficial efforts of Ge have been reported, including
interaction with Na with effect carriers concentration [105], modification of the reaction

pathways minimizing Sn-Se phase formation (avoiding to a large ectent the Sn loss and
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secondary phase formation) [107], passivation of detrimental grain boundaries related to
high recombination [106], annihilation or minimization of Sn-related deep defects [108].
Through the optimization of doping strategies, by adding Ge nanolayers at the bottom
and on top metallic precursors, Ge doping has contributed to considerably reduce the
Voc deficit to less than 0.57V thus achieving a record efficiency of 11.8% [107].

On the other hand, alloying approaches have been also investigated recently. As in the
case of doping, Ge alloying of kesterite has immediately demonstrated a great potential,
with device efficiencies ranging from 6.8 to 12.3% [109]-[111]. Among them, it is
interesting to note that the best efficiency was achieved with a relative Ge content of
39% (i.e.(Ge/(Ge+Sn)=0.39), through the optimization of a thermal annealing containing
GeSe2[111], [112] leading to an improvement of the Voc deficit by reducing band tailing,
and a reduced carrier recombination at the absorber/buffer interface and/or in the space-
charge region. Collord et al. studied almost the full range of possible Ge/(Ge + Sn)
compositional ratios (from 0 to 90%) by preparing a continuously graded sample with
combinatorial mixing of Ge and Sn containing inks [113], and achieved an 11%
efficiency solar cell with an optimized 25% Ge substitution (x= 0.25) with Eg= 1.2 eV),
leading to a remarkable reduction of the Voc deficit.

After the fast progress Ge has demonstrated, a particular attention has been paid in the
few past years to the total substitution of Sn by Ge especially with the aim to widen
further its band gap for a potential application as a top cell in multi-junction solar cells.
In the very beginning, studies on pure Ge based kesterite have been mainly focused on
the structural and optical properties of this new compound [114]-[116].

Among the most relevant pure Ge kesterite results, Schnabel et al. reported efficiencies
exceeding 5% for a sulfo-selenide CZGSSe (Eg= 1.5 eV) solar cell [117], while for the
selenide CZGSe (Eg= 1.4 eV) compound, Sahayaraj et al. published a 5.5% efficiency
device with a remarkable Voc of 744 mV [118]. Intriguingly, the Ge based kesterite
showed less electrical losses from band tailing/electrostatic potential fluctuations

compared to Ge free devices [118], [119]. However, the main limiting factors were linked
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to a high series resistance, leading to imperfect current collection and a high interface
recombination [120]. Trying to address these issues, a detailed optimization of the CdS
chemical bath deposition has allowed achieving a record efficiency of 7.6% for a CZGSe
(Eg=1.36 eV) absorbers [121].

By an impression of the relevance and the boost in efficiency that CZGeSe has
demonstrated in short time compared to other technologies. The work presented this
thesis has the same optic and aims to develop and optimize for pure germanium
kesterite absorbers for any future integration as a top cell in tandem solar cells. In the
contrary of what has been used in other experiments, the series of studies given in this
thesis promise a much more secure and less toxic synthesis environment with
efficiencies at the level of the best reported ones for this new compound.

More details about the synthesized CZGeSe along with the characterization techniques

used in this dissertation are presented in the next chapter (chapter 3).
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Methodology 1

3.1. Techniques and pieces of equipment

he general aspects of the methodology employed throughout this thesis part are
T presented. However, the specific experimental features of the different
investigations presented in this thesis, will be detailed in their corresponding chapters.
In order to carry through the goals exposed above and study the feasibility of
developing high efficiency kesterite solar cells based on Cu:ZGeSes compound, the
methodology employed is based on the following basics:
e Identification of the main issues for solar cell fabrication.
e Solar cells fabrication on the Mo coated SLG by using a two-step process
involving the chalcogenization of sputtered metallic precursors.
e Absorbers and completed devices characterization.
The main processing and characterization techniques performed throughout the thesis
(kesterite part), as well as the pieces of equipment used to carry them out will be briefly
presented. After that, the standard procedure employed for the kesterite solar cells

fabrication will be explained in detail.
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3.1.1. Structural, compositional and morphological
characterization

Y X-ray fluorescence

X-ray fluorescence (XRF) is a phenomenon in which atoms emit radiation upon X-ray
illumination. Energetic X-rays can be absorbed by electrons located at the inner shells of
an atom, which are subsequently promoted to an excited state leaving a vacancy behind.
An electron from a higher energy shell can then fall into the low-energy vacancy
emitting the energy difference between both energy levels as a photon. The possible
energies of the emitted photons depend on the electronic structure of the atom and,
thus, are characteristic of each element. By analyzing the spectrum emitted by a sample
under X-ray illumination, it is possible to obtain information about its elemental
composition. However, different elements possess distinct mass absorption coefficients
so the intensity of their fluorescence is different. In addition, this factor is also
influenced by the density of the material, which largely depends on the technique
employed for its synthesis/deposition. Finally, for complex multilayers stacks like the
ones employed in this work, the radiation emitted by the layers at the bottom is
attenuated by the upper layers before escaping the sample. This attenuation will depend
on the thickness and density of the different layers above. Therefore, it is not possible to
extract quantitative information from XRF measurements in a direct way. The spectra
obtained need to be fitted employing a model that takes all these issues into
consideration.

A Fischerscope XVD XRF analyzer (Figure 3.1) was employed to measure and control
the thickness and composition of Mo back contact layers, precursor metallic stacks and
kesterite absorbers, mainly. The software of this XRF system allows creating complex
layer models (recipes) and fits the obtained spectra to them through an iterative process
in order to provide information about the composition and thickness of the different

layers. Three types of layer model have been mainly employed throughout this work:
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* SLG/Mo: for measuring the thickness of Mo back contacts.
» SLG/Mo/CuZnGe: for measuring the thickness and composition of precursor
metallic stacks
* SLG/Mo/Cuz2ZnGeSes: for measuring the thickness and composition of kesterite
absorbers.
The same measuring parameters were employed in the three recipes: an accelerating
voltage of the primary X-ray source of 50 kV, a Nil0 filter to reduce background signal,
a spot size of 1 mm and an integration time per measuring point of 45 s. Usually, a 9 to
16-point measuring grid was distributed throughout the surface of the sample and the
mean compositional and thickness values were calculated. Due to the fairly complex
layer systems measured and to the fact that the density of the materials deposited and
synthesized in this thesis differs from standard bulk values, in order to obtain accurate
values from the fittings of the measuring recipes, these had to be calibrated employing
reference samples with known thicknesses and compositions.
The thickness and composition of the reference samples was measured by high-

precision techniques prior to the calibration of the XRF system.

Ejected K-shell electron Incident radiation

M-shell electron
fills vacancy

(orbits)

Figure 3.1: image of Fischerscope XVD X-ray fluorescence analyzer (left) and representation of

characteristic X-ray fluorescence principle.
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% Field emission scanning electron microscopy and energy dispersive X-ray

spectroscopy

An electron microscope is a type of microscope that uses electrons as the source of

illumination. Owing to the shorter wavelength of electrons compared to visible photons,

the resolving power of an electron microscope is far higher than that achievable with

standard optical microscopes. In a field emission scanning electron microscope

(FESEM), a small diameter and highly coherent beam of electrons is generated by a field

emission gun, focused on the surface of the sample and raster scanned in a rectangular

area. The beam interacts with the atoms in the specimen producing several signals that

can be detected individually using different types of detectors. The FESEM microscope

employed in this work, a ZEISS Series Auriga (Figure 3.2), is capable of detecting,

mainly, three types of signal:

Back scattered electrons: This signal corresponds to the electrons from the
scanning beam, which are elastically back-scattered by the atoms of the sample.
Since the probability of back scattering increases with the atomic number of the
element, this signal produces micrographs in which areas with different
composition appear with a different contrast and thus provides spatial-
compositional information.

Secondary electrons: This signal is generated by low energy electrons ejected
from the surface of the sample as a result of an inelastic scattering process. The
number of emitted secondary electrons depends on the interaction volume of the
beam with the sample which, in turn, depends on the angle between them. This
way, edges and steep surfaces (in which the interaction volume is higher) appear
brighter than flat surfaces providing micrographs with a well-defined contrast
that enable structural and topographical analyses.

Characteristic X-rays: This signal arises from the interaction of the incident

electron beam with the low-energy electrons located at the inner shells of the
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atoms of the sample. The incident beam can promote these electrons to an excited
state. A high-energy electron from an outer shell can then occupy the low energy
vacancy emitting the energy difference between both states as an X-ray photon.
Since the energy difference between the different electronic shells is dependent
on the atom itself, each element generates photons with characteristic energies.
Thus, by analyzing the radiation emitted by the sample, it is possible to get
precise information about its elemental composition. This process is called energy
dispersive X-ray spectroscopy (EDX).
The results presented in this thesis are based, mainly, on secondary electron imaging
employing a standard Everhart-Thornley detector. This detector consists of a collector
which is at around +350 V in order to attract the electrons emitted by the sample, a
scintillator system and a photomultiplier to overcome the low emission rate and energy
of secondary electrons and obtain a sufficiently strong signal useful for imaging [122].
This way, FESEM was employed to analyze the surface of kesterite absorbers (top view)
and/or the layer structure of complete devices (cross section) through detailed
micrographs acquired from secondary electrons. The micrographs were normally
obtained using a 5 kV accelerating voltage and a 30 um aperture for the electron beam
as well as a working distance ranging from 4 to 7 mm. Additionally, the FESEM
microscope was employed to analyze the surface composition of some selected kesterite
absorbers employing an EDX Oxford Instruments XMax detector integrated in the

system. A 15 kV accelerating voltage was employed for this purpose.
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Figure 3.2: image of ZEISS Series Auriga field emission scanning electron microscope (left) and

scheme illustrating the working principle of Scanning Electron Microscope (right).

Y Raman spectroscopy

Raman spectroscopy is an advanced characterization technique based on the analysis of
inelastic scattering processes of light with the vibrations (phonons) of the atoms or
molecules in a material. A Raman spectrum is obtained by illuminating the material and
measuring the in-elastically scattered radiation arising from it as a function of its
frequency (usually called Raman shift). For crystalline materials, a Raman spectrum
consists of individual Lorentzianshaped peaks, each of them related to an individual
phonon. The parameters of the individual peaks can be directly related to the
vibrational properties of a material which, in turn, depend on its composition and
internal structure. This way, the symmetries of its crystalline structure determine the
type of vibrations, the number of atoms in the unit cell influences the number of
possible phonons and the frequency of the phonons is defined by the type of atoms (i.e.
chemical composition). Thus, Raman spectroscopy can be used to determine the
presence of different phases in a material, their composition, crystalline structure and
crystalline quality. Raman measurements were carried out to investigate different

properties of selected kesterite absorbers synthesized throughout this work. In
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particular, their crystalline quality, S-Se composition and/or the presence of secondary
phases were evaluated. A Raman setup developed at IREC (Figure 3.3) was employed
for this purpose. It consists of a Raman probe coupled by optical fibers to two
spectrometers: a Horiba Jobin Yvon FHR640 (optimized for the ultraviolet-visible
spectral region) and a Horiba Jobin Yvon iHR320 (optimized for the near infrared-
infrared region) which are coupled, in turn, to cooled CCD detectors. Several lasers with
wavelengths ranging from 325 to 1024 nm are available as excitation sources depending
on the properties and materials studied. The selection of the laser is particularly
important for investigating the presence of secondary phases. By coupling the excitation
wavelength with the bandgap of a specific secondary phase (usually called resonant
Raman conditions), a highly increased sensitivity is achieved enabling the detection of

very small concentrations almost undetectable otherwise.
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Figure 3.3: image of Raman spectroscopy setup developed at IREC (left) and Scheme of the
Raman analysis depths for the excitation wavelengths of 442, 532 and 785 nm.

3.1.2. Electrical characterizations

Y Four- point probe

Four-point probe (4pp) is an electrical measurement setup consisting of four terminals: a

pair of outer current-carrying electrodes and a pair of inner voltage-sensing electrodes.
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By applying a current through the outer electrodes and due to the high impedance of
the voltmeter, almost no current will flow through the sensing wires avoiding contact
and wire resistances and enabling the measurement of very small resistances. This
technique was employed to measure the sheet resistance (Rsheet) 0f conductive layers
such as Mo and TCOs. An Ever being setup with 4 equidistant measuring tips connected

to a Keithley 2420 power source (Figure 3.4) was employed for this purpose.

current source and measurement

Figure 3.4: image of Everbeing four-point probe (left) and scheme representation of 4pp.

Y Capacitance-voltage

Capacitance-voltage (C-V) measurements provide information about the carrier
concentration and the width of the surface charge region (SCR) of a solar cell based on
the assumption that a p-n junction can be modeled as a parallel plate capacitor. In
kesterite solar cells, the doping level of the n side of the junction (CdS) is orders of
magnitude higher than that of CZTSSe and, in addition, its thickness is orders of
magnitude lower. This way, the SCR can be assumed to be located entirely at the p side.
In this approximation, the charge (Q) “stored” in the capacitor is equivalent to the
number of doping impurities within the width of the SCR (W) times the elemental
charge (q). By applying a bias voltage to the p-n junction, the width of the SCR varies

and so does the charge:
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dQ = gN(W) dW - N(W) = é ae @3.1)

where N(x) is the linear density of doping impurities. On the other hand, the

capacitance of a capacitor can be expressed as:

€A €A
C=—»>-x=—
X Cc

(3.2)

where ¢ is the dielectric constant, A the overlapping area of the parallel plates and x the
width of the capacitor (W for a p-n junction). In the case of a p-n junction, if the space

charge region is varied by applying a voltage, its capacitance will also vary:

A
dw = —Z—z dc (3.3)

Finally, the change of the charge stored in a capacitor when the voltage is between its

terminals is varied can be obtained from the fundamental definition of capacitance:

_de _
¢ =52 -dQ =Cdv (3.4)

Combining Equations (3.1), (3.3) and (3.4), it is possible to calculate n (W) (the carrier

concentration as a function of the SCR width) from C-V measurements:

-1

_ 3 av 2 (dCc?
nW) = - qeA? dac > n(W) = quz( av ) (35)

C-V measurements were performed on complete devices by applying a 50 mV
oscillating AC voltage at various frequencies and measuring the quadrature current
response at different bias voltages. The measurements were carried out employing a
Keysight E4990A impedance analyzer and a homemade Faraday cage sensor box (Figure
3.5). The measurements were used to calculate the carrier concentration and the width

of the space charge region of selected devices.
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Figure 3.5: image of Keysight E4990A based capacitance-voltage measurement setup.

Y Current-voltage analysis

The fundamentals of current-voltage (J-V) analysis were explained in section 1.2. A
setup consisting of a Keithley 2400 source and a pre-calibrated Sun 3000 Class AAA
solar simulator by Abet Technologies (Figure 3.6) was employed to carry out the J-V
measurements of the different devices fabricated in this work. The measurements were
carried out at 25 °C and both in the dark (for selected devices) and under simulated
AML.5 illumination (1000 W/m?). The main parameters of the solar cells were extracted
from the J-V curves: Voc, Jsc, FF and 1. In some cases the shunt and series resistances (Rsh

and Rs) were also calculated from the J-V curves.

OPTICAL __
INTEGRATOR |

|
ELLIPSOIDAL_|
REFLECTOR

Figure 3.6: image of |-V analysis setup based on a calibrated Sun 3000 Class AAA solar
simulator by Abet Technologies.
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Y External quantum efficiency

External quantum efficiency (EQE) is an optoelectronic characterization technique that
complements J-V analyses by providing information about charge collection as a
function of the illumination wavelength. This way, in EQE measurement, the sample is
illuminated with monochromatic light and the ratio between the numbers of incident
photons to the number of collected EHPs is measured at different wavelengths to
provide a collection spectrum.

By integrating the EQE spectrum times the AM1.5 illumination spectrum, it is possible
to obtain the Jsc of the device. EQE measurements were performed on selected devices
to study their collection. A Bentham PVE300 spectral response system consisting on Xe
and halogen light sources, a mono-chromator and a lock-in amplifier was employed for

this purpose (Figure 3.7).

Figure 3.7: image of spectral response system used for EQE measurements Solar cell fabrication.
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3.1.3. Solar cell fabrication

Y Direct current magnetron sputtering

Direct current (DC) magnetron sputtering is a PVD coating technique that allows the
deposition of thin films of a wide variety of materials. An inert gas plasma (usually Ar)
is generated inside a chamber by applying a high voltage between a cathode (usually
the target material) and an anode (usually the deposition substrate) (Figure 3.8). The
plasma is confined around the target through a strong magnetic field generated by a
magnetron.

The moving ions in the plasma hit the target material and sputter atoms out from its
surface. Most of the sputtered atoms are neutral so are not affected by the
electromagnetic field and fly away in straight lines from the target. This way they can
reach a substrate and stick onto it. By varying the inert gas pressure and/or plasma
power, it is possible to control the sputtering rate (which determines the growth rate of
the layer) and the kinetic energy of the sputtered atoms (which influences the density,
morphology and adhesion of the deposited layer). The substrate can be heated up
during deposition to improve or tune the crystallization of the deposited material. In
addition, by introducing a reactive gas in the plasma, like O, it is possible to make the
sputtered atoms react with it before being deposited. This is called reactive sputtering.
DC magnetron sputtering is an ideal technique for metal deposition due to their high
conductivity that facilitates the creation of the plasma. When depositing low
conductivity materials, charge can build up on the surface of the target and, in addition,
the target can heat up substantially complicating the deposition process. In order to

minimize these issues, a pulsed DC source can be employed to generate the plasma.

Ikram Anefnaf Page 70



|

\ Cathode ]

k\, \ Target % C /
® £ athe
(,ai\"od ® | - de
(T i‘c‘%
e b ¥ eAr+
o e ¢ o
° @
e w
& @ = L] Q Ar+
v g §
o o ® 2
@ &
¢ Coadd
. A
Growing thin-film -» bt
Holder '[ Anode

Figure 3.8: Schematic illustration of DC magnetron sputtering operation.

Two different sputtering systems were employed throughout the CZGeSe experiments

in order to deposit the different layers required for the fabrication of kesterite solar cells:

Alliance Ac450 (Figure 3.9, left): This system is comprised by a load lock and a
deposition chamber connected to a mechanical pump and a turbo-molecular
pump. Inside the deposition chamber there are three cathodes located at the top
where 101 mm diameter targets can be placed. The substrate is placed at the
bottom. It is equipped with a DC generator (TRUMPF Truplasma DC 3002) for
sputtering and a RF generator (TRUMPF PFG 300 RF) for plasma etching surface
treatments. This system was used for the deposition of metallic layers (Mo, Cu,
Zn and Sn). The depositions were performed using Ar plasma.

Alliance CT100 (Figure 3.9, right): This system is comprised by a load lock and
two deposition chambers each of them connected to independent mechanical and
turbo-molecular pumps. There are two cathodes at the left chamber and three at
the right chamber where 101 mm diameter targets can be placed. It is equipped

with a pulsed DC generator (Advanced Energy DC pinnacle plus). The left
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chamber was employed for Mo and Mo: Na deposition and the right chamber for
the deposition of TCOs (ZnO and In20s : SnOz).

* The deposition of Mo and Ge was performed in continuous DC mode using Ar
plasma and the deposition of TCOs was carried out in pulsed DC mode

employing Ar + Oz plasma.

Figure 3.9: image of DC- magnetron sputtering systems.

Y Chemical bath deposition

Chemical bath deposition (CBD) is a thin film deposition technique in which the
substrate is introduced into a solution containing dissolved precursor materials.

Then, a synthesis and/or a nucleation reaction are triggered so that the targeted
compound is synthesized within the solution and grown onto the substrate. By
controlling the chemical route and solution parameters such as concentration, pH and
temperature it is possible to control the deposition characteristics and tune the
properties of the deposited layers. CBD was employed to deposit the CdS buffer layer of
the devices fabricated in this thesis employing a homemade setup consisting in a
thermocouple-controlled hot plate and a double beaker bain-marie system for a more

precise and homogeneous temperature control and heat distribution (Figure 3.10).
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Figure 3.10: image (left) and scheme (right) of setup for CdS chemical bath deposition.

Y Reactive annealing

A reactive annealing is a synthesis technique based on a thermal treatment carried out in
a reactive atmosphere. This technique was employed to synthesis kesterite absorbers out
of metallic precursor stacks. The precursors were placed into graphite boxes with
crucibles containing Se and and GeSe: (Figure 3.11). The graphite boxes were placed, in
turn, inside a Hobersal three-zone tubular furnace (Figure 3.12) consisting of a quartz
tube and resistance-based heating elements. The tube is connected to a mechanical

pump at the rear end and to an Ar inlet at the front.

Figure 3.11: image (left) and Scheme representative (right) of Graphite box for reactive
annealing.
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Figure 3.12: image of Hobersal three-zone tubular furnaces (left) and scheme representation of

Tubular furnace.
3.2. Solar cell fabrication procedure

3.2.1. Substrate cleaning

The employed substrates for device fabrication were cleaned prior to the deposition
processes. The cleaning routine started with a water rinse to wash away inorganic salts,
followed by acetone to dissolve organic traces that water cannot eliminate. The
substrates were then dipped in isopropanol and deionized water to finally dry with a

Nitrogen gun. Each step is performed within 15 minutes at 55°C.
3.2.2. Back contact deposition

The back contacts adopted in the experiments of CZGeSe solar cells Molybdenum (Mo).

Molybdenum back contact was deposited (670-800 nm) on SLG substrates by DC
magnetron sputtering. A trilayer configuration, developed at IREC and similar to the
one described in the reference [123], was employed. This configuration consists of a Moa
(250-500 nm)/Mos (120-500 nm)/Moa (30-50 nm) stack where Moa refers to a dense and
conductive layer deposited at high power and low pressure, and Mos refers to a porous
layer deposited at lower power and higher pressure. All these layers were deposited
from a mono-block Mo target (Neyco, 99.99% purity, 101 mm diameter). The growth

rate (GR) of the different layers was controlled by XRF thickness measurements. The
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final resistivity of the back contact was measured by four points probe technique.
Typical resistivity values ranged 0.25-0.5 ()/sq.
The typical purpose behind this back contact configuration is:
v’ The first Moa layer provides the back contact with a good adhesion and
conductivity.
v" The Mos layer, rich in oxygen, acts as a barrier for Se.
v" The last Moa layer is a sacrificial layer completely selenized during the reactive

annealing.
3.2.3. Precursor deposition

The metallic stack precursor was deposited by DC magnetron sputtering (Alliance
Ac450) on top of the Mo-back contact with the stack order: Copper/Zinc/Germanium.
This configuration was based on previous works carried out in IREC [76], [124]. The thin
layers were deposited from pure metal mono-block targets (Neyco, 99.99% purity, 101
mm diameter). The thickness of the different layers was selected to obtain Cu-poor
(Cu/(Zn+Ge)~0.67) and Zn-rich (Zn/Ge~1.1) compositions. The compositional ratios of
the precursors and of CZGeSe absorber films was carried out using X-ray fluorescence
(XRF, Fischerscope XVD), which has been previously calibrated with inductively
coupled plasma optical emission spectroscopy (ICP-OES). The total precursors’
thickness was about 540 nn and was controlled by XRF thickness and compositional

measurements.
3.2.4. Absorber synthesis

In order to synthesis the CZGeSe absorbers the as-deposited precursors were submitted
to a thermal reactive annealing. They were first were placed inside a graphite box
together with crucibles containing Se (Alfa-Aesar, powder, 200 mesh, 99.999%) and
GeSe: (Alfa-Aesar, powder, 100 mesh, 99.995%). Then, the graphite boxes were
introduced into a 3-zone tubular furnace where a 2-step thermal annealing was

performed consisting of: the first step was carried out at 330 ‘C during 30 min with a
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heating rate of 20 ‘C/min under 1.5 mbar Ar pressure, and for the second step was
maintained at 480 “C during a dwell time of 15 min in 1 bar Ar pressure (see Figure 3.13).
The cooling down process to room temperature occurred naturally taking around 2

hour. The final thickness of the absorbers given by XRF was in the range of 1.45 um.

Temperature (°C )

30 min 15 min

Time (min)

Figure 3.13: Thermal treatment profile of CZGeSe.

3.2.5. Chemical etchings for secondary phase removal

The solar cells are completed after etching the synthesized absorbers with KCN solution

(2% w/v, 2 min) to clean and remove the possible superficial secondary phases.
3.2.6. CdS buffer layer deposition

CdS butffer layer (~40-60 nm) was deposited onto the absorbers by chemical bath
deposition (CBD). Cd (NOs): (0.12 M) was employed as the cadmium precursor salt
together with thiourea (0.3 M) as the sulphur source. The deposition was carried out

with a solution pH = 9.5 and at 70°C for 40 min.
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Figure 3.14: Schematic of Chemical bath deposition (CBD).

3.2.7. Window layer/front contact deposition
Immediately after CdS deposition, an i-ZnO (50 nm)/ITO (200-300 nm) bilayer was
deposited by pulsed DC magnetron sputtering employing Cu-back plated targets
(Neyco, ZnO, 99.99% purity; and Neyco, In203:5nO2 90:10 wt.%, purity 99.99%) and an
Ar/O:z plasma. An additional piece of SLG was included during the deposition in order
to measure the resistivity of the bilayer by four-point probe. Typical resistivity values
range 35-80 ()/sq. The thickness was controlled by XRF.

3.2.8. Solar cell scribing and contact
Once the layer structure was complete, individual 3x3 mm? solar cells (8.7 mm? active
area) were electrically isolated employing a manual microdiamond scriber (OEG
MR200) (Figure 3.15). The scribing lines were performed down to the back contact. A
small area at one of the edges of the sample was scratched to expose the back contact
and some indium was welled onto it. Owing to the small size of the cells, no additional

contacts were used and the electrical measurements were carried out by contacting

directly the ITO of each cell and the indium pad.
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Individual solar cells

Figure 3.15: image of Microdiamond scriber used in this experiment.
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Insights on the limiting factors of Cu,ZnGeSe, based solar cells

4.1. Introduction

w2ZnSn(SxSeix)s (CZTSSe) is a promising candidate for thin-film photovoltaic

C applications [125], thanks to their advantageous properties including its ideal direct
bandgap that can be tuned between 1.0 and 1.5 eV, high absorption coefficient (~10* cm-
) and non-toxicity make it suitable for solar cell application (single and tandem solar
cells) [126]-[130]. However, the best reported efficiency, so far, for CZTSSe is 12.6% with
bandgap energy of E;=1.13 eV [131], which is about half of the efficiency of the close-
cousin CIGS-based solar cell and much lower than the theoretical Shockley-Quiesser
limit for CZTSSe, (32.8%)[132]. One of the focal challenges so far for CZTSSe based solar
cells is the poor open circuit voltage (Voc) [133], [134]. The maximum Voc depends
mostly on the absorber bandgap but can be strongly affected in case of high
recombination or defects pinning the Fermi level. Thus, to compare absorbers with
different bandgap, the so called Voc-deficit is introduced, defined as Eg/q-Voc (where Eg
is the absorber bandgap energy, Voc is the open circuit voltage and q is the electron
charge) and offering a figure of comparison between materials of different bandgap
values, and it is around 0.6 eV for the record CZTSSe based solar cell [131]. Some studies
identify that the main culprits for the large Voc deficit are the intrinsic defects and the
band tail [135]-[137]. Furthermore, several causes for the large Voc deficit are suggested:
(i) the disordering and lattice defects are acting as an effective recombination centers,
and are resulting from the CZTSSe nature, including anti-sites (e.g., Sncu, Snz),

vacancies (e.g., Vzn, Vsn) and interstitial (e.g., Zni) defects in the system [33],[34].
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Particularly, the anti-site defects related to the Cu/Zn disordering (Cuz. and Zncu) are
almost unavoidable in CZTSSe compound due to the similar ionic radius of Cu and Zn
as well as their chemical properties [138], [139]. (ii) the tail state formation which is
ascribed to high defect concentrations producing electrostatic potential fluctuations [68],
[140], [141] or spatial variations in the crystalline system and/or composition, driving to
a nanoscale bandgap fluctuations [73], [142], [143]. (iii) the non-ideal band alignment
between the absorber and the CdS, possibly causing high recombination at the
absorber/CdS interface and hampering minority carrier transport [144], [145]. There is a
particular research axis targeting the reduction of defect density to boost device
performance by optimizing processes of surface and grain boundary passivation [80],
[81], [146]. Additionally, the issues of optical losses [82], anti-reflection coating and bulk
CZTSSe quality [147] are also regularly addressed by the community. Nevertheless, the
intrinsic point defects are still a critical issue in the bulk of the absorber [83]. The
alternative solution to decrease cation disorder in CZTSSe compound is the cationic
substitution: Zn with Cd [84], Zn with Ba [85], Cu with Ag [86], [87] and Sn with
Ge[148].

Several groups showed that partial substitution of Sn with Ge led to a performance
enhancement of these thin film solar cells compared to their previous baseline cells. This
is in particularly was achieved by improved crystalline quality and grain size, thus
boosting the Voc [55],[56]. Table 4.1 shows a summary of some successful studies
introducing Ge in the CZTSSe solar cells. A significant improvement in the cell’s voltage
is obtained from very small quantities <0.005% (doping) up to around 40% (solid

solution) substitution of Sn with Ge.
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Figure 4.1: Summary of the beneficial effects of Ge on thin films kesterite solar cells (the bottom

section of the table contains data with Sn-free devices).

Synthesis Ge/(Ge+Sn)  Eff.(%) FF(%) Jsc(mA/em?)  Voc(V) Eg(ev) Voc-deficit'(V)  Ref
technique
Molecular 0.25 11.0 33.6 33.6 583 1.15 0.31 [113
precursor
solutions
Nano-crystal inks 0.30 9.4 63.8 31.9 460 1.19 0.48 [110
printing
DC Sputtering <0.005 11.8 66.3 38.3 463 1.04 0.31 [107
DC Sputtering <0.005 10.6 66.7 33.6 473 1.05 0.30 [105
DC Sputtering <0.005 10.1 66.8 33.6 453 1.04 0.31 [102
Co-evaporation 0.22 12.32 72.7 322 527 1.11 0.35 [149
Co-evaporation 0.22 10.03 62.7 29.5 543 1.19 0.39 [111
Synthesis Cu/(Zn+Ge) Eff. (%) FF (%) Jsc(mA/em?) Voc(V) Eg(ev) Voc-deficit'(V)  Ref
technique
Evaporation 1.0 5.5 46 16 744 14 0.39 [118
Evaporation 0.9 7.6 58 22.8 558 1.36 0.54 [121
DC Sputtering 1.0 6.5 60 19.6 556 1.45 0.63 [112
Evaporation 0.9 8.5 55.7 244 625 1.39 0.50 [150
DC Sputtering 0.67 6.5 60 17.8 606 1.47 0.60 This

*Respected to Shockley—Queisser limit (SQ) and calculated by the authors with the available data in the different references.

The best efficiency reported so far for pure Ge-kesterite (CZGeSe) thin film solar cell is
8.5%, using metallic stack precursors annealed under H:Se atmosphere [150]. On the
other hand, the highest open circuit voltage Voc reported so far for pure Ge-kesterite
(CZGeSe) is 744 mV with an efficiency of 5.5% [118] (see the bottom part of Table 4.1).

Research studies on pure Ge-kesterite devices could be benefit to broaden the spectrum
of kesterite compounds application, and specifically for efficient photovoltaic tandem
solar cells in combination with Si or narrow bandgap chalcogenide compounds. There
are still several limitations to overcome due to the scarcity of studies of Ge-based
compounds, when considering their Sn counterpart, besides the first studies recently
published about physical and fundamental properties of Ge-compounds [67],[68]. In this
context, it is of a prime importance to acquire deeper understanding of the defects
existing in CZGeSe-based materials and comprehend the key factors limiting CZGeSe-

based thin film solar cell performance to push up the CZGeSe solar cells efficiency to a
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more competitive level. To the best of our knowledge, no previous studies investigating
and identifying the defects and limitations for CZGeSe-based thin film solar cell are
available. For that purpose, our work intent is to assess and unveil limitations on
complete CZGeSe solar cells. In the present study, a complete analysis of morphological,
structural and compositional characterization of the prepared CZGeSe thin film based
solar cell is presented. The highest performance achieved in this study is 6.5%, with Voc
of 606 mV, Jsc of 17.8 mA/cm? and FF of 60%. Furthermore, a broad range of material
characterizations provides valuable insights on the factor limiting state-of-the-art

devices, and specifically on the defects and recombination mechanisms.

4.2. Experimental detail

4.2.1. Metallic stack deposition

At room temperature, the Cu2ZnGeSe: thin-films are prepared by sequential deposition
of Cu, Zn and Ge metallic stack precursors by DC-magnetron sputtering (Alliance
AC450), with the elemental layer stack order Cu/Zn/Ge onto Mo-coated soda-lime glass
substrates, 750 nm Mo is deposited by DC-magnetron sputtering. The ratios of metallic
stack precursors: Cu/(Zn + Ge) and Zn/Ge are kept near 0.67 and 1.07, respectively, as
measured by X-ray fluorescence (XRF). The total metallic stack thickness is around

550 nm.
4.2.2. Reactive annealing

The optimized thermal annealing process to growth Cu2ZnGeSes absorbers is carried out
in a dedicated tubular furnace using graphite box with 100 mg of elemental Se and 5 mg
of GeSez. The thermal treatment used consists of a two-step annealing process, first step
at 330°C for 30 min, with 20 °C/min ramping, in Ar dynamic pressure (1.5 mbar),
followed by a second step at 480°C for 15 min, 20 °C/min ramping, in Ar static pressure
(1 bar). The absorber composition is selected to obtain Cu-poor and Zn-rich condition
(Cu/(Zn+Ge)=0.66 and Zn/Ge=1.1). The atomic compositions of the obtained Cu2ZnGeSes
absorbers are 17.6, 14.2, 12.6 and 55.6 % for Cu, Zn, Ge and Se, respectively.
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4.2.3. Device fabrication

The solar cells are completed after etching the synthesized absorbers with KCN solution
(2% w/v, 2 min) to clean and remove the possible superficial secondary phases and
oxides. Immediately after the chemical etching, a 50 nm CdS layer is deposited by
chemical bath deposition (CBD) from nitrate salts [153]. Then the transparent front
electrode i-ZnO (50 nm) and In205:5nO: (ITO, 200 nm, 60 Q/sq) is deposited by DC-
pulsed sputtering (Alliance Concept CT100). Finally, the solar cells are mechanically
scribed (3x3 mm?) with a microdiamond scriber (OEG MR200). Neither antireflective
coating nor metallic grids are used for the optoelectronic characterization of the

fabricated devices.
4.2.4. Films and devices characterization

The composition and precursor thicknesses is characterized by using XRF system
(Fischercope XDV) previously calibrated by inductively coupled plasma mass
spectrometry (ICP). The scanning electron microscope (SEM) micrographs are acquired
with a ZEISS Series Auriga microscope using an acceleration voltage of 5 kV. Raman
scattering spectra are measured by FHR 640 and iHR 320 monochromators from Horiba
Jobin Yvon both coupled with CCD detectors. The first system is optimized for UV-
visible spectral range and used with 442 and 532 nm excitation wavelengths. The second
system is optimized for NIR range and used with 785 nm excitation wavelength. The
lasers power densities are in the range 100-150 Wcm?2 The characterizations are
performed in a backscattering configuration though probe designed at IREC. Moreover,
the in-depth chemical composition profiles of Ge-kesterite absorber layer is investigated
by Glow Discharge Optical Emission Spectroscopy (GDOES) using Horiba Jobin Yvon
GD Profiler 2 spectrometer with 4 mm anode diameter. J-V measurements are
performed on the completed devices using a calibrated Sun 3000 class AAA solar
simulator (Abet Technologies, 25°C, AM1.5G illumination). The EQE spectra of the

elaborated solar cells are measured by Bentham PVE300 system calibrated with Si and
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Ge photodiodes. The capacitance-voltage (C-V) measurements are done in the dark, at
room temperature with a modulation voltage of 50 mV with a Novocontrol
Technologies impedance analyzer. ]-V-T measurements are performed using a cryostat
(Cold-Head model RDK-101D Sumitomo Heavy Industries Ltd.) cooled by helium

closed cycle compressor (Zephyr HC-4A from Sumitomo cryogenics).

4.3. Results and discussions

% SEM analysis

The SEM micrographs of Cu:ZnGeSes-based solar cells with the following
configuration SLG/Mo/Cu2ZnGeSes/CdS/i-ZnO/ITO are investigated. The cross section
of the entire Cu2ZnGeSe: solar cell, as well as the top view of the absorber surface are
presented in Figure 4.1. The top view image of the absorber reveals large and closely
packed grains well connected with each other’s. The cross sectional image of the full
device (after chemical etchings and CdS/TCO deposition) indicates large grains in the
bulk extending throughout the whole thickness. Unlike to CZTSe layers, CZGeSe
seems not to (or just slightly) form the typical bilayer structure, with very few small
crystals segregating at the back. In this sense, the cross sectional morphology of
CZGeSe appears much better than of CZTSe layers. The average absorber thickness is
around 1.45 um. However, it is very difficult to define the exact thickness of MoSe:
layer, which appears to be quite thin most probably due to the lower temperatures
used for the synthesis of CZGeSe when comparing with CZTSe (480 °C vs. 550 °C,

respectively).
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Figure 4.2: SEM micrographs of the Cu2ZnGeSes(a) top view of the absorber and (b) Cross-
section of the SLG/Mo/Cu2ZnGeSes/CdS/i-ZnO/ITO.

% Raman analysis

Multi-wavelength Raman scattering analysis was performed in order to verify possible
presence of different secondary phases, which can be formed in a row with CZGeSe
quaternary phase, and are easily detected due to resonance effect. This specific approach
for the detection of small amount of secondary phases in quaternary compounds by
Raman scattering spectroscopy already showed an impressive potential, and its
sensitivity for detection of some of the secondary phases exceeds the possibilities of a
more commonly used for this purpose X-ray diffraction techniques [154]. Particularly,
used 442 nm excitation wavelength is resonant for the ZnSe [155] and GeSe: [156]
phases, while 785 nm excitation wavelength is close to resonance for a crystalline
orthorhombic polymorph of a GeSe phase [157]. Other possible secondary phases
(elemental Ge, Cu2GeSes or Cu2GeSes) have low band gaps [158]-[160], which suggests
that their Raman peaks should be well detected under any used excitation wavelength.
A scrupulous analysis of the measured Raman spectra (Figure 4.2) showed absence of
any additional peaks except of Raman peaks of CZGeSe phase [155], [161]. The full
width at the half maximum of the most intense Raman peak was ~7 cm™ (under 532 nm
excitation), denoting a good crystalline quality of the absorber layer, which is consistent

with the aforementioned SEM images (Figure 4.1).
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On the other hand, a significant change of the Raman spectra measured under 785 nm
excitation is related to the correlation of the excitation energy with the main optical
transitions in the CZGeSe compound. This resonance effect results to a significant
increase of the LO assigned Raman peaks and was described in details for the kesterite
type compounds elsewhere [162], [163]. To conclude, the Raman scattering analysis
suggests that comparatively low efficiency of Cu2ZnGeSes based solar cells cannot be
ascribed to morphological or phase-composition issues, as both appear fully compatible

with high efficiency devices.
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Figure 4.3: Raman scattering spectra of CuzZnGeSes absorber layers measured under different

excitation conditions. Numbers indicate the peaks position.

S Glow discharge optical emission spectroscopy (GDOES) profiles

One can notice that from the glow discharge optical emission spectroscopy (GDOES)
profiles of Cu, Zn, Ge, Se and Mo (Figure 4.3), the cation distribution is relatively
uniform at the top half of the absorber, whereas Cu tends to decrease and Ge to slightly
increase (as compared to the other elements) towards the back region of the absorber.
This can suggest that Ge-rich phases are accumulated towards the back region, as it is

proven in this system where Ge tends to naturally be present with higher concentration
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at the back area [164]. In such case, some secondary phases can be expected at the back
and affect the device performance (mainly the Jsc and the FF). On the other hand, a
decrease in Cu content toward the back interface may result in an increased carrier
concentration through increased amount of Vcu point defects, which in return may
reduce the photo-carriers’ mobility in that region of the film. As such, this Cu-poor
region may contribute to reduced quantum efficiency in the low energy spectral range,

as will be discussed below.
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Figure 4.4: Depth composition profiles of Cu2ZnGeSes absorber layer performed by a glow
discharge optical emission spectrometry analysis (GDOES).

Y J-V and EQE measurements

To further analyze the best device, the current density-voltage (J-V) characteristics and
EQE measurements are performed. The performance characteristics obtained from 13
solar cells were statistically summarized and are shown as box charts in Figure A.01
(Appendix). The best device reveals a 6.5 % efficiency with a Voc of 606 mV (Figure 4.4
(a)), it is very important to highlight that neither anti-reflection coating nor metallic grid
are used in this work. The optoelectronic parameters of the device are summarized in

Table 4.2.
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J-V curves exhibit a distinct cross-over between dark and light characteristics (Figure 4.4
(a)), which is often related to the defect states at the CZGeSe/CdS interface or in the bulk

of CdS layer, and leads to acceptor-like buffer traps states [153].
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Figure 4.5: (a) |-V characteristics and (b) EQE spectrum with the inset graph shows the band
gap calculation of CuZnGeSes by plotting (hvxIn(1-EQE))? vs. energy.

Y C-V measurements

To further understand the main limitations in the Cu2ZnGeSes absorber layer, the device
is characterized by C-V measurements under 5.6 KHz. The carrier concentration and the
depletion region width are calculated from capacitance—voltage (C-V) profile measured at
room temperature (RT) on Cu2ZnGeSes device. Figure 4.5 displays the charge carrier
versus the distance to the front interface (Ncv (x)). This later is calculated from C-V
measurement of the solar cell and can include contributions of superficial and deep
defects. The profile demonstrated in Figure 4.5 reveals a distinct U-shape, this profile was
previously attributed to presence of deep defect levels in the band gap, interface defects
and/or back contact barriers effects [165]-[167]. Moreover, the lowest value of U-shape
can be taken as an approximation of the charge density. The carrier concentration reflects
the properties of Cu2ZnGeSes near depletion region is of 1.7x10'> cm™® and a space charge
region width (SCR) of 310 nm. This carrier concentration is at least one order of

magnitude lower than the one reported typically in high efficiency CZTSe devices,
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indicating that Cu2ZnGeSes doping is not as easy. In fact, this lower carrier concentration

can explain at least in part the reduction of the Voc.
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Figure 4.6: Charge carrier density versus the distance to the junction interface extracted from

Capacitance-Voltage measurements of a Cu2ZnGeSes device.

Figure 4.7: Summary of the optoelectronic parameters obtained for the best device presented in this work.

Parameters Value Units
Eff. 6.5 %
Voc 606 mV
Jsc 17.8 mA/cm?
FF 60 %
SQ, Voc deficit 0.60 \Y%
Voc deficit 0.86 \Y%
Rs 0.14 Q. cm?
Rsh 8700 Q. cm?
Jo 1.6x10+ mA/cm?
A 1.7 --
Carrier concentration 1.7x1015 cm3
SCR 310 nm
Eg 1.47 eV
Eu 22 eV
Ext. Vo (0 K) 0.94 eV
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Table 4.2 shows a summary of the determined optoelectronic parameters from the J-V
characteristics, EQE, temperature-dependent Voc and C-V measurements. The
following information on the figures of merit (Figures 4.4—4.7) of the fabricated solar cell
could be obtained from:

Open-circuit voltage (Voc): The estimated built-in potential between the CdS and the
absorber is 800 mV, as shown on the simulated band diagram (Figure A. 1). The results
reveal a Voc of 606 mV and is very close to that of the record cell [150] (Table 4.1). The
calculated Voc deficit remains however high and can be considered as the main factor
limiting the device efficiency. This high value might be attributed either to Fermi level
pinning, and/or to intrinsic point defects. According to reference [168], the CdS and the
Cu2ZnGeSes have no conduction band offset; while this is theoretically the most
favorable case, the presence of interface defects can often lead to reduced performances
a small spike-like interface as in the CIGSe/CdS is preferable. Hence, it is possible that
interface defects are a limiting factor in our case, specifically through the pinning of the
quasi-Fermi level reducing the cell’s voltage. The effect of a Fermi level pinning at the p-
n interface is illustrated in Figure A.03, with a clear decrease of the voltage above an
interface defect density threshold while the current remains unaffected. The Voc-deficit
compared to the Schockley Queisser limit (SQ) is estimated at ~0.60 V for the CZGeSe
solar cell.

Short-circuit current density (Jsc ): the device has a Jsc of 17.8 mA/cm?, which is still
lower than CZTSe recorded device [103]. This lower value of Jsc was discussed when
commenting the EQE, and is attributed to a poor collection of photo-carriers generated
by low energy photons (deeper in the absorber) due to a limited carrier diffusion length
or back contact recombination.

Fill factor (FF): our best device achieved a FF of 60 %, and is to our knowledge the
highest value reported for this type of material (Table 4.1) [150]. This high value
indicates the formation of a relatively good CdS/CZGeSe interface in terms of carrier

collection, which is consistent with our conclusion from the EQE curve.
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As for the other parameters extracted from the fitting of the dark J-V characteristics
using a single diode model, the reverse saturation current density (Jo) can be considered
more or less in the range compared to CZTSSe (7x10° mA/cm?) [131] and higher than
CIGSe (8.3x10° mA/cm?) [169], which indicates a higher recombination rate [170].
Concerning the diode ideality factor (n), it remains below 2 (~1.7) suggesting that the
device’s current is limited by only one type of non-radiative recombination, which we
believe takes place in the bulk as previously discussed.

To further investigate the origin of the losses in the device, reflectance measurements
were calculated for the device and Internal Quantum Efficiency (IQE) was therefore
performed to investigate the collection mechanisms in the device; the results are
presented Figure 4.6 (a) and compared with the previously described EQE curve. As
shown Figure 4.6 (a), the non-polarized EQE and IQE yield an integrated Jsc of 16.76
mA/cm? and 18.83 mA/cm? respectively. This integrated Jsc difference of 2.07 mA/cm?
would translate to an efficiency of 6.81% if a perfect antireflective coating was used. We
previously mentioned that carriers generated in the 600-950 nm spectral range are
outside of the depletion width (W4) and thus rely on diffusion for collection without the
assistance of a drift electric field. It is admitted that a large Wa can facilitate the
collection of minority charges carriers inside the bulk of the absorber [171]. To further
enlarge the depletion width of the device, a reverse bias voltage of (-1.0V) is applied to
the device during the EQE measurements. From the results presented in Figure 4.6 (a),
comparing reverse bias voltage IQE measurement with the unbiased IQE, one can notice
that the device shows an improvement in the photo-generated charge carrier for long
wavelengths specifically (for reverse bias of -1.0V), leading to an enhancement in the
IQE signal. The ratio of the -1.0 V reverse bias voltage IQE and the unbiased-IQE
response (0V) reveals the influence of the SCR width on the charges collection. As
presented Figure 4.6 (b), the ratio increases for longer wavelength, which confirms our
hypothesis that carriers generated outside of the space charge region are not collected

efficiently. It is therefore possible that the minority carrier diffusion length is insufficient
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in our Cu2ZnGeSes film, thus limiting the performance of the device. An alternative
explanation relates to back contact recombination, as no specific passivation of the back
interface is used in those devices. This would also align well with the hypothesized
presence of secondary phases segregating at the back side of the film. In future
experiments, increasing the absorber thickness will allow to discriminate between both
suppositions, as back recombination would become irrelevant above a sufficient
absorber thickness. Additionally, conduction band engineering strategies may allow to
improve carrier collection outside of the space charge region by assisting the diffusion

current with a drift component.
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Figure 4.8: Response of the spectral characterization of the CZGeSe device: (a) external, internal,
and biased internal (reverse at -1.0 V) quantum efficiency, the integrated |SC estimated from
EQE (black cycles) and 1QE (pink cycles) and (b) IQE (-1.0 V)/IQE (0V).

To further analyze the band tailing of the device, the Urbach energy (Eu) is estimated

from the IQE as presented in equations (4.1):

f Ey hv—Eg Ey
Ay ZeXp(Dexp( " ) for hv < Eg + -

athv) = J Ey
k Ay /hv —Eg  for hVZEG+7

(4.1)

According to equation (4.1), an inverse slope between In (1-IQE) in the long wavelength

edge and hv gives the Euv. From the linearization of equation (4.1), equivalent to the Y-
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axis on Figure 4.7, the Eu value extracted as the inverse of the slope of the linear fit on
the region E-Eg < 0; Urbach energy (Eu) in semiconductors is defined as the width of the
Urbach tail. Urbach tail model and IQE fitting give band tailing Urbach energy
parameter Eu of ~22 meV. According to reference [172], an Urbach energy above 20 meV
is the threshold for a high voltage deficit while it does not have a direct relation to the
current. This observation is consistent with the previously developed hypothesis that
interface defects, in our case, are primarily a detriment to the voltage rather than the
current, which also aligns well with the model’s result shown in the Figure A. 03 of
appendix. It is important to highlight that the estimated Euv value in this work is smaller
compared with the previously reported one for a similar absorber CZGeSe with a value
of ~28 meV [119]. An Eu of about 33 meV is moreover reported for the record CZTGSe
device [149]. However, the Eu value for Sn-kesterite is estimated to be ~60 meV for
CZTSSe [173], and 70 meV for CZTS [174]. Values in the range of 30 meV are reported
for the best CZTSe devices [175]. Hence, this comparison tends to indicate that the
substitution of Sn by Ge in kesterite solar cells can possibly benefit in reducing the
crystalline disorder resulting in an Urbach tails drop, which is consistent with the

previously discussed high crystalline quality.
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Figure 4.9: Urbach energy extracted from IQE of the Cuz2ZnGeSes device.
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The Voc deficit issues could thus be attributed to a combination of bulk Ge-related
defects [176] and Fermi level pinning at the p-n interface at room temperature.
Discriminating between both hypotheses would require a more advanced electrical
characterization, and specifically a temperature dependent admittance spectroscopy
analysis [177]. While of major interest, such study is beyond the current scope of this
work and may be tackled in future investigations. A basic numerical modeling of an
equivalent solar cell structure (showed Figure A. 03) reveals that above a certain defect
density threshold, interface defects will indeed pin the Fermi level and severely hamper

the voltage of the solar cell.

To gain additional insights on this limitation, temperature dependent J-V is carried out
for the CZGeSe device (Figure 4.8). The Voc is associated to the temperature T as follows
[178]:

E
Voo = 2 - Xy (’°—°> 4.2)

]SC

Where Ea is the activation energy of the dominant defect, A is the diode ideality factor, k
is the Boltzmann constant, Joo is the reverse saturation current pre-factor and Jsc is the
short circuit current density. Following relation (4.2), the Voc is linearly related to the
temperature, and the Voc extrapolation at 0 K gives the Ea. An activation energy of 940
mV is calculated, significantly lower than the band-gap value of the film. Following an
interpretation similar to reference [179], such value can be ascribed to a voltage
limitation at the buffer/absorber interface; as we previously established that no
significant conduction band offset exists in our devices, this limitation is thus consistent
with a defect-related pinning of the Fermi level at the p-n interface. A more detailed
admittance spectroscopy analysis would be needed for unequivocally conclude on that

matter.
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Figure 4.10: Temperature dependence of Voc of the device with data extrapolated to 0 K to extract

the activation energy (E.) of the recombination mechanism.

4.4. Conclusions

The present work demonstrates the feasibility of synthesizing PV-quality Cu2ZnGeSe:s
absorbers using a deposition of Cu/Zn/Ge metallic stack precursors by DC-magnetron
sputtering technique, and then selenized through a reactive annealing. The champion
solar cell device presented in this work shows a PCE of 6.5%, FF of 60 %, Voc of 606 mV,
and Jsc of 17.8 mA/cm?.

This work paves the way towards a better identification and understanding of the
factors limiting Cu2ZnGeSes solar cells performance.

The following conclusions are drawn from our study:

e The large Voc deficit can likely be ascribed to a Fermi level pinning at the
interface, though the influence of bulk defects shouldn’t be yet discarded. A
spike-like absorber/buffer junction could alleviate this issue.

e The EQE analysis and the ratio between IQE (0V) and IQE (-1V) demonstrate that
carriers generated outside of the depletion region are not efficiently collected,

which we believe is related to a limited minority carrier diffusion length in the
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CZGeSe film or back contact recombination. While we believe that a defect state
is pinning the Fermi level at the p-n interface, it is unlikely that this defect
participates to the current limitation as the EQE exceeds 80% in the low
wavelength / high-energy range.
e A high crystalline quality is obtained, confirmed by SEM observation, Raman
analysis, and the comparatively low Urbach energy (Eu =22 meV).
To further improve the devices presented in this work, several strategies could be
followed. The Cu content of the films presented in this study is comparatively low in
regard to the literature of the field. While this value yielded the highest performance in
our process, it is likely that optimizing absorbers with higher Cu content may be a
pathway for the efficiency increases. The use of alkali post-deposition treatments has
demonstrated a spectacular improvement in the carrier lifetime in CIGSe solar cells,
especially when using heavier elements such as Rb or Cs. A similar approach could be
followed in Cu2ZnGeSes solar cells with a higher Cu content. Additionally, the buffer
layer composition may also be positively altered by substituting a limited amount of Cd
by Zn and obtain a spike-like p-n interface, which could help alleviating the interface

voltage limitation.
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Combinatorial and machine learning approaches for the
analysis of Cu,ZnGeSe,: influence of the off-stoichiometry on
defect formation and solar cell performance

5.1. Introduction

u2ZnSn(S,Se)s (CZTSSe) based compounds, more widely known as kesterites, are
C considered as the natural earth-abundant and low toxicity successors of the
more mature inorganic thin film photovoltaic (PV) technologies Cu(In,Ga)Se: (CIGS)
and CdTe which are based on scarce and/or toxic materials [98]. Although a
considerable amount of progress in the technological development and fundamental
understanding of kesterites has been achieved in the last years, the record power
conversion efficiency at laboratory scale has barely evolved since 2014 and is stagnated
at around 13% [38].
Sn is often regarded as the main culprit of this stagnation due, mainly, to the volatility
of Sn(S,Se)« species [56] that leads to morphological and compositional problems [181],
and the instability of the Sn oxidation state that may lead to the formation of deep
defects [102], [110] ultimately causing kesterite PV devices to exhibit a high Voc deficit.
In this regard, the substitution of Sn by Ge is currently regarded as a promising strategy
to improve the kesterite technology. Ge doping (CZTSSe:Ge) and alloying (CZTGSSe)
has been demonstrated to enhance the performance of kesterite devices significantly by
improving the Voc of the devices which is commonly attributed to the formation of
liquid phases and better intermixing during high temperature synthesis, to
improvements in carrier lifetime and to a reduction of band tailing [107], [111], [182]. In

addition, the partial substitution of Sn by Ge increases the bandgap of the kesterite
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semiconductor material enabling the creation of a graded bandgap through the
development of in-depth compositional engineering strategies[164], [183]. On the other
hand, the total substitution of Sn by Ge (CZGSSe) appears as an even more promising
approach since, in addition to completely avoiding Sn-related issues, the wider bandgap
of the material (~1.5 eV for CZGSe and ~2.2 eV for CZGS)[184], [185] opens the door to
semi-transparent, tandem and photocatalytic water splitting applications. Significant
advances have been made in the last years in pure Ge kesterite solar cells leading to
CZGSe devices with efficiencies of up to 8.5% [150]. Although promising, this value is
very far from those of the best CZTSe devices. The highest efficiency levels reported for
CZGSe are commonly achieved imitating the standard CZTSe and employing off-
stoichiometry Cu-poor Zn-rich absorber compositions[112], [121], [150]. However, this
compositional ratio might not be the optimal one for CZGSe and might be one of the
reasons holding back the development of this technology towards higher efficiencies as
compared with the standard CZTSe. As such, fundamental studies that investigate the
formation of CZGSe, secondary phases and point defects off-stoichiometry represent a
very valuable asset for understanding this material and for paving the way to the
development of strategies that may lead to a further development of the technology. In
this context, Gunder et al. carried out a detailed investigation of defect formation in off-
stoichiometric CZGSe powder [118]. However, mainly Zn-rich and Cu-rich powder
samples were synthesized, with few Cu-poor samples.

Finally, solar cells based on quaternary kesterite compounds and multilayer stacks like
CZGSe are complex systems where the variation of one parameter can result in changes
in the whole system, and, as consequence, in the global performance of the devices. In
this way, analyses that take into account this complexity are necessary in order to
overcome the existing limitations of this promising Earth-abundant photovoltaic
technology.

In chapter, we present a systematic study of a combinatorial CZGSe sample comprised

by almost 200 individual solar cells with different [Zn]/[Ge] compositions in the Cu-
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poor regime. Structural, compositional and optoelectronic characterization are applied
in a combinatorial way. Firstly, a complex analytical approach allows defining the off-
stoichiometric limits of formation of the CZGSe kesterite phase and the optimum
compositional range to obtain the highest efficiencies (up to 6.3%) in terms of the
[Zn]/[Ge] ratio. This includes the study of solar cell performance dependence on the
concentration of point defects. Secondly, we demonstrate the potential of applying
machine learning (ML) for the analysis of the combinatorial sample. The ML
methodology proves to enable effective prediction of cell efficiency based only on
Raman spectra and compositional data, while the resulting discriminants show a linear
correlation with point defect concentration and device efficiency pointing at a strong
fundamental interconnection between point defects, Raman spectra, composition and
cell performance. This works serves both as a fundamental study that provides valuable
results for the development of the CZGSe technology and as a powerful example of how
combinatorial analysis and machine learning can be used to unravel the critical

parameters that govern the performance of complex optoelectronic devices.

5.2. Experimental detail

5.2.1. Metallic stack deposition

A CZGSe combinatorial sample was prepared through the selenization of a
compositionally graded Cu/Zn/Ge metallic stack precursor deposited by DC magnetron
sputtering (Alliance AC450) on a 5 x 5 cm? soda-lime glass/Mo substrate. In order to
generate a compositional gradient, the Cu and Zn precursor layers were homogeneously
deposited over the substrate while the Ge layer was deposited without substrate
rotation generating a thickness gradient and, in turn, a [Zn]/[Ge] compositional

gradient.
5.2.2. Reactive annealing

A 3-zone tubular furnace (Hobersal) was employed to synthesize the CZGSe absorber.

The 3 zones were kept at the same temperature during the whole process to ensure
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spatial homogeneity throughout the entire length of the furnace. Samples were placed
inside a graphite box (69 cm?®) together with crucibles containing 100 mg of Se (Alfa-
Aesar powder, 200 mesh, 99.999%) and 5 mg of GeSe: (American Elements, power,
99.999%) to perform a 2-step reactive thermal annealing in a Se + Ge atmosphere. It
consisted in a first stage in which the furnace was kept at 330 °C and 1.5 mbar Ar
pressure for 30 minutes and a second step at 480 °C and 1 bar Ar pressure for 15
minutes. The heating rate was set to 20 °C min™ in both steps. The samples were let to

cool down naturally.
5.2.3. Etching treatments

The as-synthesized absorber was submitted to a chemical etching in diluted KCN (2%

w/v, room temperature, 2 min).
5.2.4. Device fabrication

Immediately after, a CdS layer was deposited by chemical bath deposition (the process
is detailed in ref. [186]). The solar cell structure was then completed with i-ZnO (50 nm)
and ITO (200 nm, 60 Q sq'sheet resistance) layers deposited by DC-magnetron
sputtering (Alliance Concept CT100). The sample was then scribed into 196 individual 3
x 3 mm?solar cells (see Figure B. 1) using a manual microdiamond scriber (MR200
OEQG). Neither anti-reflective coating nor metallic grids were used in the devices

presented in this work.
5.2.5. Characterization

The elemental composition of the different cells of the combinatorial sample was
determined by X-ray fluorescence (XRF) using a Fischerscope XDV system with a 1 mm
spot diameter, a 50 kV acceleration voltage, a NilO filter and a 45 s acquisition time.
Raman analysis with blue (442 nm) and green (532 nm) excitation wavelengths were
performed on the bare absorber, while measurements with NIR (785 nm) were
performed in complete devices using Horiba Jobin Yvon FHR640 and iHR320

monochromators coupled with CCD detectors. The first monochromator is optimized
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for the UV and visible spectral ranges and was used with 442 nm (He-Cd gas laser) and
532 nm (solid state laser) excitation wavelengths. The second monochromator is
optimized for the NIR range and was used with a 785 nm (solid state laser) excitation
wavelength. The power density of the lasers was kept below 150 W cm™ and the spot
size was ~70 um. The measurements were performed in a backscattering configuration
through a specific probe designed at IREC.

The J-V characteristics of the devices were obtained under simulated AMI1.5
illumination (1000 W/m? intensity at room temperature) using a pre-calibrated Class

AAA solar simulator (Abet Technologies Sun 3000).

5.2.5.1.Machine learning methodology

A machine learning (ML) driven methodology based on a linear discriminant analysis
(LDA) algorithm was employed to deepen into the complex dependence of solar cell
optoelectronic parameters and composition on the different parameters found in the
analysis of the Raman spectra. LDA is a dimension-reduction algorithm, capable of
reducing high-dimensionality problems into a bi-dimensional one, discerning and
employing the most relevant dimensions of the dataset. In order to test and implement
the machine learning based LDA algorithm, the Python programing environment with
the Scikit-Learn library [187] was used. All the Raman spectra measured under different
excitation conditions for each cell were used as input features (588 spectra, in total), and
the data were randomly divided in 70% for training and 30% for testing. The algorithm
was trained for 3 different classification targets, namely [Zn]/[Ge] ratio, Voc and
efficiency. For each trained algorithm, the data was divided in 4 classification groups of
approximately an equal amount of data. The amount of experimental data employed for
the analysis (196 cells) is far from being considered “big data” and the results presented
below are susceptible to further improvement for a more precise classification through
the use of a higher number of training inputs. Nevertheless, this approach illustrates the
applicability and potential of this methodology for material analysis by spectroscopic

techniques.
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5.3. Results and discussions

5.3.1. Off-stoichiometry limits and secondary phases

The chemical composition of every individual solar cell of the combinatorial samples
was obtained by XRF. The mappings of the cationic ratios are presented in the Figure B.
01 (Appendix) and, in Figure 5.1, the obtained values are combined with the different
off-stoichiometry kesterite types (see ref. [71] and [108] for more details about the off-
stoichiometry lines of kesterite type compounds). It can be observed that the
compositions of the different cells of the combinatorial samples cross the A- (almost
perpendicularly), J- and L-type lines. On the one hand, the [Zn]/[Ge] ratio covers a wide
range from almost 0.7 to 1.4, allowing to explore not only the typical Zn-rich
compositions commonly used for kesterite type compounds, but also the Zn-poor
region. This allows investigating the origin of the positive effect of Zn-rich compositions
in kesterite PV devices. On the other hand, the [Cu]/([Zn]+[Ge]) ratio was maintained
well below 1, ensuring the Cu-poor condition for all cells. It is worth mentioning that
the non-stoichiometric compositions were quite different from previous studies of the
same compound [151], where mainly Zn-rich and Cu-rich powder samples were

synthesized and the few Cu-poor samples contained secondary phases.

Ikram Anefnaf Page 102


https://pubs.rsc.org/en/content/articlehtml/2021/ta/d1ta01299a#imgfig1

[Zn)[Ge]
o

0.9

0.8 F
0.7 - i
0.6 ” 1

05 I . 1 L 1 . 1 L 1 .
0.5 08 0.7 0.8 0.9 1.0
[Cul([Zn]+[Ge])

Figure 5.1: Cationic ratios of the CZGSe combinatorial sample (blue open circles) represented
together with off-stoichiometric types of kesterite compounds (solid lines)[155].

Raman spectroscopy was used as the main tool to analyze phase formation in the
CZGSe absorber layer with varying [Zn]/[Ge] ratio. A multi-wavelength analysis
allowed to detect possible secondary phases and variations in the main kesterite phase
(see Figure 5.2). The blue excitation wavelength is well-known to be highly sensitive for
detecting the ZnSe secondary phase [155], [189]. As shown in the figure, this secondary
phase was found in cells with Zn-rich composition (see the spectrum of the [Zn]/[Ge] =
1.25 cell in Figure 5.2, left). What is more, the cells on which a strong ZnSe peak was
detected, also presented a shift to lower wavenumbers and an increase of the full width
at half maximum (FWHM) of the main and the second most intense peaks of the
kesterite phase under different excitation wavelengths not sensitive to ZnSe (see the
spectrum of a cell with [Zn]/[Ge] = 1.25 under green excitation wavelength in Figure 5.2,
middle). This, according to the previous interpretations of the kesterite type
compounds, can be related with an increased Cu/Zn disorder [190] or with a phonon
confinement effect due to a low grain size in the absorber [191]. Since all the cells of the

combinatorial sample were processed at the exact same temperature, the appearance of
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strong variations in the Cu/Zn disordering is unlikely (e.g. see ref. [192] and [193]). In
addition, it is hard to envision how the formation of the ZnSe phase could influence
Cu/Zn disordering in the CZGSe compound. On the other hand, even taking into
account the optimal temperature treatment for the formation of good crystalline quality
CZGSe phase [65],[114], the presence of ZnSe grains can greatly influence the formation
and size of the kesterite grains [195], leading to a worsening of its crystalline quality and
grain size, and causing the appearance of phonon confinement in agreement to the

observed red shift and broadening of the kesterite Raman peaks.
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Figure 5.2: Examples of Raman scattering spectra measured in cells with different compositions

under different excitation wavelength.

In addition to the ZnSe phase, the blue excitation wavelength is also sensitive to the
GeSe: phase. This is a 2D compound that has a direct band gap of ~2.7 eV (close to the
energy of the blue laser line —2.8 eV) and has its main Raman peak at around 210 cm™.

The latter is strongly overlapped with the main peak of CZGSe (A1l symmetry peak at
205 cm™), which compromises the detection of this secondary phase. However, a strong
resonance with the blue excitation wavelength should result in the appearance of, at
least, a shoulder at the high wavenumber side of the main kesterite peak. However, the

spectra in Figure 5.2 (left) show no evidence of the presence of GeSe:, even for the
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lowest [Zn]/[Ge] ratios (highest Ge-content). Another Ge-based binary compound is
GeSe. The orthorhombic crystalline polymorph of this binary compound has a direct
band gap of about 1.53 eV and an intense Aisymmetry mode at 188 cm™ [157]. This
band gap value is very close to the resonant condition of this secondary phase under a
785 nm excitation wavelength. Nevertheless, no clear Raman peak of GeSe phase can be
observed in the spectra acquired (Figure 5.2, right). On the other hand, although the
properties of the amorphous GexSei-x phase strongly depend on the x value, an intense
Raman band close to 200 cm™ and assigned to the stretching mode of the GeSes/2 corner-
sharing tetrahedra can be defined as representative for most of the compositional
polymorphs of these amorphous phases [196]. Moreover, a GeSe [113] liquid phase,
recently found as one of the intermediate phases during the formation of CZGSe
[112], might remain at the surface of the absorber layer. In the spectra measured under
the green excitation wavelength, a slight broadening of the main peak of CZGSe with
the decreasing [Zn]/[Ge] ratio can be observed. However, it cannot be unequivocally
ascribed to the presence of amorphous GexSei~xor liquid GeSe [113] secondary phases
since it could also be explained by intrinsic changes in the kesterite phase, that will be
further discussed. Finally, elemental Ge and Ge-containing ternary phases (like
Cu2GeSes or Cu2GeSes) can be formed in very Zn-poor conditions. Although a good
sensitivity of Raman spectroscopy to these phases is expected, their narrow band gap
(below 1 eV, see ref. [158], [159], [197] for band gap and fingerprint Raman spectra)
does not allow working in resonant conditions making the detection of small amounts
of elemental Ge and Ge-containing ternary phases very challenging. In this way, it can
be concluded that no Ge-related secondary phases are forming even for very Zn-poor
compositions, or that the amount of these secondary phases is negligibly small, as no
strong/sharp changes of the spectra of the cells of the CZGSe combinatorial sample with
different compositions can be observed (in the [Zn]/[Ge] = 0.7-1.2 range). This
differentiates the pure Ge-based from the pure Sn-based kesterites, where the formation

of Sn-containing secondary phases has been observed even at Zn-rich compositions
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[198], [199]. Finally, it should be noted that no Cu-containing binary secondary phases
are expected due to Cu-poor composition of all the cells of the combinatorial sample

(see Figure 5.1).

According to the phase formation analysis performed by means of Raman
spectroscopy presented above, only a ZnSe secondary phase was clearly detected in the
combinatorial sample under Zn-rich compositions. ZnSe becomes the dominant phase
for [Zn]/[Ge] > 1.2 in some of the cells. This squeezes the upper limit in which the pure
CZGSe kesterite phase can be formed to [Zn]/[Ge] ratios close to 1.2. On the contrary,
the lower limit for the formation of the pure CZGSe kesterite phase can be considered
close to 0.7, comparable with CZTSSe compounds [198]. However, the presence of small
amount of Ge-based secondary phases is hard to exclude from the data presented.
Nevertheless, taking into account previous studies [155] and the results presented here,
it can be concluded that replacing of Sn with Ge does not lead to a significant shortening
of the off-stoichiometry range for the formation of the CZGSe kesterite type structure.
Likewise, the stoichiometry flexibility of CZGSe compounds might be one of the culprits
for the existing limitations of the PV devices in the same way as for other kesterite-based

compounds [181].

5.3.2. Point defect formation

As mentioned above (see Figure 5.1), the chemical composition of most of the cells is in
the range from J-to A-type kesterite off-stoichiometric lines. According to this, the main
point defect expected in the combinatorial sample are copper vacancies (Vcu) and zinc or
germanium in copper position (Znc. and Gecu)[71], [118],[120]. In order to define the
influence of these point defects on the Raman spectra, specific cells with chemical
compositions close to the three off-stoichiometric lines crossed by the combinatorial
sample (A-, J- and L-type lines) were analyzed. Measurements under different excitation
wavelengths resulted in the detection of the characteristic features that differentiate the

Raman spectra of the different off-stoichiometry types of the CZGSe kesterite compound
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(see Figure 5.3). Here, the spectra of the cells around the J- and L-type lines present a
great similarity with just very subtle changes in the intensity of the band at 176 cm™ and
E/B symmetry peaks in the high wavenumber range (220-300 cm™), which are mainly
observed under 785 nm excitation (Figure 5.3, right). In contrast, strong differences are
observed for the spectra of the cells close to the A-type line with a decrease of the
relative intensity and width of the peaks, except for the band at 176 cm™. In previous
works, the change in the intensity of the second most intense Raman band in the CZTSe
compound was correlated, mainly, with a change of the concentration of Vcu point
defects, and was shown to have a crucial impact on the properties of the CZTSe absorber
and on device performance [115], [121],[122]. Taking this into account, it can be inferred
that in the combinatorial sample analyzed in this work, there is a higher concentration
of Vcufor the cells close to the J- and L-type lines, and it is reduced for the cells around
the A-type line. This is in line with the observations made above, where an increase of
the intensity of the Raman band at 176 cm™ is observed with the increasing [Zn]/[Ge]
ratio (see Figure 5.2). However, the concomitant increase of the [Cu]/([Zn] + [Ge]) ratio
(see Figure 5.1), even if much smaller than the increase of the [Zn]/[Ge] ratio, is also

expected to have a critical influence on the concentration of Vcu.
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Figure 5.3: Examples of Raman spectra in the vicinity of different off-stoichiometric type lines

measured under different excitation wavelength.

Taking a look at Figure 5.3, a great similarity between the spectra corresponding to
cells around the J- and L-type lines can be seen regardless the presence of the Zncu point
defect in some cells and its absence in others. This allows concluding that the Znc. defect
has a low influence on the Raman scattering spectra of the CZGSe compound. On the
other hand, the Gecu substitutional defect presents a more significant influence on the
Raman spectra, but mainly in the high wavenumber range (220-300 cm™), where the
relative intensity of the peaks increases with the higher Ge content (or lower [Zn]/[Ge]
ratio). Nevertheless, it is hard to strictly distinguish the influence of the two
substitutional point defects on the intensity of the peaks at the high frequency range and
both of them will be considered in the analysis of the influence of the point defects on
device performance presented in the next section.

Finally, it should be borne in mind that, for the analysis carried out above, only cells
without ZnSe were used since the presence of this phase results in significant changes in
the spectra measured under any excitation condition (e.g. see Figure B.02 where spectra
of the cells with similar compositions close to A-type off-stoichiometric line, but with

and without ZnSe phase are presented). This indicates that Raman spectroscopy is a
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critical investigation tool to control the quality and phase purity of the kesterite type

compounds [155].

5.3.3. Influence of point defects on device performance

This section studies the influence of the point defects detected by Raman spectroscopy
on solar cell performance. First, the analysis is focused on the dependence of the
optoelectronic properties of the devices on the relative integrated intensity of the band
at 176 cm™ (calculated as Aize/(A17s + A2os) with Aire calculated in the 168-183 cm™ range
and Axos calculated in the 198-211 cm™ range from the spectra measured under 532 nm
excitation wavelength), which is inversely related to Vcu concentration as previously
reported [40], [195], [201]. Figure 5.4 (a), shows a clear dependence of the efficiency of
the solar cells with the concentration of Vcu, with the highest efficiency achieved for a
certain optimum concentration range of this defect, which corresponds to a relative
integrated intensity of the Raman band at 176 cm™lying in the 0.325-0.350 range.
Outside this optimum range, a deficit (higher band intensity) or excess (lower band
intensity) of Vcu defect concentration is expected, both having a negative influence on
device performance. As such, three different regions (deficit, excess and optimum Vcu)
can be distinguished. A more detailed analysis of the evolution of the optoelectronic
properties with defect concentration (Figure 5.4 b—d) reveals that the main driving force
behind the evolution of solar cell efficiency are the changes in the fill factor (FF) and
short circuit current density (Js). Both parameters exhibit a similar tendency with defect
concentration. Copper vacancies are a well-known beneficial point defect in kesterite
and chalcopyrite based solar cells, which leads to the formation of a shallow acceptor
level and has a strong influence on the electrical conductivity of the absorber layer [33],
[123]. In this way, a deficit of this beneficial defect leads to a decrease of the charge
carrier concentration. However, an excess results in the formation of a high amount of

scattering centres which significantly decreases the mobility of the charge carriers. Both
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effects have a direct influence on the electrical conductivity of the absorber layer and, in

turn, on the FF and Js of the final devices as observed in Figure 5.4.

On the other hand, the open circuit voltage (Voc) shows only a slight dependence on
Vecu concentration, with only a sharp increase in the optimum defect range. These results
differ from a previously published analysis of CZTSe samples, where the Voc was found
to depend on the change of the relative intensity of the second most intense kesterite
band (2 around 170 cm™)[201]. However, it should be noted that only cells around the
A-type off-stoichiometric line were selected in the mentioned reference, which strongly
reduces the number of possible parameters that can influence solar cell performance, at

least from the point of view of point defects.
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band at 176 cm™. The color scale corresponds to the [Zn]/[Ge] ratio.
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Then, on a second stage, the influence of Zncu and Gecu substitutional point defects
on the optoelectronic properties of the devices was analyzed. According to previous
results, an increase of the relative intensity of the peaks in the high wavenumber range
correlates with a higher concentration of substitutional defects[115],[121]. Figure 5.5
(a) shows a parabolic dependence of solar cell efficiency with the variation of the
relative integrated intensity of the Raman peaks in the range 235-300 cm™. As in the case
of Vcu(see Figure 5.4 (a)), this shape is mainly governed by the changes in FF
and Jsc (Figure B.03) although in a less pronounced manner. This can be related to a
slightly lower influence of the substitutional defects on these optoelectronic parameters.
On the other hand, the analysis of the dependence of the Voc on the relative integrated
intensity of the peaks in the 235-300 cm™ range (Figure 5.5 (b)) shows a clearer influence
of the substitutional defects on this parameter. Similarly to the analysis above, three
regions can be distinguished: (1) low amount of defects (A235-300 < 0.190); (2) optimum
amount of defects (0.190 < A235-300 < 0.215); (3) high amount of defect (A235-300 >
0.215). A relatively constant Voc value can be observed in region 1, followed by a sharp
decrease in the second one, and a gentle decrease in region 3. Taking into account the
[Zn]/[Ge] ratio, it can be seen that region 3 corresponds to Zn-poor conditions, for which
Gecu substitutional defects are expected to prevail over the Zncu defects. The former
defect can form a deep donor defect (based on first principle calculations of the familiar
Sn-containing kesterite compounds [49]) that increases the amount of non-radiative

recombination, which finally decreases the Voc [203], [204].
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Figure 5.5: Dependence of (a) efficiency and (b) open circuit voltage of the cells on the relative

integrated intensity of the Raman peaks in the range 235-300 cm™. The color scale corresponds

to the [Zn]/[Ge] ratio.
A further analysis of the Raman spectra measured under different excitation wavelengths
allows to establish additional failure mechanisms that lead to the decrease of the
performance of the solar cells outside the optimum compositional range. A deep analysis
of the spectra measured under blue and NIR excitations reveals that the lower efficiency in
these ranges can be explained by two factors: the appearance of the ZnSe secondary phase
and the change of the band gap of the absorber. The former effect can be seen in Figure 5.6
(a) where the relative intensity of the ZnSe peak is presented. The figure shows a clear
decrease of solar cell performance with the increasing content of the ZnSe phase, proving
the strong detrimental effect of this secondary phase. On the other hand, the band gap of
CZGSe (around 1.5 eV) exhibits a resonant behavior under NIR excitation conditions that
leads to an increase of the intensity of the LO components of the E and B symmetry modes

in kesterite type compounds [163], [205]. In the present study, this is observed by a strong
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enhancement of B symmetry peak at 283 cm™ (see Figure 5.2 and 5.3). However, the latter
is not similar in all the cells, with some of them showing a rather low intensity of this peak
(Figure 5.6 (b)). This can be related to the distancing of the CZGSe band gap from the
excitation laser line. Previously, several works mentioned the effect of defects in the cations
sublattice on the band gap of kesterite materials, but mainly the disorder of the Cu/Zn
cations was discussed [41],[127],[128], while changes in the concentration of point defects
was just briefly tackled [207], [208]. As mentioned above, in the combinatorial sample
analyzed in this work, it is not expected to have a significant difference in Cu/Zn disorder,
while a clear change in the concentration of Vcu, Zncuand Gecu is observed. This implies
that the concentration of point defects can lead to significant enough changes in the band

gap of the CZGSe material that result in the observed decrease of the resonant effect in the

Raman spectra.
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Figure 5.6: Dependence of solar cell efficiency with (a) relative integrated intensity of the ZnSe

peak (spectra measured under 442 nm excitation), (b) relative integrated intensity of the peak at

283 cm™ (spectra measured under 785 nm excitation).
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The color scale corresponds to the relative integrated intensity of the band at 176 cm™ calculated
from the spectra measured under 532 nm excitation.

Finally, the complex analysis presented above reveals that the optimum compositional
cationic range that allows achieving high efficiency devices is [Zn]/[Ge] = 1.05-1.15. This
is in agreement with previously published values for high efficiency solar cells based on
CZGSe [63],[65],[114]. Furthermore, the efficiency of the devices seems to be less
dependent on the [Cu]/([Zn]+[Sn]) ratio, as long as the Cu-poor condition is respected
(e.g. similar efficiencies were obtained for [Cu]/([Zn]+[Sn]) = 0.67 in ref. [112] and 0.78 in
ref. [118]). Deviations from this optimum cationic ratio range towards stoichiometric
and Zn-poor compositions result in an increase of the amount of both Vcuand
substitutional defects. This can be assumed to be the reason for the slight increase of the
FWHM of the Raman peaks in the spectra measured in the cells with [Zn]/[Ge] < 1.0, as
discussed above (see Figure 5.2). On the contrary, an increase of the Zn concentration in
the system with [Zn]/[Ge] > 1.15, results in the decrease of both Vcuand substitutional
defects, in bandgap narrowing, and in an increase of the probability of the detrimental
ZnSe secondary phase being formed. Note that the ZnSe phase was found to form also
in cells within the optimum cationic range strongly influencing device performance and,

as such, the formation of this phase should be controlled during the production process.

5.3.4. Machine learning approach for device performance

analysis

The results presented in the previous section clearly indicate that there is a complex
dependence between solar cell performance and the different parameters obtained from
Raman spectroscopy, such as Vcu/Zncs/Gecudefect concentration or the presence of
secondary phases. In this regard, the application of machine learning to the analysis of
the Raman spectroscopic data can not only significantly reduce the analysis time, but
also yield methodologies for solar cell efficiency prediction. For the present study, a

LDA dimension-reduction algorithm was applied. This type of algorithm is widely used
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for spectral data analysis in different methods and fields of application [209]-[212],
[212], [213]. This is because of the high dimensionality nature of the spectroscopic data
analyzed in this work and the ability of LDA to reduce these dimensions to just a few
while preserving most of the information, which allows for feature extraction rather
than feature selection. Using the Raman spectra of each cell obtained with different
wavelengths as input, the LDA algorithm was used to classify the different cells of the
combinatorial sample according to the following classification targets: efficiency, Voc and
[Zn/Ge] ratio. The 2-dimensional outputs for each classification targets are presented
in Figure 5.7 as a function of two discriminants (D1 and D2, with labels a, b, ¢ for the
three mentioned targets, respectively), along with the classification groups and
training/test scores. As already mentioned above, the amount of data employed for the
analysis (196 cells) is far from being considered “big data” and, as such, this
methodology and the results presented below should be taken as a first approach and
are susceptible to further improvement for a more precise classification through the use
of a higher number of training inputs. In the case of the efficiency and V.. targets, a
defined data classification clustering is observed with comparable scores. In Figure
5.7(a), it can be observed that low efficiency (<3.4%) cells are relatively well classified
and separated from the groups with medium (3.4-4.4%) and high (>4.4%) efficiency. On
the contrary, for the Voc target, while the cells with the highest voltages are well
differentiated, the rest of groups show high overlapping (Figure 5.7(b)). However,
despite the relatively low classification score, it is worth noticing that there is no clear
over fitting occurring by comparing the individual and overall scores of the algorithm,

indicating that a larger data set could greatly improve the classification.
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Figure 5.7: Results of the machine learning analysis of the Raman spectroscopic data for different
classification targets: (a) efficiency, (b) Voc and (c) [Zn]/[Ge] ratio. The training and test scores
obtained for each run are presented on the top of the panels.

In the case of the [Zn]/[Ge] ratio target shown in Figure 5.7(c), the classification resulted
in a clear sequential correlation between the discriminants, from lower to higher ratios.
The first 2 groups, cells with 0-0.85 and 0.85-1.05 [Zn]/[Ge] ratios, show significant
overlapping leading to misclassifications in both training and test data which is reflected
in the LDA algorithm scores. On the other hand, a good clustering is shown for the 1.05
< [Zn]/[Ge] < 1.15 and [Zn]/[Ge] > 1.15 groups. Even though the discriminants in LDA
algorithms are of unclear nature and do not necessarily follow an underlying physical
concept (at least in a straightforward way), the resulting curve in Figure 5.7 (c)shows
great resemblance with that obtained from the analytical analysis of the influence of
point defects on device performance (Figure 5.4 (a)). Bearing this in mind, the relative
integrated intensity of the Raman peak at 176 cm™ and efficiency of the solar cells in the
combinatorial sample were plotted against the classification discriminants D1c and D2c
(Figure 5.8). The latter were mainly selected as they show the clearest differentiation
between the different classification groups, and, thus, were expected to have a more
pronounced dependence from the physical parameters of the solar cell devices.

Despite the fact that none of the analytical parameters (relative integrated intensity of
the Raman peak and solar cell efficiency) was directly used for the LDA algorithm, a
pronounced linear-like correlation between parameters and the LDA discriminants can

be observed. Moreover, a closer look to the obtained correlation, allows to define that
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the points that deviate from the correlation forming a cloud in Figure 5.8
(a) (highlighted with a dotted oval) correlate with zero efficiency solar cells. In this way,
the behavior of these cells is probably not related to the concentration of Vcu defects, but
to other critical parameters of the devices (i.e. presence of ZnSe in absorber, or bad
absorber/buffer interface, etc.). Similarly, in case of the correlation of cell efficiency with
the D2c parameter (Figure 5.8 (b)), the points that lie far from the proposed dashed line
probably present some additional issues, not directly related to the absorber layer itself
that is strictly analyzed in the present study. These correlations, however, firstly, allow
to get a glimpse of the possible physical meaning behind the D1c and D2c discriminants,
and, secondly, prove that there exists a strong correlation of the Vcu defects with the
Raman spectra [Zn]/[Ge] ratio and solar cell efficiency. In this way, the variations of the
Vcu parameter are directly reflected on the other parameters. These multi-variable
correlations are intrinsic to the CZGSe material itself and of importance to derive its
properties. Moreover, this finding makes possible to predict solar cell efficiency using
only Raman spectra and compositional data. This has an enormous potential both for
research and industrial process monitoring applications. In addition, the results
presented here illustrate a powerful example of why combinatorial analysis should be
established as a standard procedure for the study of complex systems such as thin film
solar cells based on chalcogenide compounds in order deepen into the critical

parameters that govern their efficiency.
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Figure 5.8: (a) Relative integrated intensity of the Raman peak at 176 cm—-1 plotted against
discriminant DIc, and (b) efficiency of the solar cells plotted against discriminant D2c of the
[Zn]/[Ge] ratio LDA classification target. The explanation of the dotted oval line can be found in
the main text.

5.4. Conclusions

This work has presented a complex analysis of the formation of secondary phases and
point defects under off-stoichiometry conditions, as well as of their effect on PV
performance, in a combinatorial CZGSe sample comprised by almost 200 individual
solar cells covering a wide range of [Zn]/[Ge] compositions in the Cu-poor regime.
Firstly, an analytical approach based on Raman spectroscopy and XRF has allowed
defining the off-stoichiometric limits of formation of the CZGSe kesterite phase: 0.7 <
[Zn]/[Ge] < 1.2. It has been observed that, close to the top limit, the probability of

forming ZnSe increases and, above it, it may become the dominant phase, while the
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formation of other secondary phases is almost negligible in the whole range studied. As
for defect formation, the footprint of Vcuand substitutional Zncu and Gecu defects on the
vibrational properties of the CZGSe material has been analyzed. Strong Vcuw-induced
variations in the Raman spectra have been found, especially close to the J- and L-type
off-stoichiometry lines, whereas a softer effect (mainly at high wavenumbers) has been
observed for the substitutional defects. Finally, the complex analytical correlation of
compositional, spectroscopic and optoelectronic data for each of the 200 solar cells, has
allowed revealing that Vcucontrols the Jsc and FF of the devices while the substitutional
defects have their main influence on the Vocleading to an optimum cationic
compositional range of [Zn]/[Ge] = 1.05-1.15 for achieving the high efficiency (~6%)
solar cell devices. This has been further explored through the application of an LDA
machine learning algorithm. Using just Raman spectra as input, the algorithm employed
has been shown to be able to classify the different cells in terms of composition and
optoelectronic parameters. These results confirm the deep intrinsic intertwining of the
Vcu defect concentration with the Raman spectra, [Zn]/[Ge] ratio and solar cell
efficiency, and represent a powerful solar cell performance prediction methodology
both for research and industrial process monitoring environments. As such, this work
not only provides valuable insight for understanding and further developing the CZGSe
photovoltaic technology and but also gives a practical example of the potential of
combinatorial analysis and machine learning for the study of complex systems in

materials research.
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Bulk heterojunction solar cell based
on low-band gap polymer and
soluble fullerene derivative.

Organic solar cells become one of the highly active research fields in
material science for renewable energy. Organic photovoltaic systems
hold the promise for a cost-effective, lightweight solar energy
conversion platform, which could benefit from simple processing of
the active layer. Using organic materials such as polymers and
fullerene derivatives show great potential being electron donors and
acceptors.

A combination of narrow band donor polymer and one of the
fullerene derivatives provide a possible solution for the production
of efficient organic solar cells.

The main goal of this part is shed light on the feasibility of OSCs
optimization using a novel inorganic electron-transporting layers
(5nO2 and ZnO), as a way to overcome the shortcomings associated
with the PEDOT: PSS conventional configuration.
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Organic photovoltaic solar cells: Scientific background

6.1. Brief history of organic solar cells

ver the last few decades, bulk-heterojunction organic photovoltaic devices
O comprising an intimately mixed donor-acceptor blend have gained serious
attention due to their potential for being cheap, light weight, flexible and
environmentally friendly. The organic photovoltaic (OPV) technology is thought to
provide an excellent alternative to Si-based PVs in those applications where the
importance of price and mechanical properties dominate over high performances or
lifetime. The rise of organic photovoltaic is a consequence of the development of
conductive polymers. In 1977, Shirakawa et al. reported that the conductivity of
polyacetene can be increased by seven orders of magnitude after exposure to halogens
[214]. Allan ]J. Heeger, Alan MacDiarmid and Hideki Shirakawa received the Nobel
Prize of chemistry in 2000 “for the discovery and development of conductive polymers”.
Before that, in 1959 Kallmann and Pope observed a photovoltaic effect in organic crystal
using anthracene [215]. In the next 20 years, using a metal-organic junction approach,
several organic photovoltaic solar cells were reported but with a very limited efficiency
(0.1%) [216]. One of the major breakthroughs happened in 1986 when Tang fabricated a
two layer organic solar cell using copper phthalocyanine (CuPc) and a perylene
tetracarboxylic (PV) derivative [217]. It's assumed that the two materials contribute to
photons absorption and that the generated excitons dissociate at the interface of the two
organic layers. Following dissociation, the holes were transported in the CuPc layer and

the electrons in the PV layers. This was the first use of a combination of a donor and an
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acceptor, concept that is still prevalent nowadays. The second major breakthrough was
the incorporation of the donor and the acceptor in the same layer called Bulk
Heterojunction (BH]J). It was done first by co-evaporation of the molecules [218] and
later by solution processed [219]. Another important aspect of the organic solar cells is
the use of fullerene derivative as acceptors. The first report of the use of semiconducting
polymer: C60 came in 1993 where C60 was evaporated on top of a MEH-PPV layer [220].
Using the fullerene derivative PC61BM/PC71BM as acceptors became the norm in
solution processed OPV for the next 20 years and the research had been focused on the
synthesis of new donors as well as understanding the fundamentals. A lot of work has
been focused on the pair PBHT: PCBM which is still a model system nowadays. The
efficiencies of polymer: fullerene have reached more than 10% [221], [222] and the
reader can find an extended literature on polymer donors in specialized reviews [223],
[224]. Looking at device efficiency swapping polymer donors with small molecule SM
was not successful and only a few systems (i.e. exceptions) were reported before 2014
prior to the beginning of this work. In 2012, Sun et al. reported the DTS (PTTh):
molecule that gives 6.7% PCE in BH]J. Before this result, the efficiencies of SM:PC71BM
BHJ were less than half of their polymer counterpart [23]. At the end of the same year,
the donor DERHD7T was published with 6.10% PCE [225]. In 2013, Liu et al. introduced
the molecule SMPV1 with a certified 8.02% PCE [226]. In early 2015, Sun et al. reported
the molecule BTR that can achieve a maximum of 9.3% [227]. Later the same year, PCE
over 10% was reported for the first time using DRCN5T molecule [228]. In 2017 the
maximum PCE reported for SM:PC71BM device is 11.5% [229]. A new era has started
with the rise of non-fullerene acceptors (NFAs). During years achieving high efficiencies
using acceptors that are not fullerene derivatives was challenging and no suitable
candidates were found. Replacing fullerene acceptors by others systems opened a new
way to improve device efficiencies as well as stability. The advantages of NFAs are:

contribution to light absorption, tuning of the energy levels and potentially better
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stability [230]-[232]. NFAs are now widely used with polymer donors but also with SM

donors and the best efficiency reported so far is more than 13% [233].

6.2. Organic semiconductors

Carbon atom (C-atom) is the main element constituting polymer materials. The type of
bonds between two adjacent C-atom formed by their valence electrons determines the
overall electronic properties of a given polymer. Those chemical bonds could be either
saturated or unsaturated bonds. Saturated polymers are insulators since all the four
valence electrons of C-atom are used for the formation of covalent bonds (i.e. sp3
hybridization orbitals), while most conductive polymers have unsaturated conjugated
structure. The electronic configuration of m-conjugated polymers stems from their
alternated single and double carbon-carbon bonds. Therefore, the fundamental source of
the semiconducting property of conjugated polymers originates from the overlapping
between the molecular orbitals formed by the valence electrons of chemically bonded C-
atoms. It is arisen from the m-delocalization of single 2pz valence electrons along the
polymer backbone. This phenomenon is occurring when one 2s orbital in C-atom is
mixed with two of the 2p orbitals of C-atom to forms 3 sp? hybrid orbitals, leaving one p
orbital in C-atom un-hybridized (See Figure 6.1). The sp?> carbon hybrid orbitals are
known to form a different bond length, strength and geometry when compared to other
hybridized molecular orbitals. The sp? hybridization has one unpaired electron (-
electron) per C-atom. The three sp? hybrid orbitals of a C-atom arrange themselves in
three-dimensional space to attain stable configuration. Their geometry is trigonal planar
geometry, where the bond angle between the sp? hybrid orbitals is 120°. The unmixed
pure pz orbital lies perpendicular to the plane of the three sp?hybrid orbitals points out
small periodic changes in the C-C distance.

The m-electrons are highly delocalized and are at the origin of the opto-electronic

properties of organic semiconductors (Figure 6.1). This delocalization allows electrons to
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move freely along the conjugated backbone up to a distance referred to as conjugation

length.
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Figure 6.1:pz orbital overlap to form 1t (bonding) and 1t* (anti-bonding) band in C-C system.

The overlap of pz orbitals of C atoms result in bonding (m) and anti-bonding (7t*)
orbitals (Figure 6.1). The bonding one which is lower in energy and occupied with
electrons is defined as the highest occupied molecular orbital (HOMO). The anti-
bonding one, higher in energy and non-occupied is called the lowest unoccupied
molecular orbital (LUMO). In thin films, the electron energy levels are broadened but
remain strongly correlated to the molecular HOMO and LUMO levels. The
corresponding HOMO and LUMO "bands" are analogs of the valence and conduction
bands, respectively, in conventional inorganic semiconductors. The energy offset
between the HOMO and the LUMO levels is called the energy band gap. If the
conjugation length is increased, the energy bands shift slightly (upwards for the HOMO
and downwards for the LUMO) and the band gap is reduced.

Before going into a deeper analysis on OPV devices, a comparison between the

properties of semiconducting inorganic and organic materials could be useful to
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understand the main advantages and drawbacks for their application in the

photovoltaic technology.

6.3. Comparison between inorganic and organic
semiconductors

The key differences between inorganic and organic semiconductors lie in their electronic
structures. Traditional inorganic semiconductors are crystalline ordered solids where
atoms are covalently bounded and electrons (and their wave’s functions) are spatially
delocalized over the crystalline lattice. The energy states allowed for these electrons
form the semiconductor valence and conduction bands, which are dense (continuous)

energy bands separated by an energy gap (the band gap, Es).

In inorganic PV cells, an electron can be promoted from the valence to the conduction
band upon light absorption (or other excitation mechanisms), generating free
delocalized charges which can be driven to the electrodes through the application of an
external electrical potential. On the opposite, traditional organic semiconductors are
conjugated molecular or polymeric compounds with a structure characterized by a
sequence of sp? hybridized carbon atoms with un-hybridized pz atomic orbitals. These
atomic orbitals give rise to molecular o and 7 electronic orbitals respectively. The
bonding () and anti-bonding (7t*) orbitals of molecules compose the valence and
conduction bands of the organic semiconducting material, identified as the highest
occupied and lowest unoccupied molecular orbitals respectively (HOMO and LUMO).
Since polymeric semiconductors are usually disordered (amorphous) materials, with
weakly interacting Van-der-Waals bonded macromolecules, a narrower band width
distribution and a much weaker delocalization of electronic wave-functions among
neighboring molecules occur, causing the HOMO and LUMO bands to be discrete and
not continuous. Therefore in OPV devices, the usual product of light absorption is a
tightly bounded electron-hole pair, also called Frenkel exciton or mobile excited state

[234], which is an electrically neutral species which, to first order, is unaffected by
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electric fields. The intrinsic electronic diversity between inorganic and organic materials
causes firstly a significant difference in the relative importance of interfacial processes in
inorganic PV and OPV devices, which is closely related to the described charge
generation mechanisms. While in inorganic PV cells free charges are directly generated
upon light absorption under normal conditions, light absorption in organic materials
results in the production of a mobile excited state which can dissociate into free charges
only at an hetero-interface where the exciton dissociation driving force overcomes the
coulombing interaction which tightly bounds the electron-hole pair [235]. This notably
influences the photoactive material structure, at the micro- and nanoscopic level,
necessary for the inorganic and organic PV devices to function most efficiently. Another
consequence of the intrinsically different electronic structure of organic and inorganic
semiconducting materials is their charge transport mechanism. Band transport is the
mechanism typically observed in inorganic semiconductors, where delocalized charges
are efficiently screened by the surrounding lattice, due to the high dielectric constant of
inorganic materials, and are transported through the material bulk in the continuous
conduction band of the semiconductor without important energy losses. Differently, in
amorphous organic semiconductors the conductive electronic states are more localized.
Charges, poorly screened by the neighbor molecules due to the low dielectric constant of
organic materials [236], polarize and distort the surrounding lattice forming the
polarons, which diffuse between adjacent molecules through a thermally activated and
less efficient hopping mechanism, comparing to band transport [237]. This explains the
much lower charge mobility of amorphous organic solids (usually lower than 107
cm?/V-s) [238] comparing to that of crystalline inorganic semiconductors. The very
different cohesion forces in crystalline inorganic solids and polymeric organic solids
easily explain also the different physical and mechanical properties of the two materials.
While inorganic crystalline semiconductors are rigid and brittle, have high processing
(fusion) temperatures and are reasonably stable to degradation processes with water

and oxygen, organic amorphous or semi-crystalline polymeric materials are flexible and
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lightweight, can be dissolved at low temperatures (this rendering their processing
cheaper, easier and transferrable to industrial processes in continuum), but often suffer
of easy degradation in ambient conditions. The electronic structures of inorganic and
organic semiconductors also determine a difference in their light absorption properties,
leading organic materials to have higher absorption coefficients in the visible light range
(~10° cm?) compared to inorganic semiconductors (~10% - 10* cm). On the other hand,
lower Eg values can be obtained for p- and n-doped inorganic semiconductors, allowing
an efficient absorption of solar light in its most extended spectral region (the infrared),
while only band gaps limited to values higher than 1.4-1.5 are obtainable for organic
semiconductors, confining the solar light absorption to the visible spectral region.
Finally, it should be reminded that the number of the synthetically available inorganic
semiconducting compounds is extremely lower than their organic counterparts.
Therefore an easier tuning of the chemical and physical properties by accurate
molecular design and engineering, increasing the control on the performances

optimization, is achievable for organic semiconductors comparing to inorganic ones.

Table 6.1: comparison between organic and inorganic semiconductor devices

Properties Organic semiconductor Inorganic semiconductor

Chemical bonding Van der Waals Covalent/ionic
Charge transport Polaron hopping Band transport

Charge mobility <1 cm?/Vs ~1000 cm?/Vs
Conduction levels Frontier orbitals Bands

Exciton species Frenkel Wannier-Mott

Exciton Radius ~10A ~100 A

Exciton binding 10-1000 meV 10-100 meV

energy
Dielectric constant (£) ~1.54 ~10-100
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6.4. Working principle of organic solar cells

The working principle of an organic solar cell can be briefly described by the following
steps: (1) formation of an exciton upon light absorption, (2) diffusion of the exciton to
the interface between two materials, (3) subsequent exciton dissociation into free
charges, and (4) transport of free charges (electrons and holes) followed by (5) their

extraction at the respective electrodes.
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Figure 6.2: The energy diagram of typical organic solar cell and different stages of the
photocurrent generation process (a) exciton generation, (b) charge transfer state dissociation, (c)
charge transport and extraction.

6.4.1. Light absorption and exciton generation

The generation of a photocurrent in an organic solar cell starts with the absorption of
light. In general, photoactive organic materials have very high molar absorption
coefficients (c) that are typically around 10° cm™. This important feature allows a thin
organic layer (d = 150-200 nm) to absorb a sufficient amount of photons within a given
spectrum diapason [239]. For comparison, the absorption coefficients of conventional
inorganic semiconductors like polycrystalline silicon are in the range of 103-10* cm™! in
the visible wavelength range, which requires much thicker films to absorb the same
amount of light for a given wavelength. Upon absorption, electrons in the active layer
(mainly in donor material for the systems using fullerene derivatives as acceptors) are

excited from the HOMO to the LUMO and neutral species called excitons (bound intra-

Metal
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molecular electron-hole pairs) are formed. Due to the low dielectric constants and
localized electronic states in organic semiconductors, a strong Coulombic attraction
exists between an electron-hole pair, which does not allow direct generation of free
charges. These bound electron-hole pairs have exciton binding energy of 100-1400 meV
[240], [241] unlike their inorganic counterparts that have exciton binding energy of
around a few meV. For instance, for the well-known and widely used P3HT (poly(3-
hexylthiophene-2,5-diyl)), used as donor material, an exciton binding energy of = 700
meV has been reported [242]. Therefore, ambient thermal energy is not enough to
separate the electron-hole pairs. As the lifetime of excitons is of the order of
nanoseconds [243], [244], a fast and efficient way is needed to avoid geminate
recombination. A solution to this issue has been proposed by Tang et al. in 1986, who
demonstrated an organic solar cell based on two different materials with properly

aligned energy levels [217].

6.4.2. Exciton diffusion and dissociation at the D/A interface
After an exciton is formed, it needs to travel towards the D/A interface in order to be
dissociated. This distance needs to be less than the exciton diffusion length. The energy
offset between the D and A materials should allow to overcome the exciton binding
energy and efficiently dissociate electron-hole pairs. It is generally believed that this
value must be larger than 0.3 eV [245], [246]. Currently, in solution-processed BH]Js,
soluble fullerene derivatives like [6,6]-phenyl-C61/C71 butyric acid methyl ester
(PC61BM/PC71BM) remain as the most frequently used acceptor material. Though,
today non-fullerene rivals are under extensive investigation and show high efficiencies
as well [247]-[249]. Recent literature data suggest that for the systems using fullerene
derivatives as acceptor materials a ALUMO as low as 0.1 eV can be sufficient [250]-
[252]. The charge transfer (CT) process in conjugated polymer-fullerene system is
known to occur in a very short timescale (< 100 fs) [253], [254], which is roughly 10 000

times smaller than the exciton lifetime and thus much faster and relatively efficient.
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When the CT step is successfully realized, hole and electron reside in neighboring donor
and acceptor molecules, respectively. The resulting CT states are intermediate species
between coulombically bound exciton and free charges (Figure 6. 2). At this stage, due to
the delocalized nature of holes and electrons on their respective molecules, the binding
energy between them is notably weaker. Therefore, they can either be thermally
dissociated or separated by an electric field. The underlying mechanism of electron-hole
pair dissociation is not fully understood yet and remains an important issue in organic
photovoltaic (OPVs). For instance, the energy losses in CT states strongly affects the
open circuit voltage [255]-[257] and thus the power conversion efficiency of the final
solar cell. In-depth reviews on charge generation process in organic solar cells can be

found in references [258], [259].
6.4.3. Charge carrier transport

Once the electron-hole pairs are dissociated, the free charge-carriers must be transported
towards their respective electrodes to participate to the photocurrent. Here, charge
transport within the organic semiconductor plays an essential role. The fundamentals of
charge transport in disordered organic materials are totally different from their
inorganic counterparts. The crystal structure, which is present in classical crystalline
inorganic semiconductors, allows delocalization of the electron wave function. This in
turn permits electrons and holes to behave as quasi-free particles (band transport). In
organic semiconductors the electronic states are more localized. While the intra-
molecular charge transport is considered to be fast, the inter-molecular transport within
the localized states is a rate-limiting factor and is thermally activated. Such a charge
carrier hopping mechanism is strongly influenced by the presence of energetic and

structural disorder.
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6.4.4. Charge carrier extraction

The last step to complete the solar energy conversion in a PV system is the extraction of
charge carriers at the respective electrodes. The selection of contact materials plays a key
role in the charge extraction process. In particular, the work functions of the anode and
cathode need to be aligned with the HOMO energy level of the donor and LUMO
energy level of the acceptor materials, respectively, in order to avoid any energy barrier.
If a barrier exists, the extraction/injection rate of charge carriers will be hindered. This
may lead to the accumulation of charges close to the active layer/contact interface and
result in low device performances, especially low fill factors (FF). It has been shown by
numerical simulations that the formation of space-charges near the surface could result
in deformed (S-shaped) current-voltage curves [260]. Additionally, the misalignment of
active layer/electrode energy levels may strongly affect the open circuit voltage (Voc) of
the final solar cell [261]-[263]. Another factor which hampers the device performances is
the collection of charges at the wrong electrodes i.e. electrons at the anode or holes at the
cathode. To overcome this issue electron/hole transporting layers (ETL/HTL), also
referred to as “buffer layers”, are often implemented between the active layer and the
electrode, improving the selectivity of the contacts. Extended and comprehensive
reviews on ETL/HTL materials and their roles in organic solar cells are reported in

references [264], [265].
6.5. Organic device architectures

The active semiconducting materials used in polymer solar cells is always carbon based
organic compounds either in the form of small molecules, dendrimers or polymer which
converts solar energy into electric energy. Such type of OSCs can be divided into three
structures: single layer or monolayer, bilayer and bulk heterojunction (BHJ) structured

cells.
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6.5.1. Single layer structure

Single layer organic photovoltaic cells are the simplest form. These cells are made by
sandwiching a layer of organic electronic materials between two metallic conductors,
typically a layer of indium tin oxide (ITO) with high work function and a layer of low
work function metal such as Aluminum, Magnesium or Calcium. The basic structure of
such a cell is illustrated in Figure 6.3. The difference of work function between the two
conductors sets up an electric field in the organic layer. When the organic layer absorbs
light, electrons will be excited to the LUMO and leave holes in the HOMO, thereby
forming excitons. The potential created by the different work functions helps to split the
exciton pairs, pulling electrons to the positive electrode (an electrical conductor used to
make contact with a non-metallic part of a circuit) and holes to the negative electrode.

This configuration is simple but the absorption is usually low using a single type of
molecule. Since both positive and negative charges travel through the same material,

recombination losses are generally high.

Cathode interlayer

Donor or acceptor

Anode interlayer

ITO or FTO Glass substrate

Figure 6.3: Schematic OPV structure of single layer.
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6.5.2. Planar Bilayer device

In a bilayer OSCs (Figure 6.4), photoactive layers containing donor and acceptor organic
materials absorb sunlight and generate photocurrents. The donor material (D) is usually
electron rich molecules, which are capable of donating electrons that create holes
whereas the acceptor material (A) should have capacity to accept electrons. This
photoactive layer harvest photons from sunlight to form excitons. Excitons are the state
of electrons in which it gets excited from the valence band into the conduction band.
This creation of excitons in donor layer resulted in concentration gradient phenomenon
and due to this; excitons start to diffuse towards donor/acceptor interface and then
separates into free holes and electrons. As soon as this charge separation process takes
place free holes and electrons moves to the corresponding electrodes and resulted in
photovoltaic. In a bilayer heterojunction device, p-type and n-type materials are
consecutively placed with each other [266]. Different combinations of materials used in

bilayer devices using organic semiconductors were reported [215], [258].

Anode interlayer
Acceptor

Donor

Anode interlayer
ITO or FTO Glass substrate

Figure 6.4: Schematic OPV structure of planar bilayer.
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6.5.3. Bulk heterojunction device

The bulk heterojunction device (Figure 6.5) shows improved interfacial area where
charge separation occurs as compared to bilayer device. Bulk heterojunction is prepared
by bulk volume mixing of donor and acceptor components which results in very small
exciton diffusion length at donor-acceptor interface. In such type of devices, excitons are
generated on photon absorption of organic materials. Then dissociation of excitons gives
charge collection at corresponding electrodes and this process occurs at the

heterojunction interface.

Cathode interlayer

Photoactive layer

Anode interlayer

ITO or FTO Glass substrate

Figure 6.5: Schematic OPV structure of bulk heterojunction.

6.6. Limitations factors for organic solar cells

According to the literature, there are a lot of factors that can limit the performance of
OSCs [256], [258], [259]. In this part, we discuss the factors that limit the OSCs
performance during their whole lives in terms of metastable morphology, diffusion of

electrodes and buffer layers, oxygen and water and irradiation.
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% Metastable morphology and diffusion of electrodes and buffer layers

An active layer is the key component of OSCs, in which there are generally two or three
phases (the donor phase, the acceptor phase and the donor/acceptor mixed phase).
Phase separation is always metastable due to the strong mobility of organic materials.

Like the donor and acceptor materials, the electrodes and buffer layers also show
mobility. As shown in Figure 6.6, the indium (In) of ITO can diffuse into the PEDOT:PSS
layer and the active layer (Figure 6.6, left); the Al can diffuse into the PEDOT:PSS layer
and the active layer; and the PEDOT:PSS layer can also diffuse into the active layer
(Figure 6.6, right). Such diffusion of metals and buffer layers will reduce the
performance of OSCs by changing the energy levels of buffer layers and acting as the

traps for charge recombination.

ITO PEDOT: PSS PEDOT: PSS Al
Conventional geometry Inverted geometry

Figure 6.6: Schematic diagram of the diffusion of electrodes and buffer layers.

% Oxygen and water

Oxygen can reduce the performance of OSCs (Figure 6.7). Firstly, the metal electrodes
(e.g. Al and calcium (Ca)) with a low work function (WF) can be oxidized by oxygen
permeation. The electrically insulating metal oxide layer, which is formed between the
electrode and the buffer layer or the electrode and the active layer, will create a

transport barrier and eventually induce an S-shaped I-V curve and degrade the
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performance of the device [267]. Secondly, the penetrative oxygen in the active layer
takes part in the various photo-oxidation reactions of donor and acceptor materials
[268]. The changed structures of donor and acceptor materials will change their photon
absorption, energy levels and charge carrier mobilities. Thirdly, the oxygen doping in
the active layer can enhance hole concentration, which results in an increase of the
density of deeper traps for electrons and a decrease of the fill factor (FF) and the open

circuit voltage (Voc) [269].

ITO PEDOT: PSS Ca

i A

H20

Figure 6.7: Schematic diagram of the diffusion of oxygen and water.

The ingress of water in the device is another important factor limiting the performance
(Figure 3. 4). Water can diffuse into the device via the hygroscopic PEDOT:PSS buffer
layer and metal electrodes Firstly, water can damage the low WF metal electrodes as an
oxidation agent [270]. It was observed that large defects were appeared on the Al
electrode after the exposure of water [271]. These defects can act as pinholes to allow
more ingress of water [271]. Secondly, the ingress of water into the interface of the active
layer and the electrode can form a insulating metal oxide interlayer, leading to a
decrease of effective active layer/electrode interface area which is harmful to charge
extraction [272]. Thirdly, water diffusing into the active layer can move PC61BM and

thus induce excessive aggregation of fullerenes. The larger scale of phase separation
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decreases the D/A interfaces, which is harmful to exciton dissociation and causes a huge

reduction in device performance [273].

% Irradiation
The original reasons for the instability of the device upon irradiation are photochemical
degradation and photo-physical degradation in the active layer, the buffer layer and the
active layer/electrode interface. The main photochemical degradation is photo-oxidation
reaction in the active layer.

% Some strategies to increase the stability of OSCs

Mainly six types of strategies are included: material design of the active layer (molecular
skeletons and side chains of donors, and fullerene/non-fullerene acceptors), device
engineering of the active layer (ternary blends and processing methods), employing
inverted geometry, optimizing buffer layers (hole/electron transport layers), using stable
electrodes (new transparent/back electrodes) and encapsulation. In this context, the
main goal of this work is elaboration and optimization of inverted organic solar cells

based on inorganic compounds used as electron transporting layer (ZnO and SnO).
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7.1. Techniques and pieces of equipment

7.1.1. Optical, Structural, electrical and morphological

characterization

& Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV/Vis) spectroscopy is a technique used to measure quantitatively
the absorption or reflectance of a material either in solution (absorption) or in thin films.
The working principle is based on shining a monochromatic light on the sample and
analyzing the transmitted or reflected fraction of the light. The equipment used in
UV/Vis spectroscopy is a UV/Vis spectrophotometer that usually includes a radiation
source, an adjustable sample holder, a mono-chromator for light dispersion, and a photo
detector. The light source is a tungsten wire, a xenon arc lamp (160-2000 nm), and a
deuterium lamp that is continuous in the 190-400 nm wavelength range. The detector is
generally a photodiode or a charge-coupled device. In our case, the UV/Vis
spectrophotometer measures the transmitted light intensity (In) and compares it to the
incident light intensity (Ino) as a function of the wavelength. The corresponding ratio
T=I+/Iro gives the transmittance. If the reflectance and non-specular light diffusion are

negligible, the absorbance (AB) can be estimated using:

AB = log (L) (7.1)

T %

Ikram Anefnaf Page 139



B>

Figure 7.1: Image of UV-vis-NIR spectrophotometer.

Y X-ray diffraction

X-ray diffraction (XRD) is a powerful technique that allows the identification of
crystalline phases in a target material and provides information about their orientation,
crystallinity and texture. It is based on the interaction of monochromatic X-ray
electromagnetic waves with a regular array of atoms. The incident radiation makes the
electrons in the sample to re-emit secondary X-ray waves (elastic scattering). These
secondary waves interact with each other through interference processes. In a crystalline
structure, where atoms are ordered in different planes, these waves interfere
constructively if the Bragg’s law is fulfilled:
2dsin® = ni (7.2)

Where d is the spacing between diffracting planes, 0 is the incident angle, n is an integer
number and A is the wavelength of the incident radiation (see Figure 7.2). By scanning a
sample in the O coordinate, it is possible to detect the different diffracting planes present
in the sample which are parallel to its surface. Then, comparing the position of the peaks
in the obtained diffractogram with reference patterns, it is possible to identify the

crystalline phases present in the sample as well as their crystallographic orientation. In
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addition, by analyzing the height and shape of the peaks, it is possible to get an insight

on the crystalline quality and texture of the material.

Figure 7.2: image of Bruker Advance X-ray diffraction system (left) and scheme representation of
X-ray diffraction principle (right).

The measurements were carried out employing a Cu Ka radiation source (A = 1.5418 A)
at 40 kV and 40 mA, in 0-20 (Bragg-Brentano) configuration, at 20 angles from 10° to 90°
in 0.017° steps, with an integration time of 2s per step and with sample rotation. The
diffractograms were analyzed and compared with reference patterns using X'pert High

Score Plus software.

Y Profilometer spectroscopy

Thicknesses of thin film layers were determined ex-situ by Veeco DEKTAK 150
profilometer (Figure 7.1). The profilometer measures the vertical depth of a material
across a specified horizontal length. The profile is displayed on a graphical interface.
Uses for this equipment include measuring etch depth, deposited film thickness, and
surface roughness. The resolution of a step to determine the film thickness is about tens

of nanometers.
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Figure 7.3: image of DEKTAT Stylus.

Y Atomic-force microscopy

The AFM technique is used in the so-called tapping mode to measure the surface
morphology. The measurement is based on the small-distance interactions between the
scanning probe and the sample surface. Figure 7.4 presents a simplified scheme of the
AFM tapping mode principle. A sharp tip (probe) mounted to a free edge of a cantilever
is brought close to the sample surface. Vibrations transmitted from the piezo-actuator
make the cantilever oscillate close to its resonant frequency (f). The signal detection is
realized by four-sectional photodiodes that catch the reflection of the laser beam focused
on the edge of the cantilever. In order to tune the spacing between the tip and surface, a
feedback mechanism is used that keeps the amplitude of vibrations constant while the
tip is scanned over the sample surface. As a consequence the surface topography can be
built-up.

In the tapping mode it is also possible to measure the phase shift between the probe
oscillations and the electrical signal applied to the piezo-actuator. The latter depends on
the inelastic interaction between the tip and the sample and allows one to distinguish
between the materials or different phases (e.g. crystalline versus amorphous domains in

a semi-crystalline polymer). We used the technique to characterize the surface
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morphologies of bulk heterojunctions. Besides the thin film roughness, AFM allows to

assess the approximate domain sizes of both donor and acceptor materials.

Laser source
Four-sectional ,
photodetector

Mirror

Piezo-actuator

ipe—¥ |

Sample Cantilever

Piezoelectric scanner

Figure 7.4: Atomic Force Microscope Dimension 3100 Nanoman from Veeco (left) and the
simplified scheme of an AFM assembly (right).

7.1.2. Electrical characterizations

Y Current-voltage analysis

Current-voltage (I-V) characteristics of solar cells were measured using a
LabViewcontrolled Keithley 2400 SMU. Measurements were performed in the dark and
under light using an ABET Technologies Sun 3000 solar simulator with an AM1.5G
filter. The standard light-intensity condition (100 mW/cm?) was controlled by a
calibrated Si solar-cell, while for the measurements under different light intensities;
neutral optical filters with various transmittances were employed. The details on

measured (I-V) curves and main solar cell parameters are given in section 1.
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Y Quantum efficiency (QE) measurements

As has been said in previous sections, once the charges are generated within a solar cell

they have to be collected at the electrodes in order to contribute to the current.

PD2

Beam splitter (BS)
R xP_ xR
cell™ el

cell

R
Monochromator cerr® [sc — measured

PxT, =P
- li:ht \# » Keithley 2400
P
PxR

PV cell
PD1

Figure 7.5: Schematic view of EQE/IQE measurement setup at ICube (Strasbourg university). P—
power of incident light; PD1 — photodiode 1; PD2 — photodiode 2; TBS and RBS — transmittance
and reflectance of the beam splitter, respectively; Pge and Reey — light power incident to PV cell
and reflectance of PV cell, respectively; Isc — measured short circuit current.

However, the carriers at this stage may also recombine without contributing to the
external circuit. Here, quantum efficiency is a powerful tool to assess quantitatively the
amount of photons that are finally converted into collected charges. Two types of QE are

often determined for solar cells. They are:

e The external quantum efficiency (EQE), which is the ratio of the number of
collected charge carriers to the number of incident photons at short-circuit
conditions.

e The internal quantum efficiency (IQE), which is the ratio of the number of
collected charge carriers to the number of photons absorbed by the PV device at

short-circuit conditions.
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Figure 7.5 illustrates the EQE/IQE measurement setup scheme used in this work. In

general, EQE is expressed as follows:

Measured current A /elementary charge (C)

EQE = Power of incident light(W)/ energy of a single photon (Eph)

If we convert equation the above equation to what we measure with the setup depicted

in Figure 7.5, we obtain:

hc

I
Q de Pcenid (7.3)
Keeping in mind the following;:
EQE
IQE = 7.4
Q 1-Rceu ( )
We get an analytical expression for IQE as well:
IQF =t —_¢ (7.5)

de Pcent (1=Rcen)2
where I is measured current from the PV cell, ge is elementary charge, Pei is the light
power received by the PV cell, Ren is the reflectance estimated from the specularly
reflected light intensity from the PV cell (recorded by PD2), h is Planck’s constant, c is

the velocity of light in vacuum and A is wavelength.

7.1.3. Solar cell fabrication

Y Thermal evaporation

In thermal evaporation a crucible/boat containing a material is heated up by an intense
electric current under high vacuum. When the appropriate pressure and temperature
are reached, the material evaporates. Due to the high vacuum, the particles in the vapor
can travel almost freely around the evaporation chamber. When they reach a colder
surface, they condense onto it thus enabling the deposition of thin films. By varying the

heating power of the crucible/boat, it is possible to control the deposition rate.
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T Vaporized

Material

_ Evaporator

Figure 7.6: Scheme of thermal evaporation deposition.

% Spin coater

Spin coater is a common technique used to produce thin film coatings on flat substrates.
For materials solar cell research it has found a particularly widespread use as it provides
a quick and easy way to create uniform and thin films (Figure 7.6). As the name might
allude to, spin-coating works by placing a solution of the coating material on a substrate
and subsequently spinning it until a dry film has formed. The thickness of the resulting

films can be adjusted by controlling a variety of parameters, such as the rotation speed.

Deposited
solution

i |
Substrate

Rotating chuck

Figure 7.7: image of spin coater technique (left) and schematic representation of the principle of

spin coating process (right).
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& Glovebox

In order to prevent the devices degradation, all organic solar cells elaborated in this

work were carried out inside glovebox.

Figure 7.8: Glovebox MB200B from MBraun with thermal evaporator, solar simulator and EQE

techniques inside chamber.

7.2. Solar cell fabrication procedure

7.2.1. Substrate cleaning

ITO coated glass substrates were cleaned at 45°C for 20 minutes for each step in
ultrasonic bath in the following order: deionized water, acetone and 2-propanol. After
that, UV/Ozone treatment has been performed for 30 min to remove residual organic

contaminants.
7.2.2. Electron transporting layer deposition
In the present thesis, the attention will be focused on the effects of the ZnO and SnO: as

electron transporting layers (ETLs). In this thesis, we used two type of electron

transporting layer for inverted organic solar devices: ZnO and SnO..
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The synthesized ZnO solution: was deposited by chemical way, which is spin coater, in
this case the synthesis ZnO solution was coated onto clean ITO substrate with a speed of
2500 rpm for 30 s and annealed at 200° C for 30 min. for the SnO: was deposited by
physical way using DC- magnetron sputtering with different thicknesses. The
deposition time was varied to deposit different thicknesses of the SnO: layer: 10, 20, 30,
40 and 60 nm.

For the surface modifier layer polyethylenimine-ethoxylated (PEIE) preparation was

spin coated on SnO2 or ZnO ETLs with the following steps:

1. Preparation of PEIE solution diluted in 2-methoxyethanol (0.6% of PEIE by mass);
2. Spin-coating at 5000 rpm, with acceleration of 1000 rpm/s, during 60 sec;

3. Cleaning the PEIE with ethanol from part of the substrate (Figure 7.9);

4. Annealing of PEIE layer at 100°C for 15 minutes in nitrogen-filled ambient (glove

box) to remove the residual solvent.

ZnO or SnO,

ITO

Glass

Figure 7.9: Schematic view of interfacial layers coated on ITO after cleaning from one side.

7.2.3. Photoactive layer deposition

The inverted organic solar cells developed in this thesis were fabricated using P3HT
(98.5% regioregular, Sigma-Aldrich) as an electron donor and PC71BM (99.5%, Solenne
B.V.)) as an electron acceptor. The photo-active layer was prepared based on
P3HT:PC71BM blend solution dispersed in 1 mL o-dichlorobenzene (99%, anhydrous,
Sigma-Aldrich).

The photoactive layers were deposited onto the previous prepared films using a spin-

coater with 1200 rpm for 60s and then annealed at 150 -C for 15 min.
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7.2.4. Hole electron transporting and back contact layers
deposition
In order to complete the photovoltaic devices, MoOs (7nm) and Ag (120 nm) were

thermally evaporated in a vacuum of 1.10-° Torr, acting as inverted device electrodes

(Figure 7.10).

Top electrode

Active layer

Figure 7.10: Schematic view of final photovoltaic device.
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Polyethylenimine-Ethoxylated Interfacial Layer for Efficient
Electron Collection in SnO, Based Inverted Organic Solar Cells

8.1. Introduction

hird-generation photovoltaic technology based on conjugated polymers has
T drawn much attention over the past decade due to advantages such as simple
preparation, light weight, low cost, solution-based fabrication on large-area and low-
temperature solution process ability that allows for fabrication on flexible substrates via
roll-to-roll manufacturing for solar energy conversion [266], [274]-[276]. Recently, efforts
have been made to enhance power conversion efficiency (PCE) of organic solar cells
(OSCs), reaching a power conversion efficiency above 15-17% [277], [278]. To do so, the
research was focused on the development of device architecture [279]-[281], design
semiconductor polymers and development of non-fullerene acceptors (e.g.2,2'-
[[6,6,12,12-Tetrakis(4-hexylphenyl)-6,12  dihydrodithieno[2,3-d:2',3"-d']-s-indaceno[1,2-
b:5,6-b']dithiophene-2,8diyl]bis[methylidyne(3-oxo1H-indene-2,1(3H)diylidene)]]
bis[propanedinitrile]family (ITIC)) [249], [282], [283], control morphology [284], [285]
and interfacial engineering between layer materials and the active layer that provides a
powerful strategy to enhance both stability and efficiency of organic photovoltaic
devices. Generally, the structure of OSCs could be classified into two categories, namely
conventional and inverted structures; the conventional architecture is based on a bulk
heterojunction active layer sandwiched between a transparent conducting electrode,
such as indium tin oxide (ITO), and a low work function metal electrode (Ca/Al, LiF/Al
or Al) [286]. On one hand, one of the major problems for the conventional structure is
the long-term stability when exposed to air due to the use of a cathode that is sensitive

to air and moisture, which leads to its rapid oxidation. On the other hand, poly(3,4
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ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) has an acidic and
hydrophilic nature [287], [288], which is detrimental to the active layer and can etch the
ITO via the increase of the interfacial resistance through indium diffusion into the active
layer; this leads to the deterioration of the device performance [289]-[291]. To overcome
these issues, the inverted configuration is the appropriate solution to make PEDOT: PSS-
free device, where the polarity of charge collection is opposite to that in the conventional
one. Inverted organic solar cell (iOSC) configuration allows the use of high work
function metal contact that is less air-sensitive, and a low work function metal oxide as
electron transporting layer to modify the ITO surface.

Current researchers have used several methods to improve iOSC performance,
including using a metal oxide layer as an electron transporting layer (ETL) between the
active layer and the ITO cathode, which is indispensable so that ohmic contact for the
decrease or elimination of the electron-extraction barrier can be formed. N-type metal
oxides such as titanium oxide (TiOx), zinc oxide (ZnO) and tin oxide (SnO:) can be
introduced as a cathode buffer layer (CBL) to modify ITO as an effective electron-
collecting electrode in inverted OSCs [292]-[294].

In particular, tin dioxide (SnO:2) has recently received more attention as an interfacial
material for organic photovoltaic (OPV) devices because of its beneficial properties,
namely good optical transparency, high resistivity, high electron mobility, high
transmittance in visible region and high chemical and thermal stabilities compared to
other transparent conductive oxides [295], [296]. Several works have studied the effect of
SnO:2 on the inverted organic solar cell performance [297], [298].

An efficiency of 4.05% was achieved by a Korean group using P3HT: PCBM absorber
materials and aqueous solution processed SnO: combined with ionic liquid (IL) as a
buffer layer. Besides this work, Shuai Huang et al. [299] deposited SnO: by a sol-gel
process in a P3HT:PC71BM-based inverted solar cell, and they obtained an efficiency of
4.25%.
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Nowadays, polyethylenimine-ethoxylated (PEIE) is used as an interlayer to reduce the
electrode material’s work function (WF). PEIE contains simple aliphatic amine groups
that can produce surface dipoles; as a consequence, the WF of the ITO electrode
decreases [300]-[302]. The created interfacial dipole induces a vacuum level shift, which
effectively causes a reduction of the WF of the underlying electrode [303]-[306].
Recently, Courtright et al. [307] studied separately PEIE and PEI as the ETL for PBDTT-
FTTE:PC70BM-based iOPVs on top of zinc oxide. They found that the incorporation of
PEIE as a cathode buffer layer gave an enhancement of the cell performance with 7.37%.
Using PEI, an efficiency of 8.22% was reached.

In the present study, the work is devoted to an inverted organic solar cell based on bulk
heterojunction using poly (3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C71-butryric acid
methyl ester (P3HT:PCBM) as an absorber. The originality of our study is to overcome
the limitations of the use of a single cathode buffer layer, using the cathode buffer
bilayer tin dioxide (S5nO2) with PEIE. The SnO:layer was deposited by magnetron
reactive sputtering with different thicknesses, and then PEIE thin film was deposited via
an aqueous solution-process. It has been found that with the combination of SnO: and
PEIE as a cathode buffer bilayer, the short circuit current density (Jsc) was obviously
improved, resulting in better device performance with an efficiency reaching 2.84%,

compared to reference devices with pure SnO: and PEIE as a cathode buffer layer.

8.2. Experimental detail

8.2.1. Thin Film Preparation

Y SnO: thin filn deposition

The cleaning process of the pre-patterned ITO (sheet resistance 5-15 Q, Lumtec) glass
substrates was done in an ultrasonic bath successively in detergent, deionized water,
acetone, 2-isopropanol and de-ionized water, then dried with nitrogen gas flow
followed by UV-ozone treatment for 15 min. SnO: layers were deposited onto clean ITO

at 200 °C by radio frequency (RF) reactive magnetron sputtering in a commercial
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sputtering system (Orion 3 device from AJA International Co.) using pure target of Sn
(99.99%). The sputtering SnO2 was done in an argon—-oxygen gas mixture, with 8 sccm
argon and 4 sccm oxygen. The sputtering parameters used in this work were optimized
in a previous work [308], [309], and the deposition time was varied to deposit different
thicknesses of the SnO: layer: 10, 20, 30, 40 and 60 nm.

Y PEIE deposition

PEIE (Mw = 70,000 g/mol, Sigma-Aldrich), an 80% ethoxylated-based solution, was
prepared by diluting 0.2% by mass in 2-methoxyethanol (99.8%, Sigma-Aldrich), which
was deposited onto ITO/SnO:substrates by a spin-coater at 1500 rpm for 60s. Afterward,
a part of the PEIE was wiped away from the borders with ethanol. Then, the prepared
structures were placed inside the nitrogen-filled glove box for further treatment and
depositions to complete the device structure; the samples were annealed at 100 °C for 15

min before depositing the active layer.

Y Organic solar cells fabrication
Inverted organic solar cells (i0SCs) were fabricated using P3HT (98.5% regioregular,
Sigma-Aldrich) as an electron donor and PC71BM (99.5%, Solenne B.V.) as an electron
acceptor. The photo-active layer was prepared based on P3HT:PC71BM solution with a
ratio of 1:0.7 dispersed in 1 mL o-dichlorobenzene (99%, anhydrous, Sigma-Aldrich).
The absorber layer was deposited onto the previous prepared films using a spin-coater
with 1200 rpm for 60s and then annealed at 150 °C for 15 min. Next, MoOs (7 nm) and
Ag (120 nm) were thermally evaporated in a vacuum of 1.10-° Torr, acting as inverted
device electrodes. We fabricated a series of inverted PSC devices with various
SnO: thicknesses of PEIE with the following structure: glass/ITO/SnO./P3HT:
PCBM/MoQOs/Ag; another kind of device was also fabricated by incorporating an
ultrathin PEIE layer with structure glass/ITO/ SnO:/ PEIE/ P3HT: PCBM/MoQOs/Ag. The
final architecture of the inverted device (ITO/SnO:/PEIE/P3HT: PCBM/MoQOs/Ag) is

illustrated in Figure 8.1(a); the device working area was about 0.12 cm?2.
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Figure 8.1: (a) Schematic structure of the inverted hybrid solar cell. (b) Cross-sectional SEM
figure of device used in this study. (c) Chemical structure of PSHT, PCBM and PEIE. (d) Energy

level diagram of the inverted hybrid solar cells investigated in this work.

8.2.2. Characterization set up
Structural, morphological and optical properties of the prepared films as well as the
inverted devices were analyzed with different techniques. The films were analyzed by
X-ray diffraction (XRD) and grazing incident X-ray diffraction (GIXRD) in the 20°-80°
20 range by means of a Rigaku Smartlab® diffractometer (9 kW) equipped with a
CuKau incident source (A = 1.54056 A) and a Ge (220) x 2-bounce front monochromator.
Morphological analysis was carried out by scanning electron microscopy (SEM) on a
Zeiss GEMINI 500 scanning electron microscope. A UV-Visible-NIR spectrophotometer
(Perkin-Elmer Lambda 950) with an integrating sphere of 150 mm was used to obtain
the transmission/absorption spectra of the films in the wavelength range of 200-1000

nm. Atomic force microscopy (AFM) images were obtained in tapping mode with a

Ikram Anefnaf Page 154



Nanoscope Dimension 3100 from Veeco Instruments. Scanning electron microscopy
(SEM) images were recorded by JEOL 6700F microscope. The resistivity, carrier
concentration and Hall mobility of the SnO: films were determined by a Hall effect
measurement system at room temperature using ECOPIA equipment (HMS-5500 Van
der Pauw). The electrical characterizations of the inverted devices were done inside a
glovebox under a nitrogen atmosphere; the current density—voltage (J-V) characteristics
were measured with an HP Agilent source measurement unit, in dark and under
illumination using a solar simulator with AM1.5G conditions (Oriel Xenon 150 W,
model 96000), after calibration using a standard silicon solar cell with 100 mW/cm?. The
external quantum efficiency (EQE) was also measured inside the glovebox for the

elaborated devices.

8.3. Results and discussions

8.3.1. Single Layer

Y X-ray Diffraction Study

The structural properties of SnO2 and P3HT thin films are depicted in Figure 8.2. The
XRD pattern of SnO: with 100 nm revealed peaks at 26.66°, 33.89°, 37.94°, 51.77° and
54.75° assigned respectively to planes (110), (101), (200), (211) and (220) of crystalline tin-
dioxide tetragonal rutile structure with space group P42/mnm, which matched well with
JCPDS card (Joint Committee on Powder Diffraction Standards) no 00-041-1445 and
exhibited (101) plane as the preferred orientation. The XRD pattern of P3HT
demonstrated a high crystalline structure, with peaks located at low angles 5.3°, 10.7°
and 15.90°, which were attributed respectively to planes (100), (200) and (300), with a
preferential orientation toward the (100) plane; these peaks were related to lamellar

ordering of the phase separated structure by alkyl side chains [310], [311].
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Figure 8.2: X-ray diffraction patterns of (a) sputtered SnO: deposited on quartz substrate and (b)
P3HT spin-coated on glass substrate.

Y UV-Visible Study

To investigate the transmittance of SnO: layers as well as photoactive layer absorption, a
UV-visible study was conducted on our samples. Figure 8.3 (a) presents the absorption
spectra of PBHT, PCBM and the P3HT: PCBM mixture. The conjugated polymer P3HT
had a wide and strong absorption band in the range of 400-650 nm and revealed a
maximum at ~550 nm. Nevertheless, PCBM presented a broad absorption in ultraviolet
in the range of 300-575 nm with a maximum absorption at ~375 nm. One can see that the
optical absorption spectra of P3HT:PCBM (1:0.7) based thin film exhibited a first
absorption shoulder at 300-350 nm attributed to PCBM and a second dominant peak
located at higher wavelengths corresponding to P3HT absorption. The peak at 450 nm
(2.75 eV) corresponded to band-to-band transitions inferred from m—mt* transitions from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) [312], and this peak was located at a lower photon energy of 2.25 eV for
pure pristine P3HT films. The absorption shoulders located at ~600 nm (2.07 eV), ~550
nm (2.25 eV) and ~515 nm (2.41 eV) revealed the three absorption features (So, 51, S2) of
P3HT excitonic absorption with Frenkel excitons absorption; these bands were the so-
called vibronic absorption shoulders [313], [314]. The excitonic absorption So at 600 nm

indicated singlet exciton generation; the absorption S1 at 558 nm implied one exciton
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and one phonon generation. The peak S: at 509 nm revealed the beginning of one

exciton and two phonons.
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Figure 8.3: (a) Absorption spectra of P3HT: PCBM deposited on glass substrate and (b)
transmittance spectra of SnO: with different thicknesses deposited on quartz substrate.

The optical transmittance spectra of SnO: thin films with different thicknesses were
measured in the wavelength range of 200-1000 nm and are depicted in Figure 8.3 (b).
One can noticed that, in the visible range 380-780 nm, the transmittance of the
SnO: buffer layer was found to decrease gradually from 87 to 75.1% with increasing
SnO: thickness from 10 to 60 nm. The average transmittance value of ~82% in the visible

range was recorded for the prepared SnO: samples.

Y SEM and AFM Micrographs

In order to study the thickness effect on SnO: surface morphology and topography as
well as the film’s roughness, AFM and SEM images were recorded for different film

thicknesses with and without PEIE on the ITO substrate, as illustrated in Figure 8.4.
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Figure 8.4: The 2D-AFM and SEM micrographs of sputtered SnO: without PEIE for 10
nm (a,b), 20 nm (c,d), 30 nm (e,f), 40 nm (g,h), 60 nm (i,j) and with PEIE coated on SnO2
10 nm (a’,b”), 20 nm (c’,d’), 30 nm (¢’,f'), 40 nm (g’,h") and 60 nm (i’,j’).

One can see that the SnO:film surface changed with thickness, and the surface
morphology was rather homogeneous with surface RMS roughness (root mean square
roughness) of 1.92, 2.05, 2.12, 2.67 and 4.45 nm, with an approximate error of 1%, for
SnO: films with thicknesses of 10, 20, 30, 40 and 60 nm, respectively without an ultrathin
layer of PEIE. As can be seen from the AFM and SEM micrographs images, continuous

films were formed on ITO substrates, and the nucleation process was completed and

Ikram Anefnaf Page 158



nucleus growth had already preceded. After PEIE deposition onto SnO2, AFM and SEM
micrographs showed no agglomeration of PEIE on the surface and no significant

changes compared to samples without PEIE.

Y Hall Effect Study

Hall effect measurement was performed to investigate electrical properties of SnO:films
with different thicknesses. The obtained parameters of bulk concentration (n), resistivity
(0) and mobility (u) are listed in Table 8.1. The electrical properties confirmed the n-type
character of SnO2; moreover, the resistivity increased with SnO: thickness, and the
charge carrier concentration varied with the thickness and presented a maximum value

at 20 nm.

Table 8.1:Hall effect measurements of sputtered SnO: deposited on quartz.

Samples n (10 cm??) p (10°Q. cm) p (cm?/V.s)
10 nm -1.83+0.03 1.87 £0.02 472 +0.02
20 nm -2.62+0.02 1.78 £0.03 11.12 +0.02
30 nm -2.13+0.04 5.54 +0.02 4.70+0.03
40 nm -2.15+0.03 6.24 +0.04 4.30 £ 0.02
60 nm -1.78 +0.02 8.33 +0.02 4.20£0.03

8.3.2. Solar Cell Device Characterizations

% XRD and GIXRD Study

The effect of PEIE at the SnO/P3HT: PCBM interface was investigated through various
structural, optical and electrical analyses in order to understand the buffer bilayer effect
on inverted solar cell performance. XRD and GIXRD patterns of the prepared solar cells
were based on the following structure: glass/ITO/SnO2/PEIE/P3HT: PCBM, as depicted
in Figure 8.5 (a) and (b). Figure 8.5 (a) reports the XRD patterns of the prepared solar
cells with different SnO- thicknesses (10, 20, 30, 40, and 60 nm). One can notice that the
patterns demonstrated diffraction peaks corresponding to ITO, SnO:and P3HT,

suggesting a well-defined crystal structure of these materials.
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Diffraction peaks identifying polycrystalline structure of ITO were attributed to (211),
(400) and (411) planes. Comparing the P3HT:PCBM blend diffractograms with that of
pure P3HT (Figure 8.2), it was evidenced that the blend was characterized by (100), (200)
and (300), which were attributed to the P3HT crystalline structure; the diffraction peak
(100) at 26 = 5.3° corresponded to the interchain spacing of 16.32 A associated with inter-
digitated alkyl [314]. The SnO: diffraction pattern was dominated by the (110) peak
positioned at 20~26.52° regardless of the SnO: thickness. This peak, for all prepared

devices with different SnO: thicknesses, was an indication of the well-textured growth

of SnO: by sputtering [315].

(a) (b)
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—30nm
——40 nm
— 60 nm
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4 8 12 16

Figure 8.5:XRD (a) and GIXRD (b) patterns of all device glass/ITO/SnO./PEIE/P3HT:
PCBM/MoOs/Ag structures with different thicknesses of SnO: (10, 20, 30, 40 and 60 nm).

The elaborated devices were characterized by XRD and GIRXD using an incident angle
of 0.5° (Figure 8.5 (b)) to localize all the peaks attributed to SnO2; the main peak of the
latter was positioned at 20~26.52° and was attributed to the (110) plane; these patterns
exhibited another weak peak at 20~25° that belonged to the SnOx orthorhombic phase
(in accordance with JCPDS card no. 00-013-0111). Moreover, the GIXRD patterns
revealed an increase in the peak intensity corresponding to the SnO: tetragonal phase by
increasing SnO: thickness from 10 to 60 nm, which became sharper with a slight shift

with respect to the JCPDS card; therefore, the crystallinity improved as well. This
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indicates that SnO: surface morphology depends on SnO: thickness, which was also
proven by SEM and AFM images.
Y J-V Characterization and EQE Measurements

The metrics parameters of the elaborated inverted organic solar cells with and without
PEIE were extracted from the current density—voltage (J-V) characteristics under
illumination using AM1.5G with an irradiance of 100 mW/cm? The determined
parameters are summarized in Table 8.2, displaying short-circuit current density (Jsc),
open-circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE).

Table 8.2: Characteristics of PZHT: PCBM-based bulk heterojunction devices with different
electron transporting layer.

ETLs Thickness Jsc* Voc* (V) FF* (%) PCE* (%)
of SnO: (mA/cm?)
(nm)

SnO: 20 1.25+0.10 0.22+ 0.05 30.0£ 0.9 0.08+0.10
PEIE - 6.25+ 0.09 0.55+ 0.01 55.8+ 0.4 1.91+0.07

10 7.08+ 0.02 0.56+ 0.01 63.1£ 0.8 2.50+ 0.07

20 7.86% 0.05 0.57+0.02 63.5+ 0.5 2.84+ 0.04

SnO:2/PEIE 30 6.55+ 0.01 0.56+ 0.01 66.6+ 0.6 2.44+ 0.04
40 6.54+ 0.02 0.56+0.01 66.3+ 0.6 2.42+0.06

60 5.60+ 0.01 0.55+ 0.03 42.8+0.7 1.31+0.02

* The averaged values were calculated from 8 solar cells.

The J-V characteristics of glass/ITO/SnO2/P3HT: PCBM/MoQOs/Ag inverted solar cells
based on SnO: exhibited lower efficiencies (see Figure 8.6 (a)). These low efficiencies
were due to the high work function (WF) of SnO:that prevented charge carrier mobility,
which interrupted charge transfer from the active layer to SnO: and/or charge trapping
by interfacial ITO/SnO: and SnO:/P3HT: PCBM. In order to enhance the performance of
these devices, the surface modifier PEIE was introduced on top of SnO: to elaborate a
cathode bilayer device with the configuration ITO/SnO2/PEIE/P3HT:PCBM/MoQOs/Ag
while maintaining a constant thickness of PEIE (= 10 nm) and changing SnO: thickness

(10, 20, 30, 40 and 60 nm).
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Figure 8.6:]-V characteristics of glass/ITO/SnO2/P3HT:PCBM/MoOs/Ag (a) and glass/ITO/
SnO:/ PEIE /P3HT: PCBM/MoQOs/Ag; (b) devices with different thicknesses of SnO: (10, 20, 30,
40, 60 nm).

The J-V characteristics for the elaborated devices with and without PEIE are depicted
in Figure 8.6. The inverted organic solar cells with an SnO»/PEIE cathode bilayer
demonstrated better performance compared to those without PEIE; the device with 20
nm thickness of SnO:showed the highest performance with a short-circuit current
density Jsc = 7.86 mA/cm?, an open-circuit voltage Voc = 570 mV, a fill factor FF = 63.5%
and a power conversion efficiency PCE = 2.84%. The use of SnO>/PEIE as a cathode
bilayer increased the device parameters compared to those obtained for devices with a
single PEIE or SnO: cathode layer only; the extracted photovoltaic parameters of the
elaborated cells are presented in Table 8.2.

The incorporation of the PEIE layer improved the interface quality as well as
enhanced charge collection ability, which revealed an improvement of the photovoltaic
performance [29], [316].

The difference in device performance, with different electron transport layers, was
mostly due to the increase or decrease in the short circuit current densities, which were
consistent with external quantum efficiency (EQE) measurements.

The EQE is defined as number of charges (Ne) extracted at the electrodes divided by

the number of photons (Nph of a certain incident wavelength on the solar cell.
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Ne

EQE =
Q Nph()l)

(8.1)

The external quantum efficiency and internal quantum efficiency spectra of the best
20 nm device of SnO: with/without the PEIE layer are depicted in Figure 8.7 (a) and (b).
These spectra exhibited broad and high spectral responses ranging from 400 to 600 nm.
The best device with SnO: (20 nm)/PEIE exhibited a maximum of 60% and 64% for EQE
and IQE, respectively, around 550 nm. The device with only SnO: showed maxima of
55% and 53% for EQE and IQE, respectively, around 550 nm. The best performing
device with combined layers of SnO: (20 nm) and PEIE was attributed to the well-

aligned dipoles of PEIE on top of the SnO: layer.
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Figure 8.7: EQE and IQE curve of (a) the device with only-SnO: (20 nm) and (b) best cell based
on glass/ITO/SnO: 20 nm)/PEIE ETL.

8.4. Conclusions

In this chapter, we demonstrated an efficiency enhancement of inverted organic solar
cells based on heterojunction by combining aqueous solution processed PEIE and
sputtered SnO:2 as a cathode buffer bilayer by overcoming the limitations using a single
cathode buffer layer and tuning the work function of ITO. The PEIE surface modifier
within the sputtered SnO: layer is a promising alternative buffer bilayer to maximize the
percolation of electron charge carriers by the formation of a thin interfacial dipole
between the electron-transporting layer ITO/SnO: and the LUMO of PCBM. This

facilitates electron transport to the electrode by lowering the energy barrier between the
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active layer and the ITO/SnO:interface, and by suppressing trap-assisted
recombination, as well as improving the wettability between these layers, which leads to
increases in the short-circuit current density and the fill factor. The optimization of
SnO:deposition parameters led to a highly efficient device using the following structure:
ITO/SnO: (20nm)/PEIE/P3HT: PCBM/MoOs/Ag. An increase from 0.08% for a single
buffer layer up to 2.84% using the SnO: (20 nm)/PEIE cathode buffer bilayer was

obtained.
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Tailoring PEIE capped ZnO binary cathode for solution-processed
inverted organic solar cells

9.1. Introduction

Over past few years, solution-processed based polymer solar cells have attracted
considerable attention because of their broad advantages, including low cost,
mechanical flexibility and large-area fabrication compatibility with roll-to-roll process
[317]-[320]. Recently, the research in polymer solar cells (PSCs) has led to incredible
advances in power conversion efficiency (PCE), with efficiencies for single-junction
devices over 15-16% [321]-[326] and over 17% for multi-junction devices [326].
Generally, it is well known that PSCs structure can be classified into two major
configurations: conventional and inverted device architectures. The inverted structure
has been broadly used due to its long-term stability and light-harvesting capability. The
light window of organic solar cells (e.g. indium tin oxide, (ITO) is modified by electron
transporting layer (ETL) with low work function (WF). The insertion of proper ETLs
plays a vital role to promote the derived organic device performance [327], [328].
The metal oxide semiconductors are broadly deposited onto the ITO electrode like
titanium oxide (TiOx), tin dioxide (SnO2) and zinc oxide (ZnO) [329]-[332]. Specifically,
ZnO gained popularity due to its beneficial properties such as simple solution process,
high optical transparency, high electron mobility, low-cost, and environment-friendly
nature [333]-[335].
The polymer solar cell was influenced by unfavorable interfacial contact due to its high
hydrophilicity feature [333]. In this context, it is very essential to take some alternatives

to solve these problems. The surface modifier e.g. polyethylenimine-ethoxylated (PEIE)
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was used as an effective solution to improve the interface properties in plastic solar
cells.

The non-conjugated surface modifier PEIE contains aliphatic amine groups, which are
able to create a strong dipoles on the surface, as consequence, the work function of the
ITO is decreasing [302], [336]. The incorporation of PEIE can decrease the WF of the
electrode by the following mechanisms: (i) the amine groups adsorb to the surface of the
underlying electrode; (ii) the creation of an interfacial dipole on the electrode surface
(iii) the creation of a vacuum level shift by the interfacial dipoles [307], [331], [337].

Table 9.1 summarizes a collection of some successful challenges introducing PEIE
ultrathin layer in polymer solar cells.

Table 9.1 :Summary of metric parameters of record i-PSCs devices introducing PEIE interlayer.

Configuration Eff. FF Jsc Voc Comments Ref
(%) (%) (mA/em’) (V)
ITO/ZnO:PEIE/PTB7Th:PC71BM/Mo03/Al 9.47 70.44 17.23 0.78 PEIE doped ZnO (338]
ITO/ZnO/PEIE/PTB7:PC70BM/Mo005/Au 5.88 66.0 12.6 0.71 -- (339]
ITO/ZnO/PEIE/P3HT:PCBM/Mo00;/Ag 3.96 63.8 10.33 0.59 Synthesis ZnO particles [340]
was dispersed in MeOH
ITO/ZnO:PEIE/P3HT:PCBM/Mo0;/Ag 3.52 63.4 8.95 0.62 PEIE doped ZnO (0.1%) (341]
ITO/ZnO:PEIE/ PTB7:PCBM /M005/Ag 10.6 68.0 15.4 0.78 PEIE doped ZnO (0.1%) (341]
ITO/ZnO:PEIl/ PTB7:PCBM /Mo003/Ag 9.31 72.70 17.15 0.74 ZnO doped PEI (0.12 [342]
mg/mL)
ITO/ ZnO/PEIE/P3HT:PC61BM/Mo00;/Ag 4.04 63.83 9.81 0.65 PEIE dissolved in 2- (343]
methoxy ethanol (0.2
wt% PEIE)
ITO/ ZnO/PEIE/ PTB7: PC61BM/M003/Ag  8.12 66.0 16.48 0.75 PEIE dissolved in 2- [343]
methoxy ethanol (0.2
wt% PEIE)
ITO/ ZnO/PEIE/ PTB7: PC71BM/Mo00;/Ag 8.86 70.78 16.98 0.74 Zn0O nano-ridged [301]
structures (ZnO-R)
ITO/ZnO/PEI/ PBDTT 8.22 64.0 16.25 0.78 ITO/ZnO/PEI (WF=2.97eV) (307]
FTTE:PC70BM/Mo0O5/Ag
ITO/ZnO/PEIE/P3HT:PC71BM/MnO;/Ag 4.48 61.21 12.02 0.61 This work *

Several works have studied the effect of PEIE and ZnO CBLs on the inverted organic
solar cells performance (Table 9.1), an efficiency of 3.53% of the device based on P3HT:
PCBM was achieved by Yu et al. [341] using aqueous solution-processed ZnO : PEIE (0.1
wt% PEIE), and besides this work, Li et al. [340] have studied PEIE capped ZnO as ETL
for PBHT:PC61BM based i-PSCs. They prove that the insertion of PEIE capped ZnO as
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ETL leads to an enhancement of the device performance with 3.96%. Inspired by these
works, we investigated the low-temperature cathode buffer bilayer using the solution
processed ZnO and PEIE in i-PSCs based on P3HT: PC61BM.

In this chapter, we evaluated the CBL performance of ZnO/PEIE by elaborating inverted
organic devices based on poly (3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C71-butyric acid
methyl ester (P3HT: PC71BM). We fabricated a sequence of devices using ZnO with
different molecular ratios as a cathode buffer layer and PEIE interlayer as surface
modifier. The effect of PEIE interlayer on the ZnO morphology and on i-PSCs
performance was investigated. The schematic illustration of inverted organic device and

energy diagram of the relevant materials are depicted in Figure 9.1.

9.2. Experimental detail

9.2.1. ZnO NPs Synthesis

The zinc acetate dehydrate precursor (Zn (CHsCOO):2H:20, Aldrich, 99.5%)) was
dissolved in a blend of 2-methoxyethanol (CHs:OCH2CH:OH, Aldrich, 99.3%) and
ethanolamine (NH2CH-CH20H, Aldrich, 99%). The molar ratio of zinc acetate dehydrate
(ZAD) to ethanolamine (MEA) was 1:2, 1:1 and 0.8. The solution was kept at 80°C for 1h
with continuous stirring. The prepared solutions were keeped in the fridge and then

filtered by 0.2 um polytetrafluoroethylene (PTFE) before use.

9.2.2. Organic solar cells fabrication

& ZnO buffer layer deposition

First, the ITO (sheet resistance 5-15(), Lumtec) substrates were cleaned by continual
sonification in aqueous solution of detergent, deionised water, acetone and 2-
isopropanol for 15 min each solvent, followed by UV-ozone treatment for 10 min to
eliminate contaminants from the surface. The synthesized solution ZnO was coated onto
cleaned ITO substrates with a speed of 2500 rpm for 30 s and annealed at 200° C for 30

min.
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& PEIE ultrathin layer preparation

Polyethylenimine, 80% ethoxylated (Mw = 70,000 g/mol, Sigma-Aldrich), was prepared
by diluting 0.6% by mass in 2-methoxyethanol (99.8%, Sigma-Aldrich). The solution was
spin-coated onto ITO/ZnO substrates at a speed of 5000 rpm for 60s. Then, the prepared
structures were placed inside the nitrogen-filled glove box for further treatment and
depositions to complete the device structure; the thin films were annealed at 100 °C for

15 min before depositing the active layer.

& Photovoltaic device fabrication

The photoactive layer comprising poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C71-
butyric acid methyl ester (PC71BM) at a weight ratio of 1:1 was coated from a solution of
1,2-dicholorobenzene onto ZnO thin films. After that, the prepared organic thin films
were annealed at 150 °C for 10 min. Finally, the solar cells were completed by thermal
evaporation of 7 nm of MoOs followed by 100 nm of Ag. The prepared devices, with
various molar ratios of ZnO layer, are presented as follows: ITO/ZnO/P3HT:PCBM/
MoO:s/Ag, additional series of devices were performed by insertion of PEIE interlayer

with the following structure ITO/ZnO/PEIE/ P3BHT:PCBM/ MoOs/Ag.
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Figure 9.1:(a) Schematic illustration of the inverted polymer solar cell (b) SEM cross-section
image (c) and energy level diagram of the i-PSC investigated in this work.

The schematic of device architecture and the energy band diagram are shown in Figure
9.1. The i-PSCs were fabricated on ITO coated glass substrates with the following
structure of ITO/CBLs/P3HT: PCBM/MoQOs/Ag. The conduction band of ZnO is -4.5eV
and a valence band energy of -7.7eV [339], which suggests that electrons come from the
P3HT:PCBM could be transported into ZnO, however holes from P3HT:PCBM could be
blocked. The PEIE layer produces interfacial dipole between ZnO and P3HT:PCBM
interface, leading to reduce the work function of ZnO (from 4.5 to 3.8 eV) and that of

ITO (from 5.1 to 4.1 eV) [344].
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9.2.3. Electrostatic Self-Assembly of non-conjugated
polymer PEIE

The functional amines of non-conjugated polymer PEIE layer can be partially
protonated by accepting the positively charges H* (protons) detached from the H-O,
which makes PEIE reveals the cationic characteristics [337]. The direct contact between
PEIE interlayer and the hydroxyl terminated ZnO occurred the electrostatic self-
assembly as demonstrated in the schematic illustration presented in figure 9.2. The
negatively charged terminal oxygen O- (ions) of the ZnO surface combined with the
protonated amines (H*) of the cationic PEIE. After the annealing of PEIE interlayer, at
100 °C for 10 min, the dissociated hydroxide (OH-) from water inter-connected with
protonated amines will rejoin the H* of the hydroxide on ZnO surface, and then
removed in the form of H2O [304], [345]. The created electrostatic interaction instantly

makes a strong interfacial dipole at PEIE/ZnO interface.

Aqueous solution

Figure 9.2: The electrostatic self-assembly of PEIE on ZnO surface.

9.2.4. Characterization

The UV-vis absorption and transmission spectra of organic and inorganic thin films
were measured using a UV-Visible spectrophotometer (Perkin-Elmer Lambda 950). The
cross-sectional image of a complete iPSC device was obtained from a scanning electron
microscopy (SEM) system (4700 and 54800). The surface morphologies of thin films were

carried out by Atomic Force Microscopy (AFM) with a Nanoscope Dimension 3100 from
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Veeco Instruments. The devices performance were measured under AM 1.5G solar
simulator inside nitrogen-filled glove box, the current-voltage (I-V) measurements were
conducted by Keithley 2400 with 100 mW/cm? (AM 1.5G) simulated sunlight from a
Newport solar simulator. The External Quantum Efficiency (EQE) measurements were

also performed for the elaborated devices.
9.3. Results and discussions

The electron selective layer based inverted polymer solar cell should have good
transmittance so that light can pass through to the absorber material. Figure 9.3 (a)
shows the transmission spectra of ZnO thin films with molar ratios of ZAD to MEA set
at 1:0.8, 1:1, and 1:2 coated on ITO substrates. The optical transmittance reveals that all
the ZnO thin layers presented high transmittance (>82%) over the visible wavelength
range. In organic materials (Figure 9.3 (b)), the P3HT: PCBM presented a wide
absorption in the range of 400-650 nm with a maximum at ~540 nm, while the
maximum absorption peak of P3HT was ~ 550 nm. Moreover, the PCBM acceptor
presents a broad absorption in the range of 300-575 nm and reveals a maximum

absorption at ~ 375 nm region (Figur 9.3 (b)).
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Figure 9.3: Transmittance spectra of ZnO with different ratio (a), and the absorption spectra of
PC71BM, P3HT and P3HT: PC71BM (b).
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The J-V curves measurements for the inverted solar cells with different CBLs are
demonstrated in Figure 9.4 ((a), (b) and (c)). The corresponding performance parameters
based devices are summarized in Table 9.2. Noticeably, the photovoltaic performance of
devices is enhanced after the PEIE interlayer was inserted with the CBL. As for the
devices with the ZnO ETLs pristine (control devices), the performance was dependent
on the molar ratios of ZnO to MEA. As shown in Table 9.2, the efficiencies of the
reference devices, first, increased and then decreased with enhancing MEA ratio. The
PCE of reference device with ZnO (1:1) exhibits an average Jsc of 10.38 mA/ cm? an open
voltage (Voc) of 0.59 V, fill factor (FF) of 60.01%, and a PCE of 3.67%. Obviously, the
quality of ZnO layer plays a vital function in extracting and transporting the generated
electron and servers as a hole-blocking layer, and consequently influences the FF and Jsc.
From these results, further enhancing MEA ratio would decrease the device
performance, which can partially be attributed to the incomplete nucleation of ZnO
matrix and/or the presence of pinholes on the ZnO surface, leading to serious issues in
carrier recombination and hence lowering the current density (Jsc) in the devices.
Nevertheless, when an ultrathin layer of PEIE was incorporated between the ZnO and
P3HT:PCBM, the FF and Jsc were enhanced, leading to a significant improvement in the
efficiency. It is observed from the obtained results that the device based PEIE CBL
shows a significant increase with maximum PCE of 4.48%, a Voc of 610 mV, a FF of
61.21% and a Jsc of 12.02 mA/cm? Nevertheless, when PEIE was introduced between the
photoactive layer and the ZnO (PEIE/ZnO CBL), the device performance was
breakdown, which leads to a remarkable low efficiency, with a PCE of 1.55 %, a Voc of

470 mV, a FF of 35.83% and Jsc of 9.23 mA/cm?.
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Figure 9.4: |-V characteristics under simulated AM 1.5G illumination (100 mW/cm?) of the
elaborated devices with different molar ratio of ZnO:MEA for structures: (a)
ITO/ZnO/P3HT:PCBM/Mo0Os/Ag based i-PSCs, (b) ITO/ZnO/PEIE/P3HT:PCBM/MoOs/Ag
based i-PSCs, , (c) |-V characteristics under simulated AM 1.5G illumination (100 mW/cm?) of
the devices prepared with ZnO: MEA (1:1) using various CBLs (ZnO, ZnO/PEIE, PEIE/ZnQO)
and (d) the corresponding EQE spectra of the i-PSCs based devices with ZnO, ZnO/PEIE and
PEIE/ZnO used as CBLs.

The performance improvement should be obviously ascribed to the improved between
the absorber and CBL layers. The incorporation of ultrathin PEIE interlayer improved
the interface properties and increased the charge collection ability in the device.

The external quantum efficiency spectra of the elaborated cells with different CBLs are
depicted in Figure 9.4(d). Compared to the devices with ZnO and PEIE/ZnO, the device
with ZnO/PEIE CBL revealed a wide and high EQE ranging from 350 to 700 nm,

consistent with J-V measurements. This significant improvement could be produced by
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the well contact between the active layer (P3HT: PCBM) and ZnO/PEIE CBL, which can

facilitate the electrons percolation and block the holes from P3HT:PCBM to ITO.

Table 9.2: Photovoltaic parameters recorded for PSHT:PCBM-iPSC based on ZnO, ZnO/PEIE
and PEIE/ZnO CBLs with different molar ratios of ZnO.

CBLs Molar ratio ZnO Jsc* Voc* FF* PCE*
to MEA (mA/cm?) V) (%) (%)

1:2 9.29+0.02  0.55+0.05 51.18+0.17 2.61+0.01

ZnO 1:1 10.38+0.04 0.59+0.07  60.01+0.66 3.67+0.02
1.08 10.03+0.02  0.60+0.06  59.73+0.22 3.59+0.02

ZnO/PEIE 1:2 10.01£0.07  0.60+0.02  54.12+0.20 3.25+0.01
1:1 12.02£0.03 0.61+0.01 61.21+0.31 4.48+0.02

1.08 11.54+0.01 0.61+0.03  60.78+0.52 4.27+0.02

PEIE/ZnO 1:1 9.23+0.02  0.47+0.06  35.83+0.72 1.55+0.05

* The averaged PCEs were calculated from 8 solar cells.

The statistical metric parameters of i-PSCs with different CBLs ZnO, ZnO/PEIE and
PEIE/ZnO are presented in Figure 8.5. As can be seen, the device performance is
improved when an ultrathin layer of PEIE was incorporated between ZnO layer and
photoactive layer. An increase in the FF and the Jsc values of the devices lead to a
significant improvement in the PCE which enhanced from 3.67 to 4.48%. However,
when PEIE was incorporated between ZnO and ITO, the device performance was
breakdown with a significant decrease in FF, Voc and Jsc leading to a drop-off in the
PCE. The results demonstrate that the cells based on ZnO/PEIE CBL achieve a good
performance; this improvement can be ascribed to the improved absorber/ZnO interface
properties and the increase of the charge collection ability with incorporating PEIE

interlayer.
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Figure 9.5:Box plots showing the distribution of the photovoltaic parameters (Efficiency, Voc, Jsc
and FF) recorded for the elaborated inverted solar cells based on ZnO, ZnO/PEIE and PEIE/ZnO
CBLs determined by |-V analysis from eight distinct devices for each sample (all samples are
with ZnO: MEA 1:1 molar ratio).

In order to investigate the surface characteristics of different CBLs, an atomic force
microscope (AFM) was assumed to measure the surface morphology of glass/ITO/ZnO,
glass/ITO/ZnO/PEIE and glass/ITO/PEIE/ZnO. The obtained micrographs 2D and 3D are
presented in Figure 9.6. The root mean square roughness (RMS) values were 2.7, 1.7 and
6.4 nm for the thin films with the configuration of glass/ITO/ZnO, ITO/ZnO/PEIE, and
ITO/PEIE/ZnO, respectively. Compared to other CBL configurations, ITO/ZnO/PEIE
CBL presents a lower value of ~1.7 nm, which might be due to homogenous covering of
ZnO film with PEIE ultrathin layer. The higher roughness of ITO/PEIE/ZnO suggests
that the PEIE film is damaged after the deposition of ZnO layer. As can be seen from the
2D and 3D AFM images Figures 9.6 (c), a few portion of uncovered ITO substrate is

formed with the presence of some agglomerations on the surface. However, by adding
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PEIE modified ZnO (ITO/ZnO/PEIE) a smaller RMS value was achieved (1.7 nm). This
smoother morphology presented by ITO/ZnO/PEIE CBL can supply good contact

between the active layer and CBL, which is in agreement with the obtained results.

7.9 nm

-6.6 nm

7.9 nm

b)

-6.6 nm

7.9nm

-6.6 nm

Height Sensor 1.0 ym

Figure 9.6: 2D and 3D AFM micrographs of the different prepared structures for CBLs: a)
ITO/ZnO, b) ITO/ZnO/PEIE and c) ITO/PEIE/ZnO.

Another important factor which plays a vital role in the performance of organic solar
cells, it is long-term stability. In this context, according to the ISOS-D-1 shelf method
[346], we controlled the stability of the elaborated devices with ZnO, ZnO/PEIE and
PEIE/ZnO CBLs. The devices were saved under ambient air without encapsulation, and
the performances of the devices were tested at regular time over 70 days. The records of
the device performance stability of the elaborated devices using only ZnO, ZnO/PEIE
and PEIE/ZnO CBLs as a function with the storage time (days) presented in Figure 9.7.
One can notice that, the average efficiency of ZnO/PEIE based devices still remains at

3.6%, which represented around 80% of its initial value (4.48%) after 30 days, while the
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average efficiency of free PEIE devices (with only ZnO CBL) was reduced radically from
3.67 to 2.94% (~80% of its initial value) after ~30 days. However, the average efficiency of
Zn0O covered PEIE devices (PEIE/ZnO) after 30 days, was reduced radically from 1.55 to
0.9% (~60% of its initial value).

From the results, the elaborated devices ZnO/PEIE CBL shows slightly better storage
stability even though the PCE gradually decreased. The recovered stability of the best-
performed device could be associated to the good interface contact between the
photoactive layer and CBL, which could increase the charge transport and decrease the

interface recombination.

1.0 9
° 3 e @
g -]
> 0.8f- 82
c -}
.9 i 9 9
(8) @ @ 9O 9o 9
& 0.6 .
o @ @ 9@ o o
'U -
N
= 0.4}
© e ZnO
E I o  ZnO/PEIE
(]
S 0ol PEIE/ZnO
0.0l 1 | 1 1 1 1 2 1 1 1 2 1 1 1

10 20 30 40 50 60 70
Time (days)

Figure 9.7: Stability test for the elaborated devices with different CBLs under ambient air

condition without encapsulation.

9.4. Conclusions

In summary, a ZnO solution was prepared by a chemical route and coated at a fixed
RPM. The thicknesses of the ZnO thin films were controlled by varying the solution
concentration ratios of ZnO to MEA. We investigated a self-assembled modification

interlayer to enhance the wettability between the absorber material and CBL.
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From these findings, the following conclusions are drawn:

1.

The optimal device performance is achievable at 1:1 ratio of ZAD to MEA with a
maximum efficiency of 3.67%, Voc of 0.59 V, FF of 60.01% and Jsc of 10.38 mA/
cm?.

A significant performance enhancement is achieved after the incorporation of
PEIE wultrathin layer, which is ascribed to the improved interface properties
between the ZnO/PEIE layer and the photoactive layer due to the relatively
smoother surface of the PEIE-coated ZnO layer compared to the ZnO layer
without the PEIE interlayer.

The high efficiency of 4.48% is achieved with ZnO/PEIE CBL, which is higher
than that of PEIE free- device.

These findings demonstrate that the combination of the solution-processed
ZnO/PEIE cathode bilayer significantly enhanced charge carrier mobility which is
beneficial for high-performance i-PSCs.

The efficient device exhibits good long-term stability without any encapsulation,

which is related to an excellent interface contact.
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Conclusions and Outlook

The main objective of the work is presented through the first part of this thesis was to
synthesis a novel kesterite solar cells wide bandgap based on pure Ge (Cu2ZnGeSes), as
an alternative solution to overcome the shortcomings related to classical kesterite.
However, the record efficiency of type of compound is still significantly lower than
those of its predecessors Cu2ZnSn(S:Seix)s (CZTSSe), Cu(In,Ga)Se: (CIGS) and CdTe
thin-film solar cells.

In this context, the comprehensive understanding of the factors limiting the
performance of Cu2ZnGeSes based solar cells is the purpose of this thesis. Besides, an in-
depth investigation of the main limitations is carried out, specifically focusing on
studying the origin of the large Voc deficit, the main recombination mechanisms, electric
transport properties, band tails and possible Cu2ZnGeSes/CdS band offset effects.

The main findings drawn from the first part of this thesis are of a great novelty in the

kesterite field and can be summarized as follows:

e The Voc deficit can likely be ascribed to a Fermi level pinning at the interface,
though the influence of bulk defects shouldn’t be yet discarded. A spike-like
absorber/buffer junction could alleviate this issue.

e The multi-wavelength Raman analysis has demonstrated that changes in Vcu
concentration were the main culprit affecting the solar cell performance, which
stemmed mainly from FF and Jsc variation, considered the first parameters
impacted by this point defect.

e The complex analytical correlation of compositional, spectroscopic and

optoelectronic data for each of the 200 solar cells, has allowed revealing that
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Vcu controls the Jsc and FF of the devices while the substitutional defects have
their main influence on the V. leading to an optimum cationic compositional
range of [Zn]/[Ge] = 1.05-1.15 for achieving the high efficiency (~6%) solar cell
devices.

e The optimal composition range with optimal defects concentration were found in
the range of Zn/Ge= 1.05-1.15 and Cu/(Zn+Ge)= 0.65, and exhibited a maximal
efficiency of 6.2%, Vo= 597 mV, Js= 17 mA/cm? and FF=60% with a band gap of
14eV.

To further improve the devices presented in this thesis, serval strategies to boost the

efficiency of Cu2ZnGeSes kesterite solar cells:

1. The use of alkali post-deposition treatments has demonstrated a spectacular
improvement in the carrier lifetime in CIGSe solar cells, especially when using
heavier elements such as Na, K, Li, Rb or Cs. A similar approach could be
followed in Cu2ZnGeSes solar cells.

2. The doping strategies have led to a better crystalline quality of the CZGeSe
absorbers, the avoidance of formation of detrimental point defects, the reduction
and control of compositional fluctuations during the synthesis processes by
modifying the reaction pathways, and the control/optimization of the doping
level of the absorber.

3. The buffer layer composition may also be positively altered by substituting a
limited amount of Cd by Zn and obtain a spike-like p-n interface, which could

help alleviating the interface voltage limitation.

Overall, this has allowed a significant improvement of the cell voltage, leading to a
reduced Voc deficit and, ultimately, a remarkable performance improvement of kesterite

solar cells.
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Bulk heterojunction organic solar cells (BH] OSCs) are very promising organic-based
devices for low-cost solar energy conversion, compatible with roll-to-roll or general
printing methods for mass production. Nevertheless, to date, many issues should still be
addressed, one of these being the poor stability in ambient conditions. One elegant way

to overcome such an issue is the inverted organic solar cells.

The aim of this thesis part is elaboration and characterization of efficient inverted
organic solar cells, using metal oxides such as ZnO and SnO: as an electron transporting
layer, as a way to overcome the shortcomings associated with the PEDOT: PSS

conventional configuration. The following conclusions are drawn from our study:

e The work is devoted to an inverted organic solar cell based on bulk
heterojunction using poly (3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C71-butryric
acid methyl ester (P3HT:PCBM) as an absorber.

e The originality of the work in this thesis is to overcome the limitations of the use
of a single cathode buffer layer, using the cathode buffer bilayer tin dioxide
(SnO2) with PEIE.

e The PEIE surface modifier within the sputtered SnO:layer is a promising
alternative buffer bilayer to maximize the percolation of electron charge carriers
by the formation of a thin interfacial dipole between the electron-transporting
layer ITO/SnO: and the LUMO of PCBM. This facilitates electron transport to the
electrode by lowering the energy barrier between the active layer and the
ITO/SnO: interface, and by improving the wettability between these layers, which
leads to increases in the short-circuit current density and the fill factor.

e The thicknesses of the synthesis ZnO thin films were controlled by varying the
solution concentration ratios of ZnO to MEA. We investigated a self-assembled
modification interlayer to enhance the wettability between the absorber material

and CBL.
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e Significant improvement in the devices was achieved after the incorporation
of PEIE ultrathin layer, which is ascribed to the improved interface
properties between the ZnO/PEIE layer and the photoactive layer due to the
relatively smoother surface of the PEIE-coated ZnO layer compared to the ZnO

layer without the PEIE interlayer.
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Appendix
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Insights on the limiting factors of Cu,ZnGeSe, based solar cells
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Figure A.01: Statistical box charts of the measured photovoltaic parameters for 13 cells based on
CZGeSe films grown using the SLG/Mo/Cu/Zn/Ge structure in the selenization process.
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Figure A.02: Simulated band diagram of the solar cell reported in this work.
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Combinatorial and machine learning approaches for the
analysis of Cu,ZnGeSe,: influence of the off-stoichiometry on

defect formation and solar cell performance
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Figure B.01: Picture (left) and mappings of XRF cations ratios (middle and right) of the

combinatorial sample.
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Figure B.02: Raman spectra of the cells with compositions close to A-type off-stoichiometric line
with (solid lines) and without (dotted lines) ZnSe secondary phase.
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Evaluation of different buffer materials for solar cells with
wide-gap Cu,ZnGeSe, absorbers
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Figure C.01: Raman scattering spectra of Cu:ZnGeSes solar cells with different buffer layer

measured under different excitation conditions. Numbers indicate the peaks position.
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Figure C.02: Cross section and top view SEM images of CZGSe solar cells with different buffer
layers synthesized at 330°C-480°C (Standard process).
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Figure C.03: Boxplot diagram of the device performance parameters of CZGSe cells made with

the various buffer layers.
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Abstract

The main work of this thesis is divided into two parts: The first has an objective to shed light on
the feasibility of developing a novel wide band-gap kesterite based solar cells using pure Ge
(Cu2ZnGeSes), as an alternative solution to overcome the drawbacks related to free Ge-kesterite
solar cells (Tin-kesterite). To fulfill this general objective, the following sub-objectives are
proposed and experimented: (i) optimization of sequential processes for Cu2ZnGeSes absorbers
synthesis, (ii) study and identification of defect types and concentrations of off-stoichiometric
concentrations of CZGeSe and (iii) understanding the main losses mechanisms limiting the
performance of kesterite CZGeSe. In the second part, the elaboration and characterization of
efficient inverted bulk heterojunction organic devices are presented and discussed. The second
part of this thesis is dedicated to optimize and analyze organic solar cells using different
organic materials, small molecules (fullerene derivatives) as acceptors and conjugated
polymers as donors.

Keywords: Kesterite, CZGeSe, PVD, synthesis, defects, off-stoichiometric, organic solar
cells, cathode buffer layer, ZnO, SnO:, PEIE.

Résumé

Les travaux menés lors de cette these sont divisés en deux parties. La premiere partie a pour
objectif de faire la lumiere sur la faisabilité du développement d'une nouvelle cellule solaire a
base de kesterite a large bande interdite utilisant du Ge pur (CuzZnGeSes), comme solution
alternative pour surmonter les inconvénients liés pour libérer les cellules solaires Ge-kesterite
(on remplace donc Sn par Ge). Pour remplir cet objectif, les sous-objectifs suivants sont proposés
et expérimentés: (i) Optimisation de procédés séquentiels pour la synthese d'absorbeurs
Cu2ZnGeSe4, consistant a déposer par pulvérisation cathodique des empilements métalliques
Cu/Zn/Ge sur des substrats en verre sodo-calcique revétus de Mo, suivi d'un recuit thermique
sous atmosphere Se+Ge, (ii) Etude des concentrations hors stoechiométrie de CZGeSe et
identification des types de défauts et (iii) Compréhension des principaux mécanismes de pertes
limitant la performances des cellules solaires a base de kesterite CZGeSe, y compris l'ingénierie
de surface pour compenser et atténuer ces pertes. La deuxieme partie de cette these est dédiée a
I'optimisation et a 1'analyse des cellules solaires organiques en utilisant différents matériaux
organiques : donneur et accepteur.

Mots clés : Kesterite, CZGeSe, PVD, synthese, défauts, hors stoechiométrie, cellules solaires
organiques, couche tampon cathodique, ZnO, SnOx.
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