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ABSTRACT

A major global issue that the world is facing today is the upcoming depletion of fossil
fuels and the energy crisis. The development of a clean source of renewable energy for
harvesting light energy to electricity becomes an urgent need. Perovskite solar cells (PSCs)
have attracted tremendous attention during the last ten years; the power conversion efficiency
has seen a vast improvement from 2.2 % to more than 25 %. However, the performance is far
from the Shockley-Queisser Limit.

The first part of this thesis focuses on the drift-diffusion simulation of organic-inorganic
PSCs based on MAPDIz as harvest light. The second part of this work investigated the
decreasing recombination rate at interface layers of PSCs by designing a new optimum band
offset, which could deliver 26.56% efficiency using (FAPbI3)oss(MAPbBr3)o.15 as absorber
layer with the fabrication process of all layers.

The third line of this work concentrated on boosting the performance of inorganic PSCs

using CsPbl>Br and CsSnlI3.xBrx as inorganic and ecofriendly active layers, respectively, for
the first time through drift-diffusion simulation.

This thesis proposed an experimentally efficient electron transport layer based on SnO»:
Cs2COz3 to address the challenge of misalignment in PSCs. The fabrication processes of P-i-N
all-inorganic PSCs based on CsPbl,Br and drift-diffusion simulation have also been
investigated.

Keywords: Devise Simulation, Drift-Diffusion, Perovskite Solar Cells, MAPblIs,
(FAPDI3)o.ss(MAPbBTr3)o.15, CsSnlsxBrx, CsPbl2Br, Device Fabrication.
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Résumé

L’¢épuisement imminent des conductibles fossiles constitue actuellement un véritable

probleme auquel le monde entier doit y faire face. Les cellules solaires a base de matériaux
pérovskites (PSCc) ont attiré vivement I"attention de plusieurs chercheurs a travers le monde
au cours de la derniére décennie.
Cette thése a pour objectif principal de proposer la mise en ceuvre d’une couche efficiente pour
le transport des électrons dans les PSCc afin d’éviter le désalignement dans les cellules
photovoltaique & base de pérovskites. De méme, sur la base de la simulation numeérique des
courants de dérive et de diffusion, considérée comme premiere au monde, nous fabriquons une
cellule solaire P-i-N a base de matériau inorganique type CsPbl2Br.

La premiére partie porte sur la simulation des courants de dérive et de diffusion connue
sous le nom ‘‘drift-diffusion model’” en utilisant le logiciel SCAPS pour étudier et analyser
I’efficacité des PSCc a base de MAPbIz comme absorbeur de la lumiére.

La deuxieme partie est axée essentiellement sur 1’étude de la diminution du taux de
recombinaison au niveau des couches d'interface des PSCc, qui pourrait fournir une efficacité
de 26 .56% en employant (FAPbI3)o.ss(MAPbBTr3)0,15 comme couche absorbante. Un procés de
fabrication des couches est adapté également dans cette étude.

La troisieme partie est réservée a la simulation numérique du modele *’drift-diffusion”’
afin d’augmenter le rendement des inorganiques PSCc, en utilisant CsPbl2Br et CsSnls.xBrx
comme des couches actives.

Mot clés: Simulation ,Drift-diffusion ,SCAPS, Cellules solaires , Matériaux pérovskites
(PSCs), MAPbI3 , (FAPbIz)oss(MAPDBI3)o,15 , CsSnlsxBrx , CsPbl2Br , Fabrication
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Résumeé détaillé

L’¢épuisement imminent des conductibles fossiles constitue actuellement un Vvéritable
probleme auquel le monde entier doit y faire face. Ainsi, le développement d”une source propre
d"énergie renouvelable permettant la conversion directe photons-électrons devient une
nécessité urgente. Les cellules solaires & base de matériaux pérovskites (PSCc) ont attiré
vivement |"attention de plusieurs chercheurs a travers le monde au cours de la derniére
décennie. En effet, plusieurs travaux théoriques et expérimentaux, allant du massif au
nanoparticule, ont ¢été développés pour I’amélioration du rendement de la cellule
photovoltaique. Ces travaux ont donné lieu a une amélioration importante du rendement allant
de 2.2 % a plus de 25% dans les dix derniéres années. Cependant, malgré les efforts énormes
déployés par la communauté scientifique dans ce domaine, ils existent encore des problémes a
résoudre, tels que la minimisation du cout, stabilisation des matériaux utilises, augmentation
de la durée de vie de la cellule, amelioration du rendement et ajuster le dimensionnement.
Cette these a pour objectif principal de proposer la mise en ceuvre d’une couche efficiente pour
le transport des électrons dans les PSCc afin d’éviter le désalignement dans les cellules
photovoltaique a base de pérovskites. De méme, sur la base de la simulation numérique des
courants de dérive et de diffusion, considérée comme premiere au monde, nous fabriquons une
cellule solaire P-i-N & base de matériau inorganique type CsPbl2Br.

Pour ce faire, le travail de cette thése est composé de trois parties essentielles:

La premiére partie porte sur la simulation des courants de dérive et de diffusion connue
sous le nom ‘‘drift-diffusion model’’ en utilisant le logiciel SCAPS pour étudier et analyser
I’efficacité des PSCc a base de MAPbIz comme absorbeur de la lumiére , on comparant le
rendement des couches de transport des électrons (TiO2 , ZnO et SnO>) et aussi des couches de
transport des trous (Spiro-OMeTAD ,P3HT,CuO2,CuShS; et CuSCN).

La deuxieme partie est axée essentiellement sur 1’étude de la diminution du taux de
recombinaison au niveau des couches d'interface des PSCc, qui pourrait fournir une efficacité
de 26 .56% en employant (FAPbI3)ogs(MAPDBI3)o,15 comme couche absorbante. Nous avons
montré aussi I’effet de la band de conduction de couche du transport des électrons et la band de
valence de couche du transport des trous .Un procés de fabrication des couches est adapté
également dans cette étude.

La troisieme partie est réservée a la simulation numérique du mode¢le *’drift-diffusion”’

afin d’augmenter le rendement des inorganiques PSCc, en utilisant CsPbl.Br SnO2 comme




couches active et de transport des électrons respectivement pour étudier I’effet de la band de
conduction on utilisant différent couches de transport des trous selon le schéma suivante :

F 3

Energy (eV)

A©

Nous avons propos¢ aussi I’utilisation des cellules solaire qui respectent I’environnement

a base de CsSnls.xBry comme couche active. On adaptant aussi une méthode de syntheses et

préparation pour fabriquer une cellule photovoltaique a base de matériaux inorganique
pérovskite.
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Chapter 1: General Introduction

“I'd put my money on the sun and solar energy. What a source of power! |
hope we don’t have to wait until oil and coal run out before we tackle that.”

--Thomas Edison

1 Background

Looking deeply at Edison’s message, utilizing renewable energy is vital for the sustainable
development of society. The fossil energy sources play a massive part in our daily consumption of
electricity. The limitation of the reserve of the fossil energy source is still under debate. Even the
storage of oil or coal is always at a high level, but their consequences are already started, pollution and
climate change are an example of those consequences. As Barak Obama said, clean energy becomes
urgent in the ©* The irreversible momentum of clean energy ’ [1]. Considering Edison’s message, the
solution to these issues will come without a doubt from the alternative source energies. Take a look at
the electricity production, as shown in Figure 1, the renewable energies are still far from the world’s
predictions.

38.3% Coal
22.9% Gas
® 16.3% Hydro
Total
25,721 TWh ® 10.2% Nuclear

@® 6.6% Solar, Wind,
Geothermal & Tidal

3.3% Ol
@® 23% Other

Figure 1: Word electricity production by source 2017

Solar energy is predicted as typical renewable energy to replace fossil fuel supplies to resolve the
increasingly severe energy crisis and environmental problems. A solar cell is one critical technique of
converting solar energy directly into electric power. Presently, the utility-scale solar power has become
cheaper and cost-competitive compared with electricity from traditional energy sources like coal,
nuclear, natural gas, and integrated gasification combined cycle(IGCC) power plants and therefore has
grown to a massive contribution to the global economy.

However, promising solar cell industrialization that is adequate to resolve the global energy
problems remains a considerable challenge. It requires low cost using abundantly available materials
and environmentally friendly upstream industries, which call for the state-of-art R&D of new
generation solar cells to promote their fast speed industrialization. Dye-sensitized solar cells (DSSc)
and perovskite solar cells (PSCs), often regarded as the third generation photovoltaic technology, have

L|EA electricity information 2019 /https://www.world-nuclear.org/
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gained worldwide interest due to their low cost, environmental-friendly fabrication process, and high
energy conversion efficiency. The basic physic behind the emergence of solar cells is inevitable to
boost their performance.

2 Solar radiation

The Sun is the central star of our solar system; it contains mainly the hydrogen and helium .the
total proprieties of this fantastic start illustrate in Table 1.

Table 1: Properties of Sun

The distance from the Earth 149,600,000 Km

Diameter 1,392,000 Km

Volume 1.4E27 cube meter

Mass 1.993E27 kg

Pressure Over 1 billion atmospheres
The temperature at the center / the About 15,000,000 k/6000 K

surface
Energy radiation 3.8E26 W
The Earth receives 1.7E18 W

The condition at the center of the Sun leads to the operation of nuclear fusion take place with the
significant atomic reaction; the proton-proton result according to several steps; four protons react to
produce :

¢One helium core (two protons and two neutrons ),
¢ Two positrons (the anti-particles of electrons );

e Two neutrinos,

e Electromagnetic radiation.

Internal structure:
inner core

radiative zone Subsurface flows
convection zone

Photosphere

2

Chromosphere

/

Corona

Figure 2:The layer structure of the Sun (obtained from NASA)[2]

The helium core mass is less than that of four protons; the energy difference is converted into
energy using Einstein's equation discussed above. The total power is about 3.8E26 W. The center of
the Sun is very dense, and solar radiation cannot travel freely. It is still continuously absorbed and re-
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emitted, such take to 170 000 years to move to the solar surface. The photosphere (surface of the Sun)
is the solar radiation source that hits the Earth. We refer to the solar constant as the total irradiance of
the solar radiation at the mean Earth-sun distance on a plane perpendicular to the Sun's direction,
outside the Earth's atmosphere, 1361 W/m?2,

_UV_visible _ near-infrared

1.0
Solar Energy Distribution
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Figure.3: Solar energy distribution vs. wavelength(3]

The spectral distribution of solar radiation is the number of photons of particular energy as a
function of the wavelength. The spectrum outside the atmosphere of Earth is called the AMO spectrum.
The irradiance at AMO is le(AM0)=1361 W/mz2. The irradiance attenuated after passes through the
atmosphere of Earth, it is. The Sun's position on the sky and the distance to the surface of Earth have a
significant effect on solar radiance when the Sun is at the zenith, in which the shortest distance is called
AMO from the ratio of the optical air mass.

3 Milestones of the photovoltaics :

1839: Alexander -Edmund Becquerel, a young experimental physicist in France, discovered the
photovoltaic effect at the age of 19 while assisting his father, experimenting with electrolytic cells made
up of two metal electrodes.

1873:W.Smith, working in the U.K., discovered selenium's photoconductivity, which led to the
invention of the photoconductive cell.

1883: Ch. Frits, an American inventor, described the first solar cell made from Se selenium wafers.

1887: H.Hertz discovered in Germany that ultraviolet light altered the lowest voltage capable of causing
a spark between two metal electrodes.

1888: Ed. Weston receives the first patent for solar cells (U.S. 389124 and US3891-25).
1904: W. Hallwachs discovered the photosensitivity in a copper/cuprous oxide pair.

1904: A.Einstein publishes his pioneering theoretical work on the photoelectric effect (Noble Prize in
1921).
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1916: R.A Millikan provides experimental proof of the photoelectric effect.
1916: Y. Czochralski (Polish scientist ) develops a new method to grow single-crystal Silicon.
1930:W. Schottky discovers a new cuprous oxide photoelectric cell.

1931: A.F. loffe guides a project at the physical-Technical Institute in St.Petersburg on thallium sulfide
photocells, which reach a record efficiency at that time of more than 1%.He submitted a proposal to
the Soviet government concerning the use of solar P.V. roofs for providing electricity.

1932: Audobert and Stora discover the photovoltaic effect in CdS.
1948: W.Schottky presents the first theoretical concept for semiconductor P.V.
1951: at Bell Labs, the first p-n junction was grown in germanium

1953: D. Trivich publishes the first theoretical calculations on the conversion efficiency of the solar
spectrum with materials of different bandgaps.

1953: G. Pearson at Bell abs begins research of Li-doped Si solar cells.
1953: D. Chapin, C. Fuller, and G. Pearson realized a two cmz2 Si solar cell with 4 % efficiency.
1954: D. Chapin, C. Fuller, and G. Pearson improve a-Si Cell's efficiency to 6 %.

1954: At Siemens in Germany, G . Spenke and his team develop an efficient method for poly-Si growth:
Scientists and experts from Wacker and T.U. Munich participates in this work as part of a joint team
with Siemens. The so-called Siemens Method is the primary technology for the production of solar and
Semiconductor grade Si.

1954: J.J. Loferski and Jenny at RCA reported a pronounced P.V. effect in CdS.
1954: The International Solar Energy Society (ISES) was founded in Phoenix, AZ, USA.

1957-1959: Hoffmann Electronics achieves 8,9 and 10 % efficiency and develops the grid contact,
significantly reducing the device's series resistance.

1970: Its headquarters later moved to Melbourne, Australia, and in 1995 it was moved again to
Freiburg, Germany.

1978: R. Hezel introduced Silicon Nitride as an antireflection and passivation layer, which presently
applied for almost all Commercial Silicon Solar Cells.

1980: M.Riel starts the famous 1000 solar roof program in Zurich, Switzerland
1980: B.P. enters the solar business.

1981: The Fraunhofer Institute for Solar Energy ISE in Freiburg, Germany, was founded by A.
Goetzberger.

1983: P.V. production worldwide exceeds 20 M.W., and sales exceed 250 million USD.
1983: International Science and Engineering Conference (The Asian ISE-Conference ) started.

1985: M. Green at the University of New South Wales, Australia, breaks the 20 % efficiency barrier
for c-Si Solar cells under one Sun in the research lab.
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1985: R. Hezel and K. Jaeger introduced Aluminum Oxide as a passivation layer for a new generation
of Silicon Solar Cells.

1986: ARCO Solar releases the first commercial thin-film power module.
1987: The Institute for Solar Energy Research (ISFH) was founded in Hamelin /Emmethal, Germany.

1991: M. Graetzel invents the dye-sensitized electrochemical solar cell. The efficiency of more than
10 % was obtained within five years after the discovery.

1994:NREL develops and demonstrates a two-terminal, high-efficiency GalnAsP/GaAs solar cell,
which under 180 suns shows more than 30 % efficiency. The third generation CPV was born.

1994: David Mitzi et al. reported a conducting layered tin iodide with a perovskite structure.

1997: The biggest P.V. roof with more than 3 M.W. installed in Munich, Germany.

1999: M.A. Green and J.Zhao achieved a record efficiency of 24.7 % for laboratory c-Si Solar cells.
1999: Total P.V. power installed worldwide exceeds 1 G.W.

2002: Photon in Munich, Germany organized the first Solar Silicon Conference dealing with the Si
feedstock crisis.

2007: SunPower and Sanyo announced the highest efficiency for the mass-produced solar cell under
one sun solar radiation of 22 %.

2007: UN-conference devoted to climate change takes place in Bali.

2009: T.Miyaska et al. demonstrated first Perovskite cells with 3.8 % efficiency

2010: Oxford P.V. Ltd. Founded to develop and commercialize Perovskite photovoltaics
2010: ZSW announced an efficiency record of 20.1 % for CIGS cells (0.5 cm?)

2012: H. Snaith and M. Lee demonstrated the first solid-state perovskite P.V. cell.

2013: perovskite P.V. cells reach 15 % (O.Malinkiewics and J.Burshka)

2014: Nam Joong Jeon et al. used the solvent -engineering to deposit very dense perovskite layers on
mesoporous titania to enhance the efficiency.

2014: Perovskite cells reached 20.1 % efficiency at KRCT (Korea).

2015: Sauletech, Poland pioneered first ink-jet printed perovskite P.V.

2015:EPFL IN Switzerland reports 21 % world record efficiency for Perovskite cells.
2016: kaneka Corporation achieved 26.33 % world record with a heterojunction cell.

2016: First manufacturing site of Oxford P.V. for c-Si/Perovskite tandem cells and modules, located in
Germany.

2016: UNIST (South Korea ) reached 22.1 % efficiency with Perovskite cells.
2016: UC Berkeley and Stanford reported first graded junction all perovskite P.V.

2017: First industry-sized perovskite /silicon tandem cells produced at Oxford P.V. in Germany.
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2018: Anita Ho-Baillie developed a two-step deposition method that enables the conformal coating of
textured surfaces with perovskite films.

2019: new world record of perovskite solar cell at 25.2 % by KRICT/MIT.

2019: the 10" anniversary of work by Tsutomu Miyasaka and colleagues pioneering hybrid halide
perovskites in photovoltaics.

2020: 25.5 % efficiency of single PSCs and 29.15 % efficiency is the new world record for a tandem
solar element with perovskite and Silicon developed by Lithuanian and German researches.

2021: can we see 30% in efficiency????
3.1  Technologies of photovoltaic

Based on the progress of photovoltaic conversion chronology, the design of this technology
illustrated in the following figure :
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Figure 4: Classification of photovoltaic technologies

Recently, there have been many interesting academic and industrial laboratories on Perovskite
materials as harvest light in solar cells. The power conversion efficiency (PCE) of perovskite solar cells
has reached 25.2 % in 2020, which was 6 % in 2010. The efficiency value of PSCs has surpassed the
certified PCE of 22.2 % for thin-film crystalline silicon solar cells from Solexel (USA) in 2014, 22.1
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% CdTe solar cells from First Solar (USA) in 2017, 22.6 % for CIGS solar cells from ZSW (Germany)
in 2016.
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Figure 5:Best cart research efficiencies[4]

Today most researchers in the field of solar cells are focusing on the PSCs as a promising
technology in single junction or tandem technologies [5]. The perovskite semiconducting materials
have attracted massive attention due to its low binding energy, long diffusion length, long carrier
lifetime, and intense light absorption with a direct tunable bandgap 1.2-2.7 eV [6-8]. As far we know,
the efficiency of PSCs has reached 25.2 % [5], and the first cell based on perovskite material published
in 2009 by Miyasak and his group was 9% [9]. This fast improvement of efficiency is a result of the
optimization of perovskite composition, deposition procedures, design structures, charge extraction,
efficient selective layer[10-14]. But the device modeling and simulation of PSCs presents just a sliver
compared to the experimental studies of the field. Later a few studies have demonstrated the efficient
macroscopic device model of PSCs to answer the issues of these promising technologies. Those studies
have focused on optimizing perovskite thickness, doping, and electrical parameters [15]. Also, the
matter of misalignment of layers in the solar cell [16], either building new efficient structures. The
basic concept of PSCs is sketched in Figure 6. We have p-i-n or n-i-p configuration; the i-layer is a
semiconductor perovskite material as the harvest light. Also, two selective layers, one as electron
transport layer (ETL) and the other as the hole transport layer (HTL), are added to the back and front
contacts.
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a)

Back contact

Back contact]

Figure 6:Basic principal of PSCs based on. a)p-i-n .b)n-i-p

4 Device structures

The configuration of perovskite solar cells is divided into four structures; PSCs use a thin
perovskite absorber layer between an ETL and HTL. The collection of the electrons or holes made at
the conducting substrate (Transport conduction oxide, TCO); the PSCs can be classified as n-i-p or p-
i-n device, respectively.

The ETL, perovskite, and HTL can be made from different materials, as illustrated in Figure 7
depends on the energy alignment between the layers, which will facilitate the transfer of electrons and
holes outside the cell.

Al, Ag (4.3)

Au (5.1)

H B o

: T Pol m er Inorganic Electron

- Small 'TTo':fcules Hym HTM transport layer

h"' Perovskite

Figure 7:Energy level alignments of different layers in PSCs [16]

5 State of the art numerical simulation of PSCs

Since the beginning of perovskite photovoltaics, tremendous experimental efforts have been
made to push the PCE, wish reached incredible numbers. This continuous improvement in PCE results
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from a colossal optimization in all layers of the cell, such as film deposition, deposition procedures,
and device design. In parallel to this experimental outline success, there is a weakness investigation in
device modeling and simulation, which means it should be an eye on developing a comprehensive
device model with available tools to match the common problem in the experimental field.

“The device model is a powerful tool for predicting the characteristics of the thin device from organic to
perovskite. By linking the observable current-voltage curves directly to each of the relevant microscopic physical
processes, the method exhibits a concept of computer-assisted design of the thin-film solar cells. The device model
simulation will be helpful in the mass production of the versatile structural thin film devices”. A review published in
Advances Sciences Journal in 2019.[17]

6 Research aim and objectives

This paragraph is taken from a particular section of a review published in Science journal opened for PSCs in 2017
."PSCs face challenges such as long-term durability that prevent them from competing with established technologies.
However, advancement in materials processing during the past 2 years have yielded remarkable progress in long-term
material and device stability , enabling the research community to better identify intrinsic versus extrinsic degradation
mechanisms, some of which are summarized here. Despite the rapid improvement in the performance, there is still room
for tailoring charge carrier recombination, both in the perovskite and at the interfaces within the device, to increase
PCEs. Major challenges to long-term stability also remain."[18]

The balance of The PSCs becomes dense to win the other photovoltaic technologies, but even
that, this alternative technology suffers from tremendous problems that stop its commercialization. The
following lines review the significant challenges of PSCs which the community of research should
focus on solving them :

e Poor stability and the high cost of selective organic layers.

e High-temperature process electron transport layer

e The theoretical limit of Shockley Queisser Efficiency

e Misalignment between the absorber layer and selective layers
o Stability issue under environmental conditions.

e Toxicity of lead element in the traditional efficient PSCs.

e High-cost electrode materials

In this regards, the objective of this thesis will focus on using physical device modeling to
address those issues with the main points :

e Starting the basic simulation model with 1D SCAPS software utilizing the absorption of
layers extracted from our experimental fabrication.

¢ The proposition of alternative cheap and efficient selective layers

e The proposition of low-cost electrode materials as back contact of PSCs.

e Optimization of structure through diverse parameters such as thickness, doping, and alignment

e Deeply understand the misalignment between the ETL and perovskite material and HTL.

e Enhance the performance of organic lead and lead-free PSCs.

e Fabrication of efficient perovskite materials and ETLs
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7 Planning of the thesis
7.1 SCRUM method

The planning of my work is organized by the SCRUM method to manage the time and be more
productive by making a plan of three years and working with “’To Do “’, ¢’ In progress *’ and > Done”
to assigned the tasks every week.

To Do In progress Done

Figure 8: SCRUM method

7.2 Thesis Outline
The thesis is composed of seven themed chapters.

Chapter 1 describes a brief introduction of the thesis by figure out the art state of energy source
and the spectrum solar as a source for generating the electricity, also will open the door to the
technology of perovskite solar cell by their basic architecture, performance compared to other
photovoltaic technologies and the main challenge are faced this promising technology.

Chapter 2 will give a comprehensive survey on the theory of physic of Semiconductor as it is
the stone foundation of solar cells, and also a description of the working principle of a solar cell. The
second part will focus on the review of perovskite solar cells by showing the structure and different
materials used in a cell from the absorber layer to the electron transport layer and hole transport layer
as well, the fabrication processes of the divers layer in PSCs.

Chapter 3 is the research method and materials adapted to perform this thesis. The SCAPS
software, as the tool used for numerical simulation of PSCs, is explained through its interface. The
technique used to fabricate different layers of cell and characterization techniques is outlined.

In chapter 4, the performance analysis of MAPDI3 based perovskite solar cells employing
diverse charge selective contacts: Simulation study is discussed. This work has been published in Solar
Energy Journal.

Chapter 5 will be on the study of Energy level engineering of charge selective contact and halide
perovskite by modulating band offset: Mechanistic insights, by investigating the advantage of band
offset on the performance of PSCs through numerical study starting by experimental fabrication of
layers. This work has been published in the Journal of the energy of chemistry.

Chapter 6 focused on the Unraveling of the theoretical window for high-performance inorganic
perovskite solar cells. This study has demonstrated, for the first time, the performance of inorganic lead
and lead-free PSCs and suggested some tips to push the efficiency of inorganic PSCs. The eco-friendly
PSCs is investigated by drawing a proper manner to promote the efficacy of this promising solar cell
in term of efficiency or protection of the environment. This work has been submitted for publication in
the PCCP journal.
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Chapter 7 will describe the experimental investigation which has been done during this thesis
about the fabrication of efficient Electron transport layer, organic-inorganic perovskite materials, and
also the process fabrication of inorganic perovskite solar cells.

The thesis concluded, and the future prospect of this work was also discussed.
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Chapter 2: Theory of Semiconductor & Perovskite Solar Cell

1 Introduction

This chapter will design an idea about the importance of using semiconductors in solar cells
and a full description of Perovskite Solar cells.

2 Types of materials

The distance between the valence band and the conduction band in materials defines the electrical
proprieties which design three classifications of materials, Insulator, conductor, and Semi-conductor
[19].

a) b) c)
=
= S =
> Conduction ° -
3 (1)
> band &% : 5
% o Conduction S
= & band o
T c o0 Conduction
o @ band
Valence band Valence band Valence band
Isulator Semi-conductor Conductor

Figure 9: energy band diagram of a)insulator) Semiconductor, C) Conductor

In insulators Figure 9-a, they are a type of material not conducting the electrical current in the
normal situation and have a high resistivity. The conduction band is empty contract to the valence band,
i.e., no free charges present, with a large band gap[20]. The second type of material is Semi-conductor
Figure 7-b, which comes between Insulator and Conductor. At OK, the valence band is full, and the
conduction band is empty; just a few increments of temperature lead to some electrons to jump to the
valence band due to the small-large of the band gap, i.e., the conductivity increased with temperature.
The third type of material is the conductor Figure 9-c, which has an overlap conduction band and
valence band, an-cd many of free charges in the conduction band which efficiently conduct the
electrical current.

The next lines of this work will focus on Semiconductors as an excellent absorber to convert
solar radiation into electricity.

3 Theory of Semi-conductor
3.1 Definition

Semiconductor are materials whose electrical proprieties lie in between conductor and insulator,
in term of band gap, which controlled from the valence band edge (Ev) and the conduction band edge

(Ec)
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Figure 10: The relation between the lattice constant and band gap for different categories of materials.

The Semiconductor can be made from single elements like Si and Ge, or from mixed materials,
GaP, CdS, CdTe, and MAPDI3, as shown in Figure 10. The lattice constant can control the band gap,
which can differ the proprieties of semiconductors

3.2 Intrinsic semiconductors

3.2.1 Band diagram

At a temperature of zero kelvin, Figure 11-a is an accurate representation of a silicon crystal
lattice. All valence electrons are fixed in the lattice, forming covalent bonds, and are therefore
immobile. However, at a temperature above absolute zero, thermal energy is supplied to the
Semiconductor, and some of the valence electrons are released from the covalent bonds; these excited
electrons are mobiles that can move around in the materials, allowing the semiconductor material to
conduct electricity as shown in Figure 9-b.
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——Electrons bonds

Figure 11:The bonding model for c-Si, a) No bond is broken. b) A bond is broken between two Si atoms
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The valence band comprises the energy levels of all valence electrons in a semiconductor
material at absolute zero. When a valence electron receives additional energy, either from a photon or
through thermal vibrations, it can become mobile. The band of allowed energy states for these
conduction electrons is known as the conduction band.

The band gap energy, indicated by Eg, is equal to the difference between the conduction band
edge and the valence band edge.

The materials semiconductors have a valence shell that is about half full. On the other hand, the
elements have a vast band gap, and the valence electrons require a considerable amount of energy to
be released from the valence shell, which means have a relatively small amount of mobile electrons at
room temperature and therefore conduct electricity very poorly, there are called insulators. The third
type of element is Metals, which have only 1 or 2 electrons in their valence shell, which are very

loosely bound.
3.2.2  Semiconductors under thermal equilibrium

At room temperature (300 K), the band gap of MAPIs as a type of semiconductors is 1.56 eV or
crystalline silicon 1.12 eV; the energy band diagram is a plot of the allowed electron energy states as a
function of position as illustrated in Figure 12-a.

a) b) c) d}
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Band diagram Density of states Fermi-Dirac Charge carrier
Distribution densities

Figure 12:a) Basic band energy diagram .b) the density of states (DOS) functions in the valence band
and conduction band. ¢) The fermi Dirac distribution. d) The electron and hole densities in valence and
conduction band.

The density of energy states at an energy E in the conduction band close to E¢ and the valence
band close to Ey is given by :

ge (B) = 4m (5202 [E—E, (1)
gv (B) = 4n (52 E.—F (2)

gc - DOS in the conduction band

gy : DOS in the valence band
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E: Electron energy

E.: The lowest energy level of C.B.
Ey: The highest energy level of V.B.
m *,, . Effective masses of electrons
m *, . Effective masses of holes

The Fermi -Dirac distribution function is given by :

f(E) = —f) 3)

1+exp( kgT

E: Electron energy

kg : Boltzmann's constant, kz=1.38E-23 J/K
E; : Fermi Energy

kgT: Thermal energy, at 300 k

The Fermi energy, also called the Fermi level, is the electrochemical potential of the electrons in
a material. In this way, it represents the average energy of electrons in the bulk material.

The carriers that contribute to charge transport are electrons in the conduction band and holes in
the valence band. The concentration of electrons in the conduction band and the valence band is found
by multiplying the density of state function with the distribution function and integration across the
whole energy band, as illustrated in Figure 12-b-c-d.

e Electrons in the conduction band

Etop
n(E) = g. (E)f(E) n= f n(E)dE  (4)
eHoles in the valence band
Ey
p(E) = gy (E)|1— f(E)|p = f n(E)dE (5

Where Nc and Ny are the effective densities of the conduction band states and the valence band
states, respectively, they are defined as

o Effective densities of conduction band state:

N, =2 (FRRET)3/2 a1 300K inc-Si N, = 3.22E19 cm™3(6)

e Effective densities of valence band state:

N, =2 (220372 ot 300K inc-Si N, = 3.22E19 cm™3(7)
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In intrinsic Semiconductor in equilibrium, we have n=p=n;

E,
np = nlz = N.N,exp (_ legT) (8)

we may write :

E.~E, . kgT

Ny
Eri= =+ = -In) ()

The Fermi level Erilies close to the mid-gap; a slight shift is due to the difference in the densities

of the valence and conduction band.

In the intrinsic semiconductor the concentration of electrons is equal to those of holes .In intrinsic
Silicon at room temperature® approximately 1.5 E10 cm™ broken bonds are present , i.e , n=p=ni= 1.5
E10 cm.

3.3  Proprieties of semiconductors in non-equilibrium conditions

3.3.1 Photo-generation

the photoelectric effect, where electrons are emitted from a material that has absorbed light with
a frequency above a material-dependent threshold frequency. As Albert Einstein found in 1905 [21];
the energy of such a photon is given by ;

E = hv (10)

v=§an

E: photon of energy
h: Planck's constant
v:frequency

C: speed of light

L. Wavelength

Absorption is a process in which the electromagnetic radiation interacts with atoms of a
semiconductor, particularly with the valence electrons. The photo-generation results in the generation
of electron-hole pairs, however, this excitation not always happen, if we look to the band gap of MAPI3
as perovskite semiconductor is equal 1.56 eV, the generation of electron-hole pair can happen only if
the photon energy is equal or higher than the energy of the band gap, e.i, x nm is the wavelength of the
electromagnetic radiation corresponding to this energy value, compared to the Silicon which has 1110
nm.

This photo-generation under non-equilibrium conditions creates two new fermi level inside the
Semiconductor called Quasi Fermi levels Er, and Erp as designed in Figure.13.

In contrast to the equilibrium conditions, a net electrical current flows through a semiconductor
device under operational conditions. The electrical current is generated in a semiconductor due to the
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transport of charges by electrons and holes. The two underlying transport mechanisms in a
semiconductor are drift and diffusion.

'y a) 'y b)
Thermal Equilibrium Under illumination
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n="ng = N; n > MNng
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Figure.13: The position of Fermi level (a) in thermal equilibrium (b) under illumination.
3.3.2 Transport properties
Drift

Drift is charged particle motion in response to an electric field. In an electric field, the force acts
on the charged particles in a semiconductor, which accelerates the positively charged holes in the
direction of the electric field and the negatively charged electrons in the opposite direction.

]drift = Q(Pllp +np,) & (12)
&/electric field
Diffusion

Diffusion is a process whereby particles tend to spread out from regions of high particle
concentration into low particle concentration areas as a result of random thermal motion. The driving
force of diffusion is a gradient in the particle concentration.

]diff = q(D,Vy, — Dp Vp)é (13)
Poison equation

The poison equation is related to the density of electric charges p (r) to the electrical potential V'

(n:

L (e E) = q[p(x) = n(x) + NF (x) = Ny (x) + pe(x) — n,(x) ] (14)
dx dx

Continuity equation
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The charges are a conserved quantity. The continuity equation takes drift, diffusion, and
recombination as well as generation processes into account :

1dJp

T +R,(x) —G(x) =0 (15)

_%%4_ R,(x)—G(x)=0 (16)

3.4 Generation and recombination in a Semiconductor

The generation and recombination of free charge carriers are at the heart of any semiconductor
device mechanism, including solar cells.

3.4.1 Conductivity

the electrical conductivity of a semiconducting material quantifies the ability of that material to
conduct electrical current

g=epu,n+ep,p (17)

3.4.2 Generation and recombination

Generation is the process in which free charge carries are created, with the emphasis on free and
recombination is the process in which free charge carries are annihilated. At thermal equilibrium, the
carrier concentration at a given temperature is constant as a function of time, that in case the generation
rate of charge carriers is spatially uniform, the recombination rate should balance this, and that this
recombination rate is proportional to the thermal equilibrium majority carrier concentration of the
semiconducting material.

There are four types of recombination processes, Radiative, Auger recombination, Shockley-
Read-Hall, and surface recombination.

In radiative recombination, the energy of the recombination process between an electron and a
hole is emitted as a photon after recombination, which its energy is a bit higher than the energy of the
band gap of the semiconductor material, and radiative recombination rate is :

n-type :
Ry = Bno(p — po) (18)
p-type :
Rq = Bpo(n —ny) (19)
B : is a proportionality factor

Radiative recombination is important for direct band gap semiconductor.
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Another concept should explain it, the lifetime of minority carrier :
For minority carrier holes in an n-type semiconductor :
1
Tp = a (20)

For minority carrier electrons in a p-type semiconductor :

1

Th = ﬁ (21)
When we don't have an uniform carrier generation, we introduce the diffusion length :
p-type material : L, =./D,t, (22)
n-type material : L, =/Dy1, (23)

D : diffusion coefficient

Auger recombination, becomes important in indirect band gap semiconductor, in this type of
recombination, momentum, and energy of the recombining hole and electron is conserved by
transferring energy and momentum to another electron or hole. If the third part is an electron, it is
excited electron higher into higher levels in the electronic band .this excited electron relaxes again,
transferring its energy to vibrational energy to vibrational energy of the lattice or phonon modes, and
finally heat. Similarly, if the third particle is a hole, it is excited into deeper levels of the valence band,
from where it rises back to the valence band edge by transferring its energy to phonon modes.

The recombination rates for electron-electron-hole (eeh) and electron-hole-hole (ehh) processes
are given by :

Reen = Cnnzp (24)
Repn = Cpnpz (25)

RAug = Cnnzp + Cnnzp (26)

In the Shockley-Read-Hall (SRH) recombination process, which illustrated in Figure.14, the
recombination of electrons and holes does not occur directly from bandgap to bandgap.it is caused by
an impurity atom or lattice defects. Their concentration is usually small compared to the acceptor or
donor concentrations. These recombination centers introduce allowed energy levels (E 1)) within the
forbidden gap, so-called trap states. An electron can be trapped at such a defect and consequently
recombines with a hole that is attracted by the trapped electron. It is the dominant recombination-
generation process in semiconductors in most operating conditions. The process is typically non-
radiative, and the execs energy is dissipated into the lattice in the form of heat. The name is a reverence
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to William B.Shockley, William T.Read, and Robert N.Hall, who published the theory of this
recombination mechanism in 1952 [22,23].

There are two kinds of traps, as sketched in Figure 15; first, donor-type traps that are neutral
when they contain an electron and positively charged when they do not. Secondly, acceptor-type traps
that are negatively charged when they include an electron and neutral when they do not.

The SRH process is based on four operations that are involved in recombination in a single-
electron trap :

erl: capture of an electron from the conduction band ;
er2:emission of an electron to the conduction band ;
er3:capture of a hole from the valence band ;
er4:capture of an electron from the conduction band ;

Figure.14: Schematic illustration of the processes in SRH recombination.

Acceptor type
Efi’. _____________
Donor type

Figure 15 : Type of traps inside a semiconductor
3.5 Extrinsic Semiconductors

3.5.1 Atomic structure

The atomic number of Silicon is 14; the Kohn-sham orbital gives Si 4 atoms in the outermost
shell that can interact with other atoms via forming chemical bonds (Valence electrons ). Two Si atoms
are bonded together when they share each other's valence electrons, which called covalence bond
between two electrons. At room temperature always there is a probability of presence valence bond
broken, which can liberate an electron (mobile/free) in the crystal lattice leads to create a positive
charge is referred to a hole as explained in Figure : 16.
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At high OK temperature, the bonds start to break due to the absorption of thermal energy. This
process results in the creation of free electrons and its missing place so-called hole. When a bond is
broken, and a hole created, a valence electron from the neighboring bond can "jump™ into the empty
spot and restore the bond.

a)

r%‘fﬁ

|
B

;. -
=t

[

( BERN BN ) .L”

. Nucleus + core electrons

Valence electrons
Hole

Free electrons
———Electrons bonds

Figure : 16 the bonding model for c-Si, a) No bond is broken. b) A bond is broken between two Si atoms
3.5.2 Doped intrinsic Semiconductor

It can be manipulated the concentration of holes and electrons in intrinsic Semiconductors, which
have high resistance, by the concept of doping to make them extrinsic. The conductivity is changed by
the number of impurity atoms that will substitute the intrinsic material. Therefore, extrinsic
semiconductors are the most materials used for the manufacturing of electronic devices such as
transistors and diodes. If we look in the case of Silicon, the possibility to make it extrinsic is by using
pentavalent materials or trivalent materials. Pentavalent materials have five valence electrons in their
outermost orbit, such as antimony (Sb), phosphorus (P), and arsenic (As). The trivalent material has
three valence electrons in their outermost orbit, namely, Indium (In), Bor (B), aluminum (Al) and
gallium (G), those impurities can classify the semiconductors in two categories, P-type and n-type [3]

P-type material is created when we use the trivalent elements to dope Si or Ge. The Si has 4
atoms in outermost shell that can interact with other atoms (Valence electrons ). With the aid of
bonding, the model can quickly figure out the process of doping. An atom with three valence electron
such as (B) cannot form a bond with five valence electron of Si, it can "accept” an electron from a
nearby Si-Si bond by the help of thermal energy present in the Si lattice which leads to creating a hole
that can move around the lattice. Here we use the term of concentration of acceptor N a. that makes the
intrinsic Si, P-type material Figure.17-b.

N-type material is created when we use the pentavalent elements to dope Si or Ge. An atom with
five valence electron such as (P) can form a bond with the four valence electron of Si; the fifth atom
cannot take place in the process and by the help by the help of thermal energy present in the Si lattice
at room temperature it can easily liberate from the phosphorus atom. One the electron is free can move
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throughout the lattice™ donor.” Here we use the term concentration of donors Np to illustrate to the
impurity atoms that make the intrinsic Si, N-type material Figure.17-a.
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— S
ey ; > ; 9
i Conduction o Conduction >1 Conduction
> band 9_>;, band %” band
P 00 0000 N, §
g ::: Np _'-; Acceptor level
d E
S & 2 | Electron 5 Hole
c © (a2]
K o Donor level
IR EEX
Valence band Valence band Valence band
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Figure.17: Energy band diagram. a)intrinsic Semiconductor. b)N-type Semiconductor. c) P-type
semiconductor

4 Semiconductor junctions

The central concept of all solar cells is around the design of junctions by constructing different
materials.

[Semiconductorjunctions ]

A4
P-N [ P-i-N/N-i-P ] MS

Figure 18 : Semi-conductors junctions

The p-n junction is fabricated from the same semiconductor material is an example of a p-n
homojunction. A P-N/N-P junctions that are formed between two chemically different semiconductors
are called heterojunction. The second category is called P-i-N/N-i-P, in which an i-layer is inserted
between the p-type and n-type layers. Also, there is another junction between Semiconductors and

metal is called an M.S. junction.

4.1 p-n homojunction

In isolated semiconductor Figure.19 the n-type is dominant by the majority of electrons and p-
type by the majority of holes; when a p-type and n-type semiconductor are grouped, a very large
difference in electron concentration between n- and p-type regions leads to a diffusion current of
electron toward the p-type region and vis-versa across the" metallurgical junction™ denotes the region
between the n-and p-type region . as a result the region close to the metallurgical junction becomes
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depleted of mobile charge carriers which help to create a space charge is called space-charge region or
depleted region. The n-et p-types areas are also called the quasi-neutral regions.

depleted
n-type region region p-type region
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0..0 ‘..o ® - Oooo ®e ©
0 0 0, o oGP o 0%, o %, e
'.®:o@‘.®.o ® - OO'OOO' *s
® @. @'... o ) -OOOOO
eT ® " e o o ® - o & ee T,
e © O o e @ o o
N IOK IOM™ e o DR SENT
e s ®© Pq 0 @ o o O ® Q

+ —
electron ——/ hole J

Figure.19: Formation of the space-charge region in p-n junction

An internal electric field is generated in the space charge region, which forces the charge
carriers to move on the opposite side than the concentration gradient.

4.1.1 The p-n junction under equilibrium

The note of Fermi energy or the electrochemical potential is constant and independent of position
and describes the average power of electrons on both sides. The vacuum level represented in which
means the boundary of outside the atom. The electron affinity shows the potential that an electron
present in the conduction band requires to be outside the atom.

When we produce p-n junction, the fermi level will be the some across the system, the conduction
band E. and E, the valence band as well as the vacuum energy must be continuous. When the bands
become bent, it means the presence of an electric field that will create an electrostatic potential in the
depletion region

4.1.2  The p-n junction under applied voltage

The applying of an external voltage, V,, to p-n junction leads to change the potential difference
between the two regions. The electrostatic potential in the space charge region will become (Vbi-Va)
(the built-in the potential is negative in the p-type region ). When we applied external bias, positive
voltage +Va is called forward bias voltage to a p-n junction leads to decrease the potential difference
across the p-n, the band diagram of the p-n junction, either the space-charge region becomes narrower.
In the other option, when we applied a negative external voltage, which is called reverse-bias voltage
concerning the potential region of p-type, the potential difference across the p-n junction will increase,
and the depletion region becomes wider.

The forward-bias voltage creates a higher concentration of minority carriers at the boundaries of
the depletion region; this phenomenon is called minority-carrier injection, which creates the diffusion
of the minority of carrier to the bulk quasi-neutral region. This process causes a recombination current
density, Jrec, Which is compensated by the thermal generation current, Jgen .

At V,=0, the situation inside the junction can be described as the balance between the
recombination and generation current densities,

] = Jrec _]gen =0
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It is assumed that when a moderate forward-bias voltage is applied to the junction, the
eva

recombination current density increases with the Boltzmann factor exst :

eVa

Jrec Va) = Jrec (Va = 0) eXpT (27)
4.1.3  The p-n junction under illumination

The situation of illumination of a p-n junction leads to additional electrons and holes in the
Semiconductor. The minority carrier of holes and electrons in p-type and n-type respectively increase,
leading to flow the minority carriers across the depletion region into the quasi-neutral regions, the
electrons from p-type into the n-type region and holes from the n-type region into the p-type region,
this processes causes the so-called photogeneration current density, Jen, adding to the thermal-
generation current, Jgen. The last two types of generation are balanced by the recombination current,
which will increase by decreasing the electrostatic potential barrier across the depletion region.

The illuminated p-n junction can be under open-circuit voltage, as discussed in non-equilibrium,

the quasi-fermi level of electron Ery is higher than the holes Erp by the amount of qVoc, (Voc is the
open-circuit voltage ).

The p-n junction can be under the short-circuited condition, which leads to the substantial
variation of the quasi-Fermi level, but the electrostatic-potential not changed.

eVa

Jva = ]rec(Va) _]gen(Va) _]ph =Jo ekoT _]ph
4.2 P-i-n Junctions

In the p-i-n junction, undoped layer or intrinsic is sandwiched between the oppositely doped
selective layers which is the case of PSCs, due to this contact, the band bending created at the interfaces
towards the intrinsic region with a constant electric field is generated within the intrinsic layer as
described in Figure 20.

-

—
ETM Perovskite layer HTM '
n-type Intrinsic layer p-type

\ -q Vbi

E (eV)
m
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x

Figure 20 : Band diagram of a device p-i-n using perovskite solar cell.
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5 The working principle of a solar cell

The working principle of a solar cell is based on the photovoltaic effect, i.e., the
generation of a potential difference at the junction of two different materials in response to
electromagnetic radiation. The photovoltaic effect is closely related to the photovoltaic
effect, where electrons are emitted from a material that has absorbed light with a frequency
above a material-dependent threshold frequency. In 1905, Albert Einstein discovered that
this effect could be explained by assuming that the light consists of well-defined energy
quanta, called photons[21]. The energy of such a photon is given by :

E = hv (28)
Where :
Planck's constant
v :frequency
The photovoltaic process can be achieved through three basic steps: 1, 2 and 3
oStep 1 : Generation of free charges

All the photons come from solar radiation with a band gap equal or high than the absorber layer
can excite an electron from an initial level to a high level, which means from the valence band to the
conduction band leads to the creation of an electron-hole pair.

o Step 2: Separation of the photo-generated charge carriers

The electron will fall back to the initial energy level, for the last raisons the selective transport
layers must be present in both sides of the light harvest , then the electrons can flow out through one
membrane and holes can flow out through the other layer, in solar cells these membranes represented
by n-type and p-type materials.

o Step 3: Collection of photo-generated charges carriers

The final step is done by the performing work in an external circuit made by the charges carriers
that are extracted from the solar cells with the electrical contacts. The chemical energy of the electrons
hole pairs is finally converted to electric energy. After the electrons have passed through the circuit,
they will recombine again.

5.1 Main parameters in Solar cells

The performance parameters of a solar cell mainly related to the output characteristics of the
cell (1-V) with short-circuit current, open-circuit voltage, fill factor, and power conversion efficiency,
as shown in Figure.18.
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Figure 21: The Output characteristics of solar cell

¢ Open circuit voltage

The open-circuit voltage (\Voc) is the maximum output voltage of solar cells. It can be obtained
when the value of the output current is zero, which can be described through the equation :

— KT L
Voc = . ln[10+1] (29)

Where Ky, is the Boltzmann constant, T is temperature, q is the elementary charge, 1 is the light-
generated current density, lo is the saturation current density.

eShort circuit-current

A Standard Light source can illuminate a solar cell when the output is in a short circuit state,
which means the voltage value is null. The current is the maximum output current called short-circuit
current. It is given as :

qVv

Isc =1 —Io(e*»T — 1) (30)

e Fill Factor

The fill factor (F.F.) is the maximum output power ratio to the open-circuit voltage and short
circuit current. the value of F.F. depends on series resistance and voltage, which illustrated by the
equation below :

FF = tm

(31)

VOCISC

Where Pp, is the maximum output power. Voc is the open-circuit voltage. Isc is the short-circuit
current.

e Power conversion efficiency
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The power conversion efficiency is an essential parameter to compare the quality of the cell. It
is defined as the ratio of the maximum output power to the incident light power, as shown in the
below equation :

PCE

Isc*FF*Voc
=—(32
—(32)

Where Pin is the incident light power. It can be easily seen from this equation that the value of
power conversion efficiency is determined by lsc, FF,Voc and Pin

6 Perovskite solar cells

6.1 General structure

The general formula ABX3 can explain the ionic structure with a specific spatial distribution of
the components. A is a mono/divalent cation, B is a di/tetravalent cation, and X is mono/divalent anion.
The first classification of such a crystal lattice arrangement was taken by Gustav Rose, who had found
CaTiOs in the Ural mountains in 1839, and it has been named after the Russian mineralogist and
nobleman, Lev Perovski . Over time, it has been discovered that there are hundreds of compositions
that make a perovskite structure. It was first described by Goldschmidt [24].

The structure of a perovskite crystal, the constituting ions must fulfill requirements regarding
their size and charge. These parameters can be described by the tolerance factor described in different
works [25].

Related to Goldschmidt tolerance factor t = (ra + rx)/N2(rs + rx), where ra is the radius of the A
cation, rg is the radius of the B cation, and rx is the radius of the anion. The structure of perovskite in
the ranges of 0.8 to 1.0 [26,27] is the most stable.

Related to the structure illustrated in Figure 22, the A cation can be CH3NHs® (MA™) or
NH2CHNH," (FA"), Cs* or Rb* . The inorganic cation B such as Pb*?, Sn*> or Ge*2. The X anion can
be I, Bror CI.

Figure 22: Typical unit cell of ABX3 structure of perovskite material
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6.2  Work principal of Perovskite solar cell

In chapter 1, the type of different structure of PSCs was described. The working principle of
those structures is illustrated in Figure 23; the perovskite layer is sandwiched between the ETL and
HTL in both configurations. The absorber layer is exposed to sunlight to generate free carriers charges
(electrons et holes ), then the electrons are separated in the ETL and holes at HTL. Finally, the electrons
are collected at TCO and holes at back contact. The TCO and back contact are connected to generate a

photocurrent in the out circuit.

a)

b) W

Back contact]

Figure 23: Schematic of the underlying principle work of Perovskite solar cell .a)P-i-N .b)N-i-P

6.3  Progress of perovskite materials as light harvesters

Table 2: the efficiencies of some inorganic-organic PSCs.

TiO2/PVSK/Spiro/Au

Perovskite materials Band | Configuration PCE | Ref
gap (%)
(eV)
MAPDI3 1.52 | ITO/PTAA/PVSK/Cg/BCP/Cu | 20.7 | [28]
FAPDI; 147 | FTO/I-TiO2/mp- 20.2 | [29]
TiO2/PVSK/PTAA/AU
(FAPbIs)1-x(MAPDBT3)x NR | FTO/bI-TiO2/mp- 18 | [30]
TiO2/PVSK/PTAA/AuU
FA0.85 MAo.15Pb(lo.85Br0.15)3 1.55 | ITO/PTAA/PVSK/Cg/BCP/Cu | 20.6 | [31]
Rbo.05(CS0.05(MAo.17FA0 83)0.95Pb(l0.83Br0.17)3 | 1.63 | FTO/bl-TiO2/mp- 21.6 | [12]

Halide perovskite materials were first used in 1893; since 2009 have taken huge attention after
the first application as an active layer in solar cells [9]. Thereafter ,several perovskite materials have
discovered with ABX3 formula ,using methylammonium (MA) , formamidinium (FA) ,cesium (Cs)
and rubidium (Rb) at cation A sites , lead (Pb)/tin (Sn)/Germanium(Ge) at cation B sites , and halide
(1,Br,Cl) at anion X site [12,32—-36]. The wide perovskite material used is MAPDbI3 due to the band gap
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of 1.55 eV, and high absorption coefficient, low-temperature annealing (100 °C ), but it degrades in
the presence of moisture and air [37]; another choice is using FAPbIlz which shows better thermal
stability than MAPDbI3z [38]. However, it is still not stable at room temperature (i.e metastable state )
yields to fast converting to yellow phase, the Goldschmidt tolerance (t) should be between 0.8<t>1 to
stabilize the black phase [18], the Goldschmidt tolerance for MAPbIs, FAPblz and CsPblz is 0.9, 1 and
0.8 respectively, for these reasons some elements cannot fulfill the requirement of the ideal
Goldschmidt tolerance such as K, Na, Ga. The tunability of perovskite materials can make different
structure such as MAPbIs.xBryx as illustrated in Figure.21 [39] , the incorporation of Br in I can change
the wavelength from 786 nm to 544 nm for x=0 and x=3, respectively.

Absorbance (a.u.)

. . R
500 600
Wavelength (nm)

Figure 24: a) The absorption spectral of MAPbIs.«Bry .b)the band gap of MAPbIs.Bry . c) the color of
MAPbI3-XBrX [39]

Jeon et al. reported the performance of (FAPDbI3)1.x(MAPbBr3)x by varying x from 0 to 0.3[40] ,
the best amount is found with x=0.15, this structure also shows the better quality and more stability
under outdoor conditions [41], but the efficiency still far from the Shockley Queisser limit which our
study in chapter 5 will discuss it intensely.
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Figure 25: a) The efficiency vs. doping of (FAPbIs):.«(MAPbBrs)y. b) The IV curve of (FAPbI3)1.«(MAPbBrs)x
compared to MAPbIs . ¢) The UV-vs absorption spectra of (FAPbI3)1.«(MAPbBrs).. The External Quantum
Efficiency of (FAPbIs):.x(MAPbBrs;), [41].

6.4 Electron transport materials (ETLS) :

After the separation of free charges in the absorber layer, the turn comes on ETL to make the
transfer of electrons to the anode; in this context, the ETL should be an n-type semiconductor with
transparent in the visible light adding to excellent mobility and conductivity to create a better transfer
of electrons.

6.4.1 Inorganic ETLS
e Titanium dioxide TiO2

Titanium dioxide becomes the traditional ETL in PSCs, its C.B. approximately in the range of
4-4.1eV in case of anatase and rutile phase, with a band gap roughly to 3.2 eV [42] and 3eV [43]
respectively. Its perfect band alignment with the perovskite material such as MAPDbIz makes TiO. the
must ETLs studied in PSCs, the highest performance achieved in PCSs made by mesoporous or
compact TiO,. However, it had many disadvantages, such as the quest for stability under U.V.
illumination, high processing temperature, low mobility, and upper trap density. It opened the door for
new investigations that can replace TiO> .

. Zinc oxide ZnO2

ZnO can prepare by low processing temperature, has a high band gap, and considerable electron
mobility due to those advantages [44]. Bi Donggin et al. in 2013 reported for the first time the
application of ZnO in PSCs as an alternative for TiO> [45]. Still, its efficiency is low around 5-8 %,
due to defects and recombination with the perovskite material, the same approach with TiO. called
again, by doping method it can reduce those disadvantages, nitrogen-doped ZnO (N: ZnO)
demonstrated a PCE of 16.1 % with hysteresis free [46]. Still, the issue of chemical degradation at
ZnO/Perovskite hinders its application for PSC[47].
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e Tin Oxide SNO2

Recently SnO. had got more attention in PCSs due to its proper mismatch alignments with the
perovskite layer, which enhances the transport of free charges in solar cells. Also, the high mobility
and conductivity compared with TiO2 and ZnO lead to reduce the recombination loss. SnO> has a wide
band gap (3.6-4 eV) and high transmittance in the visible region, which can facilitate crossing the high
amount of light to the perovskite layer.< 200 C can be used to prepare SnO2, which good point in the
case of flexible or tandem solar cells[48][49]. The efficiency of SnO. in PCSs have started by 7.43 %
by Ma et al. [50] and reached 23.3 % [51]

¢ Zn2Sn04 (ZSO)

ZSO0 is another competitive ETL for PSCs. For many reasons, such as wide optical band gap 3.8
eV, high mobility, proper alignment with the energy level of perovskite, and the most important
chemical stability for polar solvents used in processing fabrication [52]. ZSO demonstrated excellent
stability for PSCs without encapsulation, even its PCE, around 13 %, to boost its performance should
more focus on the interfacial defect. A PCE reached 17.8 % when rGO used with nanofiber ZSO [53].

6.4.2 Organic ETLs

The organic ETLs have taken a massive interest in PSCs, to modify the surface of Inorganic ETL
with the n-i-p structure or used directly as ETL in p-i-n structure, due to their optoelectronic proprieties,
suitable energy level alignment, easy low-temperature solution-processed or vacuum-processed
processing [54].

Among these family, fullerene and its derivatives (6,6]-phenl-C61-butic acid methyl ester
(PCBM) or C60) are widely used depending on the structure of PSCs as mentioned previously.

Yoon et al. achieved a PCE of 19.1 % with hysteresis free using vacuum-processed for C60 ETL,
and also they demonstrate excellent stability when used PEN substrate as a flexible substrate [55].

Perylene diimides (PDIs) have used as ETL for the n-i-p structure which can provide excellent
thermal stability and high electron mobility, the first performance was only 7.93 % [56] but when the
amino-substituted the PCE reached to 17.66 % and 14.32 % on glass/FTO and PET/ITO respectively,
this improvement due to the amino-group which can reduce the work function of FTO and improve the
morphology of the interface with the perovskite [57].

Organic ETLs have taken more attention for inverted planar PSCs structure p-i-n, which PCBM
demonstrate a PCE around 20 % [58]; these achieving are going in parallel with solving the issues of
band tail, low electron mobility, morphology, and stability of PCBM. The fullerene-based inverted
planar PSC has low Vq; Huang and co-workers used a solvent annealing to boost the Voc by 50mV,
which makes better trap density [58]. The crosslinking silane layer can also be a good strategy by
adjusted to fullerene layer yield to large Voc [59].
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Figure 26: Schematic diverse Electron Transport layer is using in perovskite solar cells

Hole Transport Layer

6.5
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Figure 27: Schematic diverse hole Transport layers are using in perovskite solar cells.



6.5.1 Organic HTLs

e Spiro-OMeTAD

The Spiro-OMeTAD has been one of the successful HTLs in perovskite solar cells, with an
efficiency exceeding 20 %; it was the common point when park et al. succeeded in eliminating the
liquid electrolyte that used in solid-state de sensitized solar cells (s-DSSCs)[60].

Due to low mobility and conductivity in bulk Spiro-OMeTAD [61], dopants such as lithium bis
trifluoromethylsulphonyl) imid (Li-TFSI) and 4-tert-butylpyridine (TBP) added to improve its
proprieties owing to these efforts, the Spiro-OMeTAD still suffer from low conductivity and mobility,
with high degradation after adding the previous dopants. Also, it is expensive, which harmed the
commercialization of PSCs.

To balance the cost and stability with high performance, the polymer HTLs are also employing
to replace the small molecules HTLs.

oP3HT

This competitive material used for the first time with organic solar cells,7 % was the start record
in PSC [62], various efforts are made to enhance the morphology, the mobility and thickness resulted
in a PCE of 15 .3 % [63,64], but this results need more investigation in term of experimental and
theoretical calculations.

*PTAA

Owing to its higher hole mobility (10-2_10-3 cm2V-1s-1), PTTA is starting as successful HTL
in PSCs, 12 % was the first PCE reported[65,66] based on divers optimization, the record of PEC
attainted 20.2 % and more advantage can offer this inorganic material such as high molecular weight
and couldn't pantry in the perovskite layer compared with Spiro.

ePEDOT: PSS

PEDOT: PSS one of the successful polymer HTLs in PSCs regarding its work function compared
to MAPDI3 and transparency, it can allow arranging planar or inverted structure and also this HTLs
can adapt with flexible PSCs for low-temperature treatment[67], modified the PEDOT: PSS can
enhance its proprieties as Luo et al. demonstrated a PCE of 17 % by introducing graphene oxide (G.O.)
[68], controlling the level energy and surface morphology of other layers can push the efficiency of
PEDOT: PSS more than the previous value.

eSmall polymers HTLs

From the above conditions, various small molecule HTLs had been tried as an alternative for
Spiro-OMeTAD to push the efficiency and stability, such as oligomer HTLs[69], porphyrins
derivatives, triazine derivatives, thiophenes derivatives, and pyrenes derivatives[70-72].

6.5.2 Inorganic HTLs

Even the inorganic HTLs can attend more than 15 % as PCE in PCSs but still suffer from the low
hole mobility, the degradation under the humidity after adding the dopant to bulk state and are costly.
For these reasons, many inorganic HTLs are investigated.
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e Nickel oxide (NiO)

The challenge of NiO as inorganic HTL is started by Irwin et al. [73] when they made it as P-
type instead of PEDOT: PSS demonstrated a proper matching with the valence band of perovskite and
good conductivity that's open the door for more investigation. Among great effort by controlling the
method of deposition of the film, tunneling the proprieties of the perovskite layer, and stacked another
layer with NiO, to minimize the mechanism loss between the layers impressed the efficiency to 13%
with Voc=1.04 V [74], Seok et al. reported the highest PCE 17 % and Voc =1.06 V near to 1.11 V that
found by Spiro-OMeTADI75].

e Cuprous Oxide (Cu20) & Copper oxide CuO & Copper lodide

Copper and its derivatives tried to be alternative to inorganic HTLs in PSCs due to its wide band
gap, high conductivity, and simple synthesizing methods.

Cuprous, copper, and cupric oxides (Cu20 , CuO, and Cul) have a bandgap of 2.1-2.6,1.3-2 and 2.9-
3.1 eV, respectively, and high mobility more than (100 cm2V-1s?) [76—78].Cu20, CuOx, and Cul are
used as HTL in PCSs and demonstrated a great PCE of 17 % [79], 17.43 % [80], and 13.35 [81]%,
respectively. To be close to the performance of inorganic HTLs should be call effective synthesizing
methods and more optimization in the case of material proprieties.

e P-type Semiconductors HTL ( Copper phthalocyanine CuPc & Cuprous thiocyanate
CuSCN)

Due to its low cost and moderate mobility, Kuma et al. applied CuPc as HTL in PSCs and
achieved 5 % [82]. Its efficiency attends 16.1 % and high stability with printable PSCs, which the
Carbone (C) as an electrode is used [83].

CuSCN is cost-effective, adding to its stability and high optical transparency [84]. The PCE of PSCs
increased from 12.4 % to 17.01 % with pristine absorber layer and CuSCN [84-86] that's confirmed
CuSCN can be a promising HTL candidate for PSCs.

6.5.3 Transition Metals Oxide

Transition Metals Oxide had been used in organic solar cells in the first stage, due to degradation
of organic HTL in ambient condition, many researchers are focusing on transition metal, such as dopant
for several reasons, their high work function, and conductivity, transparency[87].

e Molybdenum oxide (MoO3)

The high work function, non-toxicity, and smooth surface as advantages of MoO3 , for those
proprieties Kim et al., applied MoOs in PSCs , resulting in high voltage 1.12 V and 13.7% then its
efficiency increased by 14.78 by Hou et al. when used MoO3:PEDOT: PSS as HTL in inverted planar
and also it has been shown a significant improvement in the stability[87-90].

eVanadium oxide (VOX)

VOXx has been used in PSCs as pristine or interfacial layer due to its low cost, low-temperature
processing which good point for large scale, its efficiency started by 14.14 % in inverted PSCs with
negligible hysteresis was reported by Haochneg et al. [91], then a PCE 17.5 % and 1.05 V were showed
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by Haitao et al. [92] which V20x sandwiched between Perovskite and PEDOT: PSS, also a PCE around
15 % reached by Wang, Dian, et al. with bilayer V205 :PEDOT: PSS as HTLs[93]

e Tungsten oxide (WQs3)

WOy is also a promising low-temperature inorganic HML, Zhiwei et al. succeeded to report a
PCE of 7.68 % by a solvothermal method in inverted PSCs [94],WOx showed high hole mobility and
highly transparent in the visible region [95], a PCE of 9.8 % also reported by Zong-Liang et al. when
UV-ozone used to treat its surface for better coverage of perovskite material[96].

e The carbonaceous hole-transporting materials (Carbon/graphene oxide/reduced
graphene oxide)

The carbon started in PSC as an electrode (back contact) to replace the expensive electrode gold
(Au), but in 2014 Yang et al. have demonstrated that the carbon can be an electrode and HTL. The
graphene oxide (G.0O.), reduced graphene oxide (RGO), and carbon nanotubes (CNTSs) can offer many
advantages such as low cost, best alignment matching with the perovskite. Also, better mechanical
performance can produce less interfacial resistance. Furthermore, carbon-based material can be
prepared easily by spin coating, the doctor blade method, ink-jet printing[97][98].

6.5.4 Carbon-based HTL

Zhou et al. have succeeded in fabricated low and straightforward cost configurations of PSC
without HTL based on Carbon as HTL. It delivered efficiency of 8 % [99]; after these impressive
results, many studies have focused on the preparation of the carbon as an electrode for avoiding the
damage of perovskite film, such as Zhang et al. reported low temperature-processed carbon paste with
superb efficiency of 8.31 %[100]. On the other hand, the optimization of the interface between the
carbon and the perovskite yield to achieve an exceeding PCE of 11%[101] and efficiency of 13.58 %
also reported by Wei et al. [102] using thermoplastic carbon film.

6.5.5 Graphene and doped graphene oxide-based HTL

The graphene oxide (G.O.) and reduced graphene oxide (rGO) are two-dimensional materials
arranged with carbon atom monolayer, those materials have demonstrated high conductivity, mobility
and transfer charges make them as a right choice for PSCs to replace the organic HTLs [103].

Firstly as we discussed in organic HTLs, the G.O. has introduced as a buffer layer with PEDOT:
PSS[68] with a PCE of 13.1 %, the best line of G.O. in PSCs is a dual function layer. rGO have tried
for the first time by Yeo et al. yield to 10.8 % as a PCE and excellent stability [104] due to high
conductivity, better alignment, and growth on the surface with the perovskite layer.

7 Fabrication Methodologies of perovskite solar cells

The quality of the perovskite layer has a strong effect on the performance of the cell. Controlling
the crystallinity, morphology, phase purity, and uniformity of the absorber layer are essential tips to
make a high performance of PSCs.

7.1 Deposition of the perovskite layer

There are two methods to make perovskite film; the first one is based on one step, in case of
MAPDI3 , the Pbl2 is coated firstly then MAI infiltrated in Pbl> following by drying remained solvent
and chemical at specific temperature and time to get perovskite phase. This method has a big issue that
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produces a bench of a pinhole in the perovskite layer. To solve this problem a second method is applied
to make perovskite layer is called two-step solution method based on solvent engineering as shown in
Figure 28, which (MAI, FAI or Csl, ) and ( Pblz, Snlz or Gely) are dissolved in polar aprotic solvents
such as N, N-dimethylformamide (DMF), dimethylsulfoxide (DMSO) to make the precursor solution.
The perovskite film can be prepared by the spin-coating of the precursor solution on the substrate.
During the spinning, the antisolvent is dropped in the center position of the rotating substrate following
by postdeposition annealing on a hotplate to produce perovskite film. Several parameters can affect the
quality of the film, such as precursor composition, processing temperatures and times, environment
conditions (oxygen and humidity levels ), substrate material, and deposition parameters
[105,106][107].

g -

-

(MAI +Pbl2 ) +DMSO:DMF

( > & Annealing ...__a___!_/
li Frul

Anti-solvent N
spin-coating treatment Annealing

Figure 28: Preparation of MAPbI; using anti-solvent engineering method

The antisolvent method is sensitive because it is done by hands and needs a long time to master
it for producing high quality of perovskite film.

7.2 Fabrication processes of Perovskite solar cells.

The processes of fabrication PSCs will start by the cleaned the ITO or FTO substrates with
detergent, deionized water, acetone, and isopropyl alcohol in an ultrasonic bath for 15 min,
respectively.

eFor N-i-P planar PSCs :

eThe cleaned substrates will be treated by oxygen plasma for a specific time.
eThe HTL will spin-coated on the cleaned substrates.

eThe substrate will anneal with specific temperature and time

eThe substrate will transfer to the glove-box, and the perovskite precursor solution will spin-
coated at specific rpm and time using antisolvent.

eThe substrate will anneal again with specific temperature and time.
eThe HTL will spin-coated on the perovskite film.

eThe back contact of the cell will be sequentially evaporated by thermal evaporation under
vacuum.

eThe same processes for P-i-N just instead of stating by ETL will use the HTL first, then
Perovskite film, ETL, and finally, the back contact.

For P-i-N, the same process is repeating just instead of starting by ETL; the HTL will be the first
layer as shown in Figure 29.
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Chapter 3: Research Methods and Materials

This chapter is dedicated to mentioning the research methodology used in this work. In particular,
in the first part, the numerical simulation was described by showing the method working of SCAPS
software. Secondly, the experimental investigation that adopted in this work will describe.

1 Numerical window simulation

There are different commercially available software and educational software for numerical
analysis of solar cell that solves these basic semiconductor equations. The list of software that is
available free for educational purpose is listed below

¢SCAPS-1D (Solar cell capacitance simulator)

¢ AMPS-1D (Analysis of Microelectronic and photonics Structures)
¢ AFORS-HET (Automat For Simulation of Heterostructures)
ePC1D

¢ ASA (Amorphous Semiconductor Analysis)

It very hard to choose between all those tools, we decided to continue with SCAPS-1D to perform
our works because SCAPS is extensive literature available and a lot of experts in the PSCs have used
it [16].

1.1 SCAPS-1D

SCAPS is a one-dimensional solar cell simulation program developed at the Department of
Electronics and Information Systems (ELIS) of the University of Gent, Belgium from Marc Burgelman,
Alex Niemegeers, Stefaan Degrave, Johan Verschraegen.

The most recent version 3.3.07, includes :

v All physical parameters required for solar cell & is dielectric constant, Eg4 is bandgap,
is electron affinity, N is effective conduction band density, Ny is effective valence band density, pn is
electron mobility, and pp is hole mobility, Np is donor concentration, while N is acceptor
concentration, Nt is the defect density, Capture cross-section fo electrons, and holes.

Recombination profiles in solar cell (SRH, Auger) .

Defect density in the bulk of Semiconductor and at the interface.

Defects with charge type

The work function of the back and front electrodes

Illumination of working structure with different spectra available in the literature (AMO,
D, AM1.5G, monochromatic, white )

Different kind of lighting from the back or front of the cell.

Performing simulation under batch setting with controlled iteration.

Run simulation using Script

Saving materials and structures.

Calculate : (Energy band diagram, I-V cure, C-V cure, Quantum efficiency, Built-in
voltage , recombination profile with temperature ).

v Highly recommended interface.

AML1.

NN N NS SN
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1.2 Tips of simulations

1.2.1  Literature preparation

Before start running simulation, considerable research should be done to find all parameters that
show in Figure 30.

bandgap (eV) 1.560
electron affinity (eV) 4150
dielectric permittivity (relative) 44965
CB effective density of states (1/cm”3) 2200E+18
VB effective density of states (1/em”3) 1.800E+19
electron thermal velocity (cm/s) 1.000E+7
hole thermal velocity (cm/s) 1.000E+7
electron mobility (cm?f\/s) 4 400E+0
haole mobility (cm?/\Vs) 4 400E+0
I_ Al T eﬁect?ve mass of electrons :.DGGE+D
effective mass of holes 000E+D
no MD grading (uniform) ""‘
shallow uniform donor density ND (1/cm3) | 2000E417 |
no NA grading (uniform) il
shallow uniform acceptor density MA (1/cma3) I-D.DDDE+D H

Absorption interpolation model
alpha pure A material (y=0) show I
from file [ [] from model
Set absorption model | HHE I

List of absorption submodels present:
constant background alpha
sqri(hv-Eg) law (SCAPS traditional)

Figure 30: SCAPS Window of electrical parameters
Those parameters are mandatory for each layer, i.e., for ETL, HTL, and perovskite layer.

In our case, we found some parameters from the previous studies, and also we used some settings
from our experimental studies.

1.2.2  Absorption coefficient

In the new version of SCAPS >3.3.07, there are two methods to fit the parameter of the
absorption coefficient; the first one is given by the sub-model below :

a(hv) = (+) ap, back ground constant a (33)
(+) a, u(hv - Eg) E, — step a. if hv > Eg, 0if hv < Eg (34)

hv

(+) (ao + Bo %) , 1 Ej—sqrt  andO0if a. if hv <E; (35)
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nl
(+) (ao + B %) ( /’;—: - 1) powerl  and0if a, if hv < Egy

(+) (ao + B2 %) ( = 1)n2

E;

(36)

power2  and 0if a. if hv < Eg, (37)

(+) exp (_ EgETOhv)

sub — bandgap (38)

The singe (+) means here that the sub-model can be added or canceled by the user to the total
a(hv) in the SCAPS user interface [108].

Where A et B are the absorption constants, h is Planck's constant,v is the light speed.

The second option is to export the file of absorption from the experimental fabrication of each
layer.

Optical absorption of layer MIXED. pure A material. Eg = 1.560 eV
log 4.446E+5-
lin

—
0.000E+0-,
2

00.000 300000 400000 500000 600.000 700000 800.000 900.000 1000.000.
wavelength. nm
Colour of last calculated model

The absorption model is the sum of the checked models

V| back ground '_I step at Eg‘ r’sqrt() at Eg‘ l_l power law 1 ‘I’

| 2{I’] e ~|‘HSUb model for
pOower law Sub- al

: 2 methode 1
Hide abs. file data |Set abs.model file| Loaded abs. modelie— Methode 2

Figure 31: User interface for absorption in SCAPS

1.2.3 Recombination model

There are three recombination models used in SCAPS,

eband-to-band recombination

eThe Shockley-Red-Hall (SRH) recombination
e Auger recombination
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I Recombination model

Band to band recombination

Radiative recombination coefficient (cm®/s) 0.000E+0
Auger electron capture cosfiicient (cm™6/s) 0.000E+0
Auger hole capture coefficient (cm”6/s) 0.000E+0

Recombination at defects: Summary

Defect 1 1

Defect1

charge type : neutral

total density (1/cm3): Uniform 1.000e+18

lorading Nify): uniform

energydistribution: gauss: Et=060 eV above EV: Ekar=0.10 eV
this defect only, if active: tau_n= 5.0e-03 ns, tau_p = 5.0e-03 ns
this defect only, ifactive: Ln= 1.1e-01 um, Lp = 5.3e-02 um

Edit Add a
Defect 1 Defect 2
Remove
(nom ble configuration p ble)

Figure 32: Recombination model in SCAPS

All those tips should be done for each layer. Our methods also are suggested to use two interfaces
in case of perovskite layer by adding two-layer with 10 nm, which can make the performance of the
study of the cell more accurate to the experimental environment.

1.2.4 Back and front contact

In case of front and back contact, the work function is an essential input to complete making the
solar cell,

—Electrical properties

Thermionic emission / surface recombination velocity (cm/s) :
electrons 5 1.00E+5

holes = 1.00E+7
Metal work function (V) 3 5.1000 ar —

Maijarity carrier barrier height (V) :
relative to EF  0.3500
relative to EV orEC  0.2751

[T Allow contacttunneling Effective mass of electrons 1.00E+D

Effective mass of holes 1.00E+D

Figure 33:Input parameters of back contact in SCAPS.

After completing all these steps, then our PSCs, Figure 34, is ready to deliver its performance
with all other results.
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lluminated from : apply voltage Vto current reference as a:
L: right left contact ﬁ consumer
e left right contact generator Invert the structure
left contact (back) ‘
p-spiro MeOTAD [N
ID2
MIXED perovskite
iDL1
SnOx ;
FTO ]
I v
add layer 1
. Internal R and T atfront
| right contact (front) | R 2 0.000000 left contact right contact
IR B 1000E+0 back front S
Info on graded parameters only available after a calculation

Figure 34: Final s

tructure of PSCs in SCAPS

Then we should come back to the main interface to simulate the working point desired, as

illustrated in the following fig.

Working point——— Series resistance Shunt resistance —— Action list ——— All SCAPS settings —
Temperature (K} ﬁ 300.00 yes yes
no no
Woltage (V) ﬁ 0.0000 | Load Action List ' ‘ Load all setings '
= 0.00E+0 Rs  Ohm.cm™2 Rsh ﬁ 00E+30
Rz {33 > 1.000E+6 - ~ | Save Action List ' ‘ Save all setlings '
Number of points 55 S/cm”2 Gsh ﬁccc&c
Dark -:D Light Specify illumination spectrum, then calculate G(x) D:- Directly specify G(x)

Analytical model for spectrum -_|_| Spectrum from file }
illuminated from left .:D lluminated from right
AM1_5G 1 sun.spe
Shortwavel. (nmy) ﬁ 200.0
no
Long wavel. (nm) ﬁ 4000.0
ﬁDDDDD Transmission (%) ﬁ‘IDD 000

Spectrum file name:
Select
spectrum file
Spectrum cut off ?

Neutral Density

—| Analytical model for Gx) |_|_| G(x) from file I—
Incident (or bias)
light power (W/m2)
sun or lamp  1000.00 Gx) model | Constant generation G I~

Ideal Light Current in G(x) (mA/cm2)

after cut-off |1000.00
after ND | 1000.00

Transmission of attenuation filter (%)

Ideal Light Currentin cell (mA/cm2)

number

r—Action———————— -Pause ateach step
-

4 V1 (V) §] 0.0000
- cVv V1 (V) 408000
— cf 1 (Hz) 2 1.000E+2
™ QE(IPCE) WL (nm) 2130000

V2(V) 2 0.8000 [~ Stop after Voc
V2(V) 4 0.8000
2(Hz) & 1.000E+6

WL2 (nm) 290000

of points

gﬂ_‘ 0.0200 increment (V)
ﬁ&‘l ﬁDDZDD increment (V)
ﬁz" §5 points per decade
ﬁﬁ‘\ ﬁ‘ID 00 increment (nm}

Set problem

] loaded definition file: |

]

Continue Stop ]

idl1 -idI2 (FAPbBI3)85(MAPBBr3)15 def |OK

]

Results of calculations Save all simulations

Batch set-up !
T

Record setup
e

J
EJ\EJSM\JJJE Clear all simulations

SCAPS info |

Recorder results

Curvefitsetup )
S

Curvefitting results

Script set-up H
e

]
]
] J it |

Script graphs Script variables

Figure 35: Main pa
1.2.5 Results

We can analyze all the results that we need
list that can take it from software by selecting them
which can plot them again with different tools.

1.2.6  Algorithm of SCAPS

rameters to simulate SCAPS

to perform our PSCs. All the results also had a data
first then press CTL+C to move them out of SCAPS,
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The leading theory of SCAPS-1D is to solve Poisson's equation and continuity equations. Every
round of calculation begins from the start point, by using the initial assumption, which is expressed by
using quasi-Fermi levels, to obtain the equilibrium state, which means no illumination and voltage are
applied. When the work point is set in a dark condition, the equilibrium condition is referred to the
calculations . When it is placed under a light condition, the short circuit situation will be calculated,
and this new value will be used as the initial value of the next step.

The convergence of the Gummel type iteration scheme with the Newton-Raphson algorithm is
used in SCAPS for numerical calculations. After a calculation point is set, SCAPS will follow the
Newton-Raphson algorithm to undertake iteration calculation until obtaining the optimization value

Startpoint

|

Equilibrium Situation (dark; 0V) |

LIGHT
DARK | Short circuit (light; OV) |
[ Workingpoint Situation ]

!

1st Calculation point
closest to workingpoint

}

[--.]

Figure 36: Working strategy of SCAPS.

2 Experimental investigation
2.1 Deposition Method

The solvent engineering method was applied for the preparation of perovskite film inside the
glove-box with proper condition of O, and HO and temperature.

Some instruments which are mandatory for making all the process of fabrication are placed inside
glove-box, such as spin-coater and the hot-plate.

The sping coating method also was applied to prepare ETL or HTL inside or outside the glove
box depends on the desired goal of the fabrication.
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Figure 38: depict scheme of glove-Box

Solvent safe PP bowl Glass lid for full
and surround solvent resistance

Customisable
chuck "o .-

Compact steel casing
-= for durability

Spirit level to ensure

Clear display shows even substrate coverage

settings and current
readouts

Programming keypad is covered
in solvent resistance FEP film

Figure 39: Depict scheme of spin-coater
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2.2  Characterization Techniques
2.2.1  Structures studies X-Ray Diffraction

The orientation crystal of materials was analyzed by XRD (Shimadzu 6000 ) using Cu-K, target
and radiation of wavelength 1.5406, the patterns of XRD were recorded at a scanning rate of 5
(deg/min) , applied voltage and current of the target are 40 (kV) and 30 (mA) , respectively. The
structure of materials was investigated with peak positions (20-values).

2.3 Morphological studies
2.3.1 Scanning Electron Microscope

The shapes of the perovskite crystals materials are studied by the image of Scanning Electron
Microscope (SEM), using 100kx as magnification and 500kx, high voltage 10kv, and SEM in
secondary electron mode.

2.3.2  Optical properties studies

The absorption and transmittance of the film-coated is measured at room temperature using
U.V./Vis/I.R. spectrophotometer (PerkinElmer Instrument )

2.4  Photovoltaic parameters of PSCs

The testing of the I-V curve of the cell was done by using a photovoltaic measurement system,
which is composed of Oriel Solar simulator (Vera Sol LED ), Keithley model 2400 digital source meter,
and a computer for storing data. The solar simulator is equipped with a 450 W xenon lamp. The output
power is managed to match AM1.5 global sunlight (100mW cm). For photovoltaic testing system
there are three standards that define solar simulator performance (International Electrotechnical
Commission (IEC) 609004-9 Edition 2 (2007) (Photovoltaic Devices) ), (Japanese Industrial
Standard (JIS) C 8912-1998 (Solar Simulators for Crystalline Solar cells and Modules ) ) and
American Society for Testing and Materials (ASTM) International E 927-05 (2005)
(Specification for Solar Simulation for Terrestrial P.V.)[109]
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Chapter 4: Performance analysis of MAPDbIs based perovskite solar
cells employing diverse charge selective contacts: Simulation study

ABSTRACT

The rapid development in organo-metal halide perovskite solar cells (PSCs) has led to the report
of power conversion efficiency of 25%. However, their large-scale deployment and possible
commercialization endeavor are currently limited due to the presence of high-temperature processed
electron transport material (ETL) such as TiO2 and the expensive hole transport material (HTL) in the
state-of-the-art devices. By employing Solar Cell Capacitance Simulator (SCAPS)-1D, we attempted
to propose low-cost charge selective materials as ETL and HTL, which can deliver high photovoltaic
performance. For this, the evaluation of TiO., ZnO, and SnO> as ETLs was validated. Besides this, the
role of the thickness of ETLs was also investigated in perovskite solar cells using CH3NH3Pblz
perovskite as light harvester and Spiro-OMeTAD as HTL. Our simulation results showed that 90nm of
SnO> layer outperforms as ETL for device fabrication. The impact of ETL thickness on the fill factor
was also studied as a function of dopant donor concentration (Np). Furthermore, in our pursuit to avoid
the usage of Spiro-OMeTAD, different organic and inorganic HTLs (P3HT, CuSbS,, Cu.O, CuSCN)
have been investigated, and more importantly, the HTL thickness was optimized for high-performance
solar cells. We have found that by using the configuration of FTO/SnO2(90 nm)/MAPbI3/CuSCN (100
nm)/Au can yield a PCE of 26.74% and Vo of 1180mV and FTO/SnO2 (90 nm)/MAPbIs/Spiro-
OMeTAD (100 nm)/Au., The role of metal cathode work function was also studied to replace the
expensive gold (Au) electrode.

Keywords: perovskite; solar cells; selective charge contacts; hole-transporting materials;
Electron transporting materials.
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1 Introduction

Organic-inorganic halide perovskites have received significant attention due to their
extraordinary and tunable electro-optical properties, leading to improve performance in solar cells and
light-emitting devices. These materials are well known for over a decade; however, Miyasaka et al. in
2009, mentioned its first usage in solar cells[9], which was built on D. Mitzi's work.

These materials can be represented by a general formula ABX3, where A is an organic
methylammonium (CH3NHs*) ion [110] or formamidinium (NH=CHNHz") ion [111-113]B is
inorganic cation Pb?*, Sn?*, and X can be a halogen ion, I, Br, or CI-.

The remarkable performance of three-dimensional ABX3 perovskites in solar cells was due
to their panchromatic light absorption throughout the visible and near-infrared spectrum, the low
exciton binding energy (~2 meV), direct band gap, [114] long diffusion length, high charge carrier
mobility, which makes them ideal photovoltaic materials with controlling the quality of perovskite film
by different methods can decrease the defect density to improve the photovoltaic parameters [115,116]
. Owing to these unique characteristics, a certified power conversion efficiency (PCE) of 25.2 % was
reported [5]. The PSCs work on the same photovoltaic operation principle, like solid-state dye-
sensitized solar cells. Among the best efficiencies in PSCs showed until now are based on TiO2 as ETL.
However, TiO2 needs to be annealed at high temperature (500 °C) to acquire the crystalline rutile phase
[117-119], which inhibits the application of PSCs in flexible devices. Moreover, TiO> has low electron
mobility [120] and is UV un-stable [121]. To avoid these drawbacks, Liu et al. used a low-temperature
solution-processed based ZnO as ETL, and they measured a PCE of 15.7 % in planar PSCs [122]. These
results showed new directions to replace TiO by other metal oxides as ETL for high-efficiency PSCs.
In 2015, Ke et al. demonstrated a PCE of 16.02 %, when low temperature solution-processed SnO-
layer was used as an ETL in a normal planar structured PSCs with less hysteresis [123]. In another
report, SnO> has been used as an efficient ETL in planar PSCs synthesized using low temperature ALD
method, yielding a PCE of 18% along with no hysteresis [124]. The recent results using SnO as an
ETL in PSCs showed a high performance similarly as of TiO2 and ZnO in planar architecture, with Voc
of 1090 mV and PCE of 20.3% [125] and also SnO, have got more attention due to its electronic
structure [126]. However, these promising PSCs still suffer from the use of small organic molecule-
based Spiro-OMeTAD as HTL. To work as an efficient HTL, this Spiro-OMeTAD needs dopant and
additives such as hygroscopic LiTFSI salt and t-BP, which makes the perovskite solar cells unstable
[41]. Besides, degradation of perovskite in the presence of doped Spiro-OMeTAD, the other reasons
include 33.9% of the total device cost occurs due to the HTL synthesizing steps along with expensive
gold (Au) working as a cathode in devices. [127]. To replace Spiro-OMeTAD, several other organic
small molecules, polymers, inorganic p-type semiconductors, and organometallic complexes have
been employed as HTL in PSCs and exhibited significant PV performance; however, in terms of
atmospheric stability, few of them were found to be encouraging [128-132]. Recently, Cu-Based
ternary chalcogenide semiconductors described by a general formula CuaBXb(B=Sn, Sbh, Bi and X=Se,
Te, S) are showing more attention as new HTLs in thin-film solar cells [133], such as CuSbS2 is from
the family of abundant and cheap sulfates in nature [134] also another material, Cu20 demonstrated
that could be a promising HTLs in PSCs to enhance its efficiency and the most important its low cost
and it can help to create an environmentally friendly solar cell [135], Cul and CuSCN [136,137]. These
inorganic HTLs have high conductivity and high carrier mobility compares to organic HTLs and can
be used without doping but are still need more investigation with the best selective layer for efficient
PSCs.
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To address these challenges which have hindered the commercialization of PSCs, in the present
work, we have used a simulation program named (Solar cell capacitance simulator) SCAPS for the
screening of the HTLs, which can be tested experimentally in optimized condition. The main goal of
this study is to propose efficient PSCs, using low-temperature processed ETL (SnOz) with other
alternative efficient HTLs.

Herein, firstly, ETL will be optimized. For the second step through a comparative study
of three devices using TiO2, ZnO, and SnOzas ETLs, MAPDI3 as a light harvester and Spiro-OMeTAD
as HTL with the gold (Au) and FTO as back and front contact respectively is performed. To the best
of our knowledge in the case of simulation of perovskite solar cells, we investigated the first time the
impact of the thickness of ETL on fill factor as a function of donor concentration (Np). Through the
screening of ETL from the first step, the second step will be focused on finding the efficient HTL using
the configuration: FTO/SnO2/CH3NH3Pbls/HTL/Au and different HTL such as Spiro-OMeTAD
poly(3-hexylthiophene-2,5-diyl) (P3HT), Copper antimony sulfide (CuSbS.), Cuprous oxide (Cu20)
and Copper thiocyanate (CuSCN) will be evaluated. The effect of different back contact on the device
performance was also studied using SnO as an ETL and CuSCN as HTL.

2 Device Simulation

The 1-dimensional Solar cell capacitance simulator (SCAPS) version. 3.3.07 was used as
a simulation platform (ELIS, University of Gent, Belgium). It is based on three coupled differential
equations, namely, Poisson’s (39) and continuity equations for holes (40) and electrons (41) as follows:

d dy N _

(e ) = alp() = 1) + NF GO = Ny () + pe) = () ] 39)
S ARy () —G() = 0 (0
— 2 Ry(0) — G0 = 0 (41)

Here, ¢ is the permittivity, q is the charge of electron, ¥ is the electrostatic potential and n is
electron concentration, p is free hole concentration, n: is trapped electron, p: is trapped hole, Np* is
the ionized donor-like doping and Na™ is the ionized acceptor-like doping concentrations, Rn(X), Rp(X)
are electrons and holes recombination rate, G(x) is the generation rate, Jn and J, are the electron and
hole current densities respectively.

The planar structure used in this simulation, where the n-type transparent semiconducting
metal oxide was modelled by investigating ETL such as TiO2, ZnO and SnO2, CH3sNH3Pbls used as a
light harvester, and Spiro-OMeTAD as HTL as illustrated in Figure 40-a . The second part of this
simulation was modeled by the SnO, as ETL with CHsNH3sPbls as an absorber layer, using P3HT,
CuShS,, Cu20, CuSCN, and Spiro-OMeTAD as HTLs as shown in Figure 40-b. Moreover, the gold
(Au) is used as the back contact and fluorine doped tin oxide (FTO) as the front contact.
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Figure 40:a-b) device structure of simulated perovskite solar cell

The input parameters used in SCAPS-1D for the simulation that are extracted from theories and
literature are summarized in Table 3.[138,139,148-150,140-147].

In the device simulation, ETL/MAPbIs; and MAPbIz/HTL interface defect layer (IDL) is also
introduced. The work function of HTL layers is calculated with respect to the valence band energy
level [139], and input parameters are given in Table 2. Simulated current density-voltage (J-V) curve
under illumination was obtained using standard AM 1.5G solar spectrum.

Where & is dielectric constant, Eq is bandgap, y is electron affinity, N¢ is effective conduction

band density, Ny is effective valence band density, un is electron mobility, and pp is hole mobility, Np
is donor concentration while Na is acceptor concentration,

Table 3:Simulation parameters of the perovskite solar cell

Parameter MAPDI;  n-TiO, n-SnO; n-ZnO Spiro- P3HT  CuSbS; Cu,0 CuSCN
OMeTA
D
thickness (nm) 450 Wide- Wide- Wide- Wide- Wide-  Wide- Wide- Wide-
ranging ranging ranging ranging rangin  ranging ranging ranging
g
Eq (eV) 15 3.2 3.6 33 2.9 1.7 1.58 2.17 3.6
z(ev) 3.93 4 4 4 2.2 35 4.2 3.2 1.7
&r 30 100 9 9 3 3 14.6 7.1 10
N (1/cmd) 25x10%  1x10% 2.2x10%®  3.7x10®  2.5x10% 2x10%  2x10'® 2.5x10% 2.2x10%
N, (1/cm?) 2.5x10%®  2x10% 1.8x10%°  1.8x10®  2.5x10% 2x10%t  1x10% 1.8x10% 1.8x10'8
tn(cm?/Vs) 50 0.006 100 100 0.0021 0.0018 49 200 100
pp(cm?/Vs) 50 0.006 0.256 25 0.0026 0.0186 49 8600 25
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Na (L/cm®) -- - - - 1x10%® 1x10®  1x10%® 1x10%8 1x10%8

Np (1/cm®) - 5.06x10*°  1x10Y 1x10'8

Work -5 5.1 -5.15 -5.27 -5.2
function (eV)

Table 4:Parameters of interfaces layer.

Interface Defect Capture cross Energetic Reference for Total density Total density

type section electrons distribution defect energy (integrated over all (integrated over all
/holes (cm?) level E; energies) (1/cm?) energies) (1/cm?)
ETL/MAPDbI;  Acceptor  1x10 Y Single Above the VB 0.32 1x10°
1x10 8 maximum
MAPDbIs/HTL  Acceptor ~ 1x10 ® Single Above the VB 0.07 1x10°- 1x10%
1x10 %° maximum

3 Results and discussion

3.1 Performance of PSCs based on Spiro-OMeTAD as HTL using
different ETL

The role of ETL is to facilitate diffusion of the electrons from the photoexcited perovskite
layer (MAPDI3) into the FTO glass and thus to the external circuit. Materials have most used in the
standard devices suffer from high-temperature processing, which has a deleterious effect on PSCs
fabrication cost. To address such challenges, two categories of ETLs were compared in this work, one
based on high processing temperature such as TiO», while the other was based on ZnO and SnO., which
can be processed at low temperature. The photovoltaic parameters obtained from our simulation
presented in Table 5.

Table 5:Performance of PSCs with 90 nm thick ETL layers.

Device Architect Jsc Voc FF (%) PCE (%)
(mA-cm) (mV)
FTO/ZnO/MAPDI3/Spiro-OMeTAD/Au 25.10 1120 81.86 23.21
FTO/TiO2/MAPDI3/Spiro-OMeTAD/Au 24.98 1120 81.68 23.04
FTO/SnO2/MAPDI3/Spiro-OMeTAD/Au 25.59 1130 81.54 23.55

ETL thicknesses were kept the same in all three different types of solar cells investigated. From
Table 5, it can be observed that for the same width of all the ETLs, the efficiency of PSC based on
SnO; as ETL was higher than of ZnO and TiOx. It can be deducted from Table 5 and J-V curve in
Figure 41, that the device based on SnO2 as ETL showed higher current density than other ETLs
employed here, due to increasing light absorption by the perovskite, which also reflects in the EQE
increment in the 300-450 nm spectral region. SnO. has a wider band gap (3.6 eV) and higher
transmittance in between 300-400 nm compared to that of ZnO(3.3eV) and TiO> (3.2eV)[123,151-
155] These results suggest that low temperature processed SnO, as ETL in PSCs can be an effective
candidate for efficient device fabrication. Our results are in accordance with the other reported
experimental studies and numerical simulations[156—-159].
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Figure 41: a) Simulated EQE curves and b) J-V curves of perovskite solar cells with 90 nm thick ZnO,
TiO2, and SnO2 ETL layer.

3.2 Effect of ETLs Thickness on photovoltaic parameters

Figure 42 shows the variation of PV parameters open-circuit voltage (Voc), short circuit current
density (Jsc), fill factor (FF), and PCE as a function of ETLs layer thickness. All the devices were
simulated using MAPDI3 (450 nm) as light harvester and Spiro-OMeTAD (400 nm) as an HTL layer.
The thickness of the ETL layer used here was varied from 90 nm to 200 nm. It can be noted that the
increase of thickness leads to a decrease in Vo, Jsc, and consequently PCE in the case of TiO, and
ZnO, while in the case of SnO, these values did not change significantly. It is noticeable that the
increase of ETL thickness harms Vo and Jsc due to partial absorption of incident light by the thick ETL
layer and change in series resistance. On the other hand, the decreased amount of light transmitted to
the active layer with thicker ETLs leads to increase the fill factor up to a certain thickness (~150 nm),
which might be due to less number of photon absorption by the active layer and thus decrease the rate
of charge generation and collection and consequently short circuit current (Jsc), and series resistance
will be reduced [156,160].

A simple empirical expression for the effect of the series resistance on fill factor [161]
FFy = FF;,(1 —1s) (42)

FFo is the ideal FF in the absence of series resistance, rs is the normalized series resistance, which
equals Rs*lse/Voc.

Using the above formula, the FF increased up to 150 nm thickness as a result of decrease series
resistance due to the low charge generation rate.

We should mention here that we used high donor dopant concentration (Np) for ETLs and, as
mentioned in few works [160,162], the high value of donor dopant concentration (Np) for ETLs leads
to increase the conductivity of ETLs and reduces the resistivity. A similar observation was seen in
organic solar cells that FF increases with high Np and vice versa [163]. Here we investigated the effect
of ETLs such as SnO2, ZnO, TiO: thickness on the fill factor as a function of Np. For a deep
understanding of our results, the variation of Np adapted to that used in the simulation for each layer.
We figured out that with low Np, the fill factor becomes very sensitive to thicker thickness with low
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Np if we increased the width of ETLs; the fill factor drops inversely to high Np, as shown in Figure 43.
b-c-d, due to improvement in the conductivity of ETLS, as mentioned above.
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Figure 42: Effect of different ETL thickness on photovoltaic parameters.
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4 Solar cell performance with SnO2 ETL and using different
HTLs

4.1 Photovoltaic parameters

Figure 44 shows the energy level diagrams of planar perovskite solar cells using SnO; as
ETL and different inorganic and organic HTL, which affect the valence band offset (e.i the difference
between the valence band of the absorber layer and those of HTL. The energy level alignment plays a
vital role in the excellent performance of the solar cells. The photogenerated electrons in the perovskite
are injected to the SnO> conduction band and hole to the HTL, and lastly, these extracted electrons and
holes are collected to their respective front (FTO) and back contact(Au metal) respectively. To extract
the electron at SnO2/MAPbIs interface, the electron affinity (E.A.) of SnO2 should be higher than the
perovskite and to remove the holes at HTL/ MAPDI3 interface, the ionization energy(l.E.) of HTL
should be lower than perovskite. The energy level mismatching at ETL/perovskite and perovskite/HTL
influence the PV properties, more importantly, open-circuit voltage(Voc) and short circuit current(Jsc).

Figure 45-b illustrates the simulated J-V curves of PSCs based on MAPbI; as perovskite (thickness 450
nm), SnO as ETL (thickness is 90 nm) with P3HT, CuShS,, Cu20, CuSCN, and Spiro-OMeTAD as
HTLs. It is noticeable that the devices fabricated with CuSCN as HTL outperformed with a Voc of 1190
mV, Jsc of 25.60 mA/cm? and FF of 87.85% and an overall PCE of 26.74% can be achieved. This was
followed by Cu20, which showed high performance after CUSCN with PCE of 25.97%, Jsc of 25.61
mA/cm?, Vo of 1150 mV, and FF of 88.39%. Cu0, P3HT also gave promising results achieving PCE
of 20.8% with Vo of 1140mV, Jsc of 25.55 mA/cm? and FF of 77.88%. The relatively low PV
performance was found when CuSbS» was used as HTL, and it gave a PCE of 19.88%, Voc 960mV, Jsc
of 25.59 mA/cm? , and FF of 77.88%. The values of the energy levels of all layers used in the simulation
with SnO- as ETL are illustrated in Figure 44-a.

Among all the HTLs simulated here, the highest photovoltaic performance was found with CuSCN,
followed by Cu20 as HTLs in PSCs using SnOz as ETL. These two good performings HTLs have
deeper valence band energy level concerning MAPbI3 perovskite absorber compared with other HTLSs,
which allowed to maximize the Vo, and sizeable optical band gap (Eg=3.6eV) of CuSCN guarantees
good electron blocking properties of this HTL to prevent photogenerated electrons transfer from
perovskite to itself. Further, it’s optical transparency in the UV-visible region allow to increase the
absorption in the absorbing layer and thus enhanced the short circuit current [128,129,164]

E(eV)

Figure 44: a)Corresponding band energy diagrams of planar perovskite solar cells using SnO2 as ETL
and different HTL
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Figure 45: b) Simulated J-V curves of perovskite solar cells using SnO2 as ETL and P3HT, CuSbS2, Cu20,
CuSCN, and Spiro-OMeTAD as different HTL.

4.2 Effect of HTLs thickness on photovoltaic parameters

Figure 46 depicts the influence of HTLs thickness in the range of 20-200 nm on photovoltaic
parameters with various HTLs, Spiro-OMeTAD, P3HT, CuSbS;, Cu,0, and CuSCN with SnO; and
MAPDI3 as ETL and absorber layer respectively. These results suggest that PV parameters depend on
the type and thickness of HTL. The optimization of HTL thickness is mandatory to improve the PV
performance, and the HTL layer act as a capping layer and prevents direct contact between the
perovskite and gold metal.

It can be observed from Figure 46 a-e, if the thickness exceeds 100 nm, the PCE decreases (in
case of Spiro-OMeTAD and P3HT) or showed minor changes in the case of CuSbS,, Cu.0, and
CuSCN. For the same thickness, Vo increased in the case of Spiro-OMeTAD, Cu20, and CuSCN and
showed low Vo with the rest of HTLs (CuShS., P3HT). The FF increases dramatically (Spiro-
OMeTAD, P3HT, and CuSbhS) or with negligible value; finally, Jsc showed a tiny increment (in case
of Cu20) or a decrease in other HTLs. We can address here in case of the P3HT and Spiro-OMeTAD
that has low carrier mobility, so it may be that the increase of the thickness while affecting the
movement of free charges to stay for a longer time in the layer and hence they can recombine with
oppositely charged Particles through the interface with the absorber layer, inversely with Cu-based
HTL which had high mobility.

The P3HT and Spiro-OMeTAD have low conductivity and low charge carrier mobilities
compared to the inorganic HTLs. Thus increased thickness in the case of organic HTLs will increase
the resistance of the layer, and consequently, it will decrease the fill factor (FF) and device
performance. While in the case of inorganic HTLS, due to their high mobility and high conductivity,
they don’t affect by the thickness.

Taiho Park et co-works [165] showed in their experimental work fascinating finding, for
optimization of HTL, they addressed that a thicker HTL with high mobility may provide the high
performance and reproducible devices.

Table 6 shows that all the devices performed excellently when the thickness was 100 nm, contrary to
literature value, where 400 nm was simulated.
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Figure 46: Effect of HTL thickness on photovoltaic parameters in the n-i-p configuration using Sn02
(90nm) as ETL in MAPbI3 based perovskite solar cells; a) Spiro-OMeTAD, b) P3HT, c) CuSbS2, d) Cu20 and e)

CuSCN

77



Table 6: Performance of SnO,~PSC with different HTL with optimum thickness.

Device Architect HTL thickness PCE (%) Vo (MV)  Jse (MA/cm?)  FF (%)
(nm)

FTO/SnO2/MAPbIs/Spiro- 100 24.18 1130 25.60 83.50
OMeTAD/Au

FTO/SnO2/MAPbIs/P3HT/Au 100 21.52 970 25.56 86.52
FTO/SnO2/MAPbIs/CuSbS2/Au 100 19.70 960 25.59 80.18
FTO/SNO2/MAPbIs/Cu20/Au 100 25.97 1140 25.61 88.59
FTO/SnO2/MAPbIs/CuSCN/Au 100 26.74 1190 25.61 87.81

4.3 Impact of the work function of back contact on the PCE of

SnO2~PSCs with CuSCN as HTL

To further optimizing each stacking in PSCs, we have simulated the PSCs with different back
contact in the device configuration of FTO/SnO2/MAPbIs/CuSCN/back contact (adaptable), to ratify
whether another alternate back-contact (cathode) with similar performance as of Au can be used. Figure
47 showed the PCE of our simulated solar cell containing different back contacts such as Ag (4.74eV),
Fe (4.81eV), C (5eV), Au (5.1), Ni (5.5eV), and Pt (5.70eV). The PCE of PSCs first increases with
increasing the work function of metals up to a specific value of ~ 5.2-€V when the improvement become
weak and then, it saturated totally at 5.4 eV that may be related to the work function of CuSCN (-5.2
eV) when we observed the start of saturation in the efficiency; due to the alignment with the WF of
HTL and the valence band of the absorber layer. With high metal work function, the fermi level energy
decreases due to band bending at the metal-semiconductor interface, leading the contact more
ohmic[141]. From these values of metal work function, Figure 48 illustrated in for different back
contacts, we can confirm that the carbon with work function at 5 eV can be used as a useful alternative
for replacing the expensive Au electrode, and an efficiency of 25.55 %, can be achieved using the
structure FTO/SnO2/MAPDbI3/CuSCN/C for low-cost PSCs.
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Figure 47:Effect of the work function of different back contact (metal contact) on the power
conversion efficiency of planar perovskite solar cells, MAPbI; as perovskite absorber, SnO; as ETL and CuSCN
as HTL.
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Figure 48:Energy levels for different back contacts with SnO, , MAPbI; and CuSCN.

S CONCLUSION

To summarize, the performance of planar PSC with SnO2 as ETL was studied, and a comparative
study was made using other conventional ETLs and HTLs through a numeral simulation by SCAPS
package for the first time. These results illustrated that the application of SnO; as an alternative ETL
holds great promise in terms of PV performance as compared with TiO2 and ZnO in the device
architecture  FTO/ETL/MAPbDI3/Spiro-OMeTAD/Au, and PCE of 23.21 %, 23.04 %, and 23.55% can
be simulated using ZnO, TiO2 and SnO> respectively. Additionally, the effect of various organic and
inorganic HTLs such as P3HT, CuSbSz, Cu.0 and CuSCN on the PV parameters was also studied, and
it was found that the PCE improved from 23.55% to 26.74 % and Voc from 1130 mV to 1180 mV, when
Spiro-OMeTAD was substituted by CuSCN as HTL. In order to reduce the cost of fabricated PSCs, the
effect of ETL and HTL thickness was simulated, which suggest that by employing low thickness in the
range of 30 -100 nm of HTLs can produce similar or high performance compared with 400 nm reported
in the literature. Further, using the carbon as back contact can allow achieving a PCE of 25.25 %,
which is a model material to replace the expensive gold electrode (Au). Our results will pave the way
for optimizing the PSCs' cost and performance.
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Chapter 5: Energy level engineering of charge selective contact and
halide perovskite by modulating band offset: Mechanistic insights

Abstract

Mixed cation and anion based perovskite solar cells (FAPbIz)o.ss(MAPbBI3)o.15 gave enhanced
stability under outdoor conditions. However, it yielded limited power conversion efficiency when SnO»
and Spiro-OMeTAD were employed as electron and hole transport layers (ETL/HTL). The inevitable
interfacial recombination of charge carriers at ETL/perovskite and perovskite/HTL interface
diminished the efficiency in planar (n-i-p) perovskite solar cells. Employing a computational approach
for uni-dimensional device simulator, the effect of band offset on charge recombination at both
interfaces was investigated. We noted that it acquired cliff structure when the conduction band
minimum of the ETL is lower than that of the perovskite, and thus maximizes interfacial recombination.
However, if the conduction band minimum of ETL is higher than perovskite, i.e., spike structure is
formed, which improve the performance of solar cell up to an optimum value of conduction band offset
allowing to reach the performance of 25.21%, with an open-circuit voltage (Voc) of 1231 mV, a current
density Jsc of 24.57 mA/cm? and a fill factor of 83.28%. Additionally, we found that beyond the
optimum offset value, a large spike structure could decrease the performance. With an optimized,
energy level of Spiro-OMeTAD and the thickness of a mixed-perovskite layer performance of 26.56
% can be attained. Our results demonstrate a detailed understanding of the energy level tuning between
the charge selective layers and perovskite and furthermore, how the improvement in PV performance

can be achieved by adjusting the energy level offset.

Keywords: Device modeling, Electron Affinity, Conduction band offset, Valence band offset,
Charge recombination, Perovskite solar cell.
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1 Introduction

Over the past years, hybrid organic-inorganic lead halide perovskite was subject to intense
investigation due to its astonishing opto-electrical properties, which led to the fabrication of efficient
solar cells that are cost-effective and easy to process. One of the seminal scientific events of 2009 was
the report of perovskite solar cells (PSCs) fabrication, which gave 3.8% power conversion efficiency
(PCE) [9]. After a decade of highly intense efforts by researchers across the globe, PSCs have reached
the certified PCE of 25.2% [166], while the theoretical approach for this has also been reported [167].

The rapid evolution in the field of PSCs was ensued due to the radical approach in materials
compositions and device architect engineering. The first report employed it as a sensitizer in a solid-
state dye-sensitized solar cell [168], followed by as an absorber in insulating alumina scaffold structure,
and subsequently in a planar heterojunction PSC [169]. The planar heterojunction has attracted
significant attention due to its ease of processing and the existing knowledge borrowed from organic
photovoltaics. The PSCs based on n-i-p planar configuration consists of transparent conducting oxide
(TCO) / electron transport layer (ETL) / perovskite / hole transport layer (HTL)/metal contact; where,
ETL act as n-type, HTL as p-type and perovskite as intrinsic layer. In recent years, we have witnessed
a surge of interest in utilizing SnOz as ETL for PSCs fabrication due to its numerous merits. Compared
to conventional TiO., SnO> exhibits a wider band gap due to deeper conduction band, shows high
transmittance over a wide spectral range with high electron mobility, which in turn can fasten electron
transfer from perovskite to the ETL and minimize the charge accumulation at the ETL/perovskite
interface. Moreover, SnO> is stable than TiO2 under UV illumination and ideally suited with low-
temperature fabrication process; all these properties make tin oxide as a favorable candidate as ETL
for PSCs [117,128,131,170-173]. The best efficiency using SnO as ETL was reported with different
perovskites such as MAPbIs, (FAPDbI3)o.97(MAPbBr3)o0s, and (FAPbIs)o.ss(MAPbBI3)o.15 [154,174—
177]. Among them, (FAPbI3)o.ss(MAPbBTI3)0.15 demonstrated higher stability under outdoor conditions
as well as in the laboratory [18,19]. You’s group reported 21.6% room-temperature processed SnO>
and passivated FAPDbIs [179], this improvement in PCE was made possible due to increased electron
extraction as a result of optimized perovskite film fabrication process, to allow the carriers rational
interface between the ETL/perovskite. The conduction band of SnO2 depends on various factors, such
as the method and fabrication condition, oxygen vacancies that directly affects the energy level
alignment at ETL/perovskite. Among many factors that cause lower Vo in PSCs, the interface
recombination at ETL/PSK and PSK/HTL influence largely and affects device performance [180,181].
For planar PSCs, charge injection and recombination processes depend on the properties of ETL, HTL,

energy level alignment for ETL/absorber and absorber/HTL interface, and defect density at both

81



interfaces. Thus, an optimized interface is vital to push the performance of PSCs, which can be achieved
by adjusting the conduction band offset (CBO) and valence band offset (VBO). These band offsets are
critical for charge transport, extraction, and interface recombination in PSCs. Interface engineering at
ETL/perovskite and perovskite/HTL interface play an important role in influencing the carrier
recombination and profoundly, the performance of PSCs [16,129,182,183]. Takachi et al. have reported
the effect of tunneling the electron affinity of ETL to form spike and cliff structures which have a
bearing on the performance of PSCs, in n-i-p configuration employing classical TiO2as ETL, MAPDbI3-
xClx as absorber layer with an electron affinity of 3.9 eV, and Spiro-OMeTAD as HTL. The reported
parameters were limited, and with the compositional engineering of perovskite, the energy level will
change, and importantly the ETL used to suffer from, lower electron mobility which causes insufficient
charge carrier separation at the interface and hysteresis [184], the UV instability of TiO- yields to rapid
decrease in the performance [185]. Earlier, we have shown that (FAPDbI3)o.ss(MAPDbBr3)o.15 as light
harvester in PSCs showed improved stability under outdoor conditions [41], and theoretically we
analyzed the performance of PSCs using SnO> as an alternative of TiO2 [167]. To overcome intriguing
stability and performance issue we undertook mechanistic study in a configuration of
FTO/SnO2/(FAPbI3)0.8sMAPDBI3)0.15/Spiro-OMeTAD/Au which can elucidate the role of spike and
spoke with an electron affinity of 4.15 eV for perovskite layer. Doping of SnO2 can shift the level
energy by adjusting the alignment between the layers, also it can enhance the performance of the device
by reducing the recombination rate at ETL/perovskite interface.

To address such challenges, herein, by using solar cell capacitance simulator (SCAPS) software,
we have elucidated the impact of energy level alignment between ETL/absorber interface using
SnO2/(FAPbI3)0.s5(MAPbBI3)o.15, and absorber/HTL interface using (FAPbI3)o.ss(MAPbBr3)0.15/Spiro-
OMeTAD by varying the conduction band offset (CBO=AEc= EC,eTL- EC,absorber) and valence band
offset (VBO = AEv = Evansorber - Ev,HTL) respectively via the electron affinity of selective layers. We
noted that changing the electron affinity of SnO2 and Spiro-OMeTAD leads to a favorable CBO and
VBO, respectively, and decreases charge recombination at both interfaces and improves the external
quantum efficiency (EQE) in the spectral range of 320 — 360 nm. These factors help to enhance the
performance of our modeled PSCs with optimized CBO (+0.35eV) and VBO (-0.41 eV ), which can
yield a PCE of 26.50 % with a Vo of 1.23 V, Jsc of 24.88 mA/cm? and FF around 86.53 %.

1. Experimental Section
The normal glass and ITO coated glass substrates were cleaned by a sequential sonication

treatment in hellmanex solution, acetone, distilled water, and isopropanol and then treated with UV-
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ozone for 1h. For optical measurements, (FAPDbI3)o.ss(MAPbBr3)o.15 was deposited from a precursor
solution containing FAI (1 M), Pbl> (1.2 M), MABr (0.2 M), and PbBr, (0.2 M) in anhydrous
DMF:DMSO 4:1 (v:v). The perovskite solution was spin-coated in a two-step process at 1000 and 4000
rpm for 10 and 30 s, respectively. During the second step, 100 pL of chlorobenzene was used as an
antisolvent and poured on the substrate 15 s prior to the end of the deposition process. The substrates
were then annealed at 100 °C for 1 h in a glovebox, according to the previous report [186]. The hole
transporting layer (HTL) was prepared by dissolving 72.3 mg of Spiro-OMeTAD in chlorobenzene and
mixed with 28.8 pL of 4-tert-butylpyridine, 17.5 pL of bis(trifluoromethane ) sulfonamide lithium salt
(Li-TFSI) from the stock solution(520 mg mL in acetonitrile). The solution was spin-coated on normal
glass at 4000 rpm for 20 s. The electron transporting layer (ETL): SnO. nanoparticles (2.67 %) solution
was spin-coated on normal glass substrates in ambient air at 5000 r.p.m. for 30 s, and was subject to
annealing at 150 °C for 30 min.

Device Preparation: The concentration and deposition conditions of the absorber and charge
selective layers were the same as mentioned above. SnO> as ETL was deposited on the ITO substrate
using SnO2 nanoparticles (2.67 %) followed by thermal annealing at 150 °C for 30 min in air.
Subsequently, perovskite deposited in a one-step deposition method [186]. Followed by the hole
transporting layer Spiro-OMeTAD was deposited on top of perovskite at a spin rate of 4000 rpm for
20 s. Finally, a ~ 70 nm gold electrode was thermally evaporated on top of the HTL.

Absorption Measurements: The absorption spectra was required to make inputs for SCAPS
simulation, and the thickness of different layers was determined from cross-sectional SEM image as
illustrated in Figure 50. For the device simulation, the absorption coefficient (o) of
(FAPbI3)0ssMAPDBr3)0.15 (absorber layer) Spiro-OMeTAD (HTL) and SnO. (ETL) film was
determined by measuring the absorbance spectra and b) and the thickness (L), using the equation a =
A In1o/L[187]. The absorbance was measured using Cary 60 UV-vis spectrophotometer. The width of

the film was determined by cross-section SEM as shown in Figure 50.
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Figure 49: (a) UV-Vis absorption spectra of mixed perovskite (FAPbI3)o.ss(MAPbBr3)o.15 and (b) Spiro-
OMeTAD and Sn0O;

2. Device simulation parameters

The simulations were performed using SCAPS 3.3.07 software [188], which is based on the
Poisson equation (39), and the continuity equations for electrons (40) and holes (41), as reported in our

previous work [167].

d dw . _
—(£007) = alp() = 1) + NF () = Ny () + pe(0) — () ] (39)

ol R G(x)=0 40
“ax H R () =6 = (40)
— L R0 - 6() =0 (41)

The device architecture of the planar n-i-p type PSCs proposed in the present simulation study
consists of FTO/SnOz/interface layer 1 (IL1) /(FAPbI3)o.ssMAPbBr3)o .15 /interface layer2 (1L2)/ Spiro-
OMEeTAD /Au as illustrated in Figure 50-b. The gold (Au) was back contact (cathode) and fluorine
doped tin oxide (FTO) as the front contact (anode). The thickness of the FTO, ETL, absorber, and HTL
were calculated from the cross-sectional SEM image of fabricated device showing an experimentally
achieved efficiency of 11.5 % with a Vo 0f 0.97 V, Jsc of 19.27 mA/cm? and fill factor (FF) of 61.41%.

Table 7 summarizes the input parameters for the FTO, SnO2, mixed perovskite, Spiro-OMeTAD,
IL1 and IL2. In the table, NA and Np denote acceptor and donor densities, & is relative permittivity, x
is electron affinity, Egis the band gap energy, un and p, are mobilities of electron and hole, and Ntis
defect density, which is the most critical parameter to calculate the efficiency of the PSCs. For mixed
perovskite, Nt = 3x10! cm= was taken from the literature. [178]. The defect type in bulk perovskite is
considered to be neutral, and capture cross-section of electron and hole is 2x10** cm?. The electron

and hole thermal velocity was 10’cm/s. The simulations were carried out at AM 1.5G illumination.
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Figure 50:a) Device architecture of planar type perovskite solar cell used in the present study and b)
cross-sectional SEM image.

Table 7: Parameters Used in the SCAPS Simulation of Perovskite solar cell.

Parameter FTO SnoO, IL1 Mixed IL2 Spiro-
PSK OMeTAD

thickness (nm) 400 90 10 700 10 150

Band gap, 35 3.6[189] 1.56 1.56[124,190]  1.56 3.04[191]

Eq (V)

Electron affinity 4 Wide- 4.15 4.15[124,190]  4.15 2.11[191]

) ranging

€r 30 100 46.9 46.9 [192] 46.9 3[191]

Nc (L/cm?®) 2.2x10%8 2.2x10%8 2.2x10% 2.2x10% 2.2x10%8 2.2x10%8

Nv (1/cmd) 1.8x10%° 1.8x10%° 1.8x10%° 1.8x10% 2.5x10%° 1.8x10%

1n(cm?/Vs) 20 240[193] 5.31 5.31[192] 5.31 0.001[194]

1y 10 240 10.19 10.19[192] 10.19 0.001

Na (1/cm?®) - - - - - 1x10%

Np (1/cm?®) 2x10%° 1x10%7 1x108 1x108 1x108

N¢(1/cmd) 1x10% 1x10% 1x10% 3x10'[178] 1x10% 1x10%

2 Results and discussion

2.1 Formation of CIliff-CBO (-eV) and Spike-CBO (+eV) structures at
ETL/perovskite layer

One of the hot debate in the community of PSCs, is the energy level between the perovskite layer
and the selective layers; the topic is still far to make it clear. To figure out this issue, the efforts should
focus on building a canal between the theoretical and experimental studies.

Here, through the theoretical device modeling, by adjusting the electron affinity (y) of SnO> as
ETL, we can notice the formation of two structure related to the conduction band offset (CBO) of
SnO2/(FAPDI3)o.esMAPDBr3)0.15 layer, when the electron affinity of ETL (yetd) is larger or smaller than
absorber layer(yansorber) @S illustrated in Figure 51, the energy Cliff with CBO (-) and the energy spike
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— CBO (+) formed respectively. In other words, if the conduction band of ETL is lower than that of the
absorber, the energy Cliff CBO (—) is formed with no potential barrier for electrons at the ETL/absorber
interface. If CB of ETL is higher than that of the mixed perovskite absorber, the energy Spike-CBO
(+) is formed at the ETL/absorber interface, acting as a barrier for electrons as shown in Figure 52.

Vaccum level

H 1
H 1
Jerw ! H
Varyin; )' H
(Varying H ZETL)
i i
H 1
i 0. AU
YETL < XAbsorber | CBO(+)
Wt
XETL > XAbsorber itCBo( )
Ec
E,
ETL
Ev

Figure 51: Band alignment scheme of SnO, ETL/IL1/mixed perovskite absorber showing negative and
positive conduction band offset (CBO) by varying the electron affinity of SnO, with respect to mixed
(FAPDbI3)0.85(MAPbBr3)0.15. The negative and positive signs of the CBO were defined by the barrier height of
the photo-generated electrons.

The cliff formation can improve the accumulation near to SnO/perovskite, which in turn
enhances the recombination in this area by back-transfer to the interface of
SnO2/(FAPDI3)o.esMAPDBr3)0.15 heterojunction. On the other hand, the formation of spike structure act
as band bending to reduce the recombination at SnO2/(FAPbI3)o.esMAPbBr3)o.15. A similar trend has

also been reported in perovskite solar cells and other types of thin-film solar cells [181,195-197].

4 Spike
b am _ cBo()

-3.75\

-3.8

Sn0, | SnO,
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Figure 52: Theoretically calculated energy levels diagram (relative to the vacuum level) of Sn02 films
by varying the electron affinity of SnO, with respect to mixed (FAPbI3)o.ss(MAPbBr3)o.1s.
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2.2 Influence of the conduction band offset of ETL/perovskite interface
on PV performance

Figure 53-a represents J-V characteristics as a function of conduction band offset ranging from -
0.07 to +0.4 eV by controlling the electron affinity of SnO», and Figure 53-b shows the influence of the
CBO on Vo, Jsc and FF and PCE. With the increase in the CBO value, the cliff structure transforms
into the spike structure (Figure 53 -d) . The Jsc, Voc, FF, and PCE of PSCs first increase with increasing
CBO until +0.35eV and then becomes constant. The solar cell with CBOspike= +0.35eV showed the
best performance, with an astonishing PCE of 25.61%, a Voc of 1231 mV, a Jsc of 24.57 mA/cm? and a
FF of 83.28 %.

To understand the enhancement in the performance by differentiating with cliff and spike
structure, we first analyzed the external quantum efficiency (EQE) using the same variations of CBO
as used for the J-V characteristics and illustrated in Figure 53-d, We can notice that increasing CBO
lead to an increase in the EQE value in the spectral range of 300 — 360 nm, and when the CBO is higher
than +0.35, the EQE becomes saturated in this region, this has a positive impact on the performance of
the solar cell.

The decrease in the Vo for the lower value of CBO can be assigned to the cliff structure formation,
which is build up at ETL/mixed-perovskite, and leads to high recombination between the holes and
electrons due to small potential difference at this area Figure 50-a. On the contrary, the formation of
spike structure leads to build a barrier at ETL/mixed-perovskite to facilitate the separation of charge
carriers Figure.50-b.

The effect of CBO on V. can be illustrated according to equation (4) [198,199].

(43)

E nkT Joo
Voc=-2—-—In—
q q Jsc

E, = Eg — AEc (44)
Voc is open-circuit voltage; Ea is the activation energy, n is diode ideality factor, K is Boltzmann

constant , T is temperature, Joo is current pre factor and Jsc is short circuit current density. For T =0

K, (Voc = Z—A), as illustrated in Figure 53-a and Figure 54-a, the formation of “cliff-type” band

alignment will break the barrier for the transfer of electrons, leading to decrease Ea, and this directly

affects the value of V.
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Figure 53: a) J-V curves of perovskite solar cell as a function of CBOs, b) Influence of the CBO on PCE, Vo, Js
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We can analyze the advantage of spike structure when is formed at the ETL/absorber layer

interface as shown in Figure 53, and Figure 54 which can act as a barrier for photo-generated electron

flow toward to edge of ETL/absorber endows to enhance the photo-generation of free charges carriers

as well the suppressing the recombination rate at the interface which is helpful to increase the

photovoltaic parameters of the solar cell, means that spike structure makes the extraction and transport

of charges carriers efficient. To continue this improvement in the performance of solar cell using the

spike structure at ETL/absorber, we highly recommended the optimizing of CBO value for do not

becomes larger compared to the energy alignment of the absorber layer, to avoid that the spike structure

will not work as a barrier to stop the migration of electron to the back contact which would lead to

increase the rate of recombination at interface.
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Figure 54: Energy band diagram of PSCs using the FTO/Sn0O,/mixed PSK/Spiro-OMeTAD structure when
the conduction band minimum of SnO; is a) below {cliff structure} and b) above {spike structure} that of CBM
of mixed perovskite.

2.3 Influence of CBO of ETL /Perovskite on charge recombination

The recombination at the interfaces is multiple steps, where first the majority carrier extracted to
the ELL, then recombination with the minority carrier generated in the perovskite layer, which means
that should increase the lifetime of free charges by minimizing the capture of the hole by the electron.

The spike structure would act as a barrier to block the flow of injected electrons from the ETL to
the absorber layer. The perovskite solar cells are facing many challenges; one of them is the
recombination loss across the interfaces, especially at the ETL/absorber, which can lower the voltage
as reported previously [16]. The issue of recombination at the interfaces come from the defect state and
due to misalignment of the energy between the perovskite and the ETL [15]. To figure out the
improvement in the performance of PSCs related to the CBO, we investigated the effect of CBO on the
recombination rate at ETL/absorber.

Figure 55 depicts the total recombination rate of FTO/SnO2/(FAPbI3)ogsMAPbBTI3)o.15/Spiro-
OMeTAD/Au with the variation of CBO. It can be noted that decreasing the CBO of ETL /perovskite
helps to reduce the interface recombination between SnO, and mixed perovskite. This provides the
solution to enhance the performance of solar cells with an optimum value of CBO of +0.35 eV. After
achieving this optimum value of CBO, the interface recombination saturated. The formation of the cliff
structure between ETL / perovskite facilitates the accumulation of electrons and holes, which
contributes to the highest recombination rate. When the spike structure starts to form, the recombination
rate decreases until an optimum spike is formed. Therefore, after reaching to the CBO value of +0.35

eV, the spike structure becomes a barrier that prevents the back transfer of electrons to the perovskite.
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Figure 55: The depth distribution curve showing total recombination rates of the perovskite solar cells
with different CBO at QV bias.

The design of an optimum CBO can reduces the recombination rate and enhances the extraction
of free charges at ETL/perovskite by forming an optimum spike structure at the interface leads to build
a stronger band bending that prevents to flow of injected electrons to the interface which lowers the
recombination rate between the majority and minority carriers.

Having shown the importance of the interfacial recombination at ETL/perovskite, we can suggest
some methods that can lead to shifting the conduction band of SnO. related to the energy level of
(FAPDI3)0.8s(MAPbBI3)o.15 Which can reduce the recombination at the interface. Modified SnO> with
different methods speculate to be an excellent strategy to achieve the desired spike structure, taking
into account the energy level of the perovskite layer. Applying some elements doping that have been
involved with great potential such as Mg, Li, Y, Zn elements, and so on, but the amount doping of
those elements should be optimized to make efficient conduction band according to the perovskite layer
used. Also, using the graphene guantum dot (GQDs) treatment for SnO2 could be the right way to
enhance the extraction of the electrons and reduce the recombination as reported with MAPDI3 as
absorber layer [200]. Also, we can recommend the use of cesium carbonate Cs,CO3 to modified SnO»
as found in organic solar cells, by changing the amount doping of Cs>COz [201] we can reach to the
optimize conduction band of SnO2 (-3.9 eV) as pointed above in our results.

2.4 Influence of the valence band offset of perovskite/HTL interface on
PV performance

Suitable energy level alignment between perovskite and the hole transport layer is also a crucial
key to improve the performance of PSCs. We have observed that the valence band maximum (VBM)
of (FAPDI3)0.ssMAPDBI3)0.15 is much lower (-5.71 eV) compared to highest occupied molecular orbital
(HOMO) of Spiro-OMeTAD (-5.15 eV), that leads to an increase valence band offset (VBO = —
0.56eV), i.e. the difference between the valence band of the absorber layer and those of HTL is

significantly high. As reported previously, AEv < 0 is a prerequisite to deliver high photovoltaic
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parameters [183]. Here, we investigated the effect of VBO, by changing the electron affinity (y) of
Spiro-OMeTAD to make deeper (HOMO) level of HTL related to mixed perovskite to see which value
of VBO can maximize the efficiency and the electron affinity of absorber and ETL were kept fixed as
shown in Figure 8. Figure 9 a-b shows the influence of valence band offset variation on photovoltaic
parameters of PSCs using the optimized conduction band offset (0.35 eV) for ETL/mixed-perovskite
as discussed in the previous section. When the VBO is increased more than —0.56 eV (pristine Spiro-
OMEeTAD), Vo decreases while Jsc remains unchanged; thus, FF and PCE significantly improved until
VBO reaches a value of —0.41 eV, after this optimum value of VBO, we observed reduction in PCE
and FF. It has been reported that decreased the VBO s preferable to reduce the charge recombination
at interface, but high VBO results in low FF [16], we speculate this behavior does not originate from
the beginning. There is an optimum value that can activate these processes due to the absorber energy
level. In our case, we elucidated the optimum amount of VBO, equal to —0.41eV using in the same
time the optimized value of CBO, according to our previous study [167] that deep lowest unoccupied
molecule level (LUMO) of HTL respect to absorber layer allows to push the performance of PSCs.
Here we have achieved this by using a similar HTL, but through optimized electron affinity,

theoretically, that can deliver the peak performance of 26.50 %.
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Figure 57 :(a) J-V curves of PSCs as a function of VBOs and (b) the effect of the electron affinity of HTL on the
performance of PSCs.
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2.5  Thickness optimization of the mixed perovskite absorber layer

In the case of a single cation perovskite layer such as MAPbI3z, many theoretical and simulation
studies demonstrated that 500 nm could be the optimum thickness of the perovskite layer. In the case
of a mixed cation-anion perovskite layer, controlling the optimum thickness has a significant effect on
device performance. Thus, we investigated the impact of perovskite thickness in a range of 300 to 1400
nm on PV performance using optimized CBO and VBO at ETL /PSK and PSK/HTL interface,
respectively. As illustrated in Figure 58-a, with increasing the perovskite thickness, the FF drops
monotonically related to the increased series resistance. Voc mostly remain unchanged for up to 500
nm, beyond this V. dropped because with the thicker absorber layer the recombination dominates, the

voltage can be presented by the equation (5) where n is diode ideality factor, I, is dark saturation
current, I, is light -generated current, and nqﬂ is thermal voltage :

Vo = "qﬂln (Z+1) (45)

In case of the thick absorber layer, the carriers recombination rate become higher, leads to
increase lo more than I;. Due to this reason, Vo decreases with increasing the absorber thickness. On
the other hand, thick layer absorbs more light, and thus charge carrier concentration increases, which
results in a high value of Jsc. Subsequently, the PCE increases and reaches a maximum of 26.56 % at
641nm thickness; beyond this, it saturates and starts decreasing. With the high thickness of the absorber
layer, the transfer of charge carriers becomes longer, leading to a higher rate of recombination. It can
be deducted from Figure 58-b; if the thickness of the perovskite layer increases, the external quantum
efficiency (EQE) dramatically improved in the range of 641 -700 nm; after that, it increases slowly

which can explain the improvement of Jsc even for higher thickness.

93



1.233 252 r88.0
2661 = 100 - -
) oo bbb Sy
1232 26,51\ W 250 75 ; Thickness (nm)
2 ——300
€ 80
1231 24 7( \° 248 Leo s —— 400
2.3 € 500 Vs
1.234 , \\ i H86.5 w 60 —— 600 o
2624 n\ N o £ ——1700
7_ = o % \-24,4 3 800
1200{26.4 [/ —o—PCE (%) - 186.0 € 40 900
sl ff C%0 b 242 3 1000
128{ ] ff ¥ dec (mAlem) e © fess = ——1100
9y FFR) \\_ 2.0 S 20- ——1200
12274 55 ol kas 0 8 ——1300
_— a3 o — 1400
400 600 800 1000 1200 1400

300 ' 460 ' 560 ' 6(')0 ' 760 ' 860

Thickness of (FAPbI,), o(MAPDBr,), < (nm) Wavsisngth; 7 (e}

Figure 58 :(a) Influence of mixed perovskite absorber thickness on PV parameters for FTO/Sn0,/mixed
perovskite/Spiro-OMeTAD/Au device and (b) external quantum efficiency of PSCs as a function of absorber
layer thickness

5. Conclusion

Energy level engineering is paramount to reduce the interfacial recombination in PSCs. We
investigated the influence of the conduction band offset (CBO) in planar PSCs by tuning the electron
affinity of SnO. as a selective charge layer in a mixed perovskite environment through numerical
analysis using SCAPS. This was established on the absorption coefficient, which was derived from the
experimental data set. We found that the performance of the solar cell is affected by conduction band
offset at SnO2/(FAPDI3)0.8s(MAPbBIr3)o.15, and noted the formation of “spike-type’” band alignment,
that is favorable as compared to “Cliff-type’’. This, in turn, decreases the recombination rate at the
SnO2/(FAPbI3)o.es(MAPbB3)o.15 interface with an optimized value of CBO elucidated to be 0.35eV,
which will lead to a competitive PCE of 25.61%. The modified valance band of Spiro-OMeTAD was
found to attend 5.3 eV, while the optimum thickness of the mixed perovskite layer at 641nm yielded a
power conversion efficiency of 26.56%. Our mechanistic insights demonstrate that band-alignment
engineering at ETL/perovskite and perovskite /HTL is a vital strategy to push the performance of PSCs
to their full thermodynamic potential, which can be effectively achieved by designing new charge

selective layers or tweaking its intrinsic (Physico-chemical) properties.
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Chapter 6: Unraveling of theoretical window for high-performance
inorganic perovskite solar cells

ABSTRACT

Perovskite solar cells (PSCs) have celebrated a decade of intense investigation as a promising
photovoltaic technology, measuring a power conversion efficiency of >25.2% with the use of lead-
based light harvester. Recently, Inorganic cesium cation based mixed halide perovskite (CsMI3-xBrx,
M=Pb, or Sn) as an absorber in PSCs gave promising results; notably, CsPbl2Br demonstrated
improved thermal stability and carriers transport properties. However, the performance is far-off from
the theoretical limit due to intriguing issues such as high defect density (Nt), energetic level mismatch.
Such a barrier can be overcome through device modeling and the unraveling of the kinetics. Here we
have employed a computational approach to design and investigate efficient inorganic CsPbl.Br based
solar cells by elucidating the role of defect density in the perovskite on the performance by applying
different types of hole transport layers via optimizing their valence band offset and barrier height at
back contact. By optimizing such parameters for CsPbl»Br, the efficiency of 17.71, 17.44, and 17.54
% using CuSCN, PTAA, and Spiro-OMeTAD as HTMs respectively can be reached. Furthermore,
lead-free CsSnlI3-xBrx (0<x>3) based PSCs were simulated, and the effect of band gap variation as a
result of Br content was studied on the performance. The influence of defect density of the absorber
layer (CsSnlBr2) and at of interfaces was studied, and with optimized defect density, CsSnlIBr2 based
PSCs gave an efficiency of 20.32 % with Voc of 1.35 V when SnO2 was used as the electron transport
layer and Spiro-OMeTAD as an HTM. Our simplistic approach suggests a way for experimental design
protocol to achieve high-performance inorganic Pb and Sn-based PSCs.
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1 Introduction

Solar energy is one of the most promising sources of energy to counter the adverse effect
of climate change on our planet. Among the photovoltaics, emerging technologies have the
potential to reach the masses, particularly perovskite solar cells (PSCs). The hybrid organic,
inorganic lead (Pb) based perovskite as a light absorber (APbls) is the most investigated in PSCs
due to their excellent electro-optical properties [41,113,118,128,129] and gave record
performance. [202]:[203]However, hybrid organic-inorganic lead halide perovskite suffers
from challenges such as thermal instability at high temperature, originating due to the volatile
nature of organic cations (FA or MA). [25,30] Replacement of the organic cations by inorganic
cations such as Cs found to be an effective route to overcome such bottleneck.[204,205]
However, the CsPblz s stable only in the cubic perovskite (a-phase) at high temperature, which
can be easily converted to orthorhombic non-perovskite (6) phase.[206]In this context, CsPbls-
xBrxevolved as a promising material for the diverse architect of PSCs in term of phase stability,
with the fraction of 1 for Bromide (Br), Snaith et al. showed that CsPbl.Br is stable in the cubic
phase at room temperature with a rational band gap of 1.82 - 1.92 eV [207], partial substitution
of 1 to Br into CsPbls stabilizes the cubic phase, this led to intense investigation and
performance of CsPbl;Br based PSCs up to 16.07 % was reported. [208]Such results were
obtained by reducing the defect density in the active layer, growth control of CsPbl2Br through
optimized annealing temperature[209], using effective anti-solvent approach [210] or
minimizing the energy level gap at the charge selective layers[211], similar to hybrid lead halide
PSCs.[167]However, the performance remains lower from the theoretical limit of 22.1 % and
1.65 V for PCE and Vo, respectively, when 500 nm thick CsPbl.Br was used.[212]To achieve
the theoretical efficiency limit, the strategy should be focused on reducing the defect density of
the active layer, and it should be less than the current value of 3.64 E15 cm.[213]The energy
alignment at the charge selective layers needs further optimization using p-type conducting
polymers or inorganic semiconductors to minimized energy 10ss (Eioss = Eg - €Voc), Eg is the
band gap and e is the elementary charge). Arguably, the efficient CsPbl.Br based PSCs should
focus on reducing Eiess as much as possible by improving Voc and Js, this target can be achieved
through energy alignment and high-quality CsPbl.Br crystal deposition. The most efficient
CsPbl,Br based PSCs yielded PCE of 16.79 % with an Voc 0f 1.32 V, i.e., Ejoss = 0.59 eV [214],
these results will pave way to design efficient CsPbl.Br based PSCs.

The toxicity of the lead (Pb) metal is a barrier to the commercial success of inorganic
PSCs. (Sn) is seen as possible metal to replace the problematic Pb [215]. Compared to Pb-
perovskite, Sn-based perovskites showed high optical absorption coefficients [216,217],
narrow optical band gaps, and high charge carrier mobilities. [218] In accordance with the
perovskite structure, ABX3 the A cation can be (MA, FA, and Cs). In the case of MA cation,
an efficiency of 6.4% was achieved by using MASnNI3 as light harvester having a band gap of
1.3 eV. [175] Further, using FA cation, slightly larger than MA, Koh et al. .prepared FASnI3
with the incorporation of 20 % SnF» addition, a PCE of 2.10% was achieved with a band gap
of 1.41eV. [219] However, the instability of organic-inorganic halide perovskite has become
troublesome for commercial applications, due to the behavior of organic cations under outdoor
conditions. [220] To resolve this stability issue, Cs as A cation was opted for all inorganic Sn-
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based perovskites with X = I, Br, which has similar electro-optical properties to FASnlz and
MASnNIs. The first report using Sn-based all-inorganic PSCs was reported in 2012, where
CsSnlzacted as hole transporter yielded a PCE of 0.9 %. [221]However, the instability of Sn in
the +2 oxidation state, which can be easily converted to the +4 state in the presence of moisture
and oxygen [222] was a limiting factor. To resolve the oxidation instability of Sn, SnCl», and
SnF2 as reducing agents was exploited to minimize the extent of p-type self-doping of the
perovskite and to reduce the hole carrier density and thus enhanced the performance.[223,224]
Besides, mixed anion containing CsSnlsxBrx as light harvester has been exploited, where its
band gap can be tuned from 1.27 eV to 1.74eV by changing the percentage of Br fromx =0 —
1.[225]

Although these Inorganic Sn-based PSCs shows lower performance compared to their Pb
based counterparts, their low band gap exhibit a great potential to exploit them in perovskite-
perovskite tandem solar cells. Further, investigation of the macroscopic device model of
inorganic Sn-based PSCs is still obscure, and a lot of issues need to be resolved to improve the
Sn-based PV technology, such as prevention of bulk and interface recombination due to tin
vacancies, rational designing of selective charge contacts to efficiently extract carriers from
perovskite. The issue of high hole carrier density as a result fo self p-doping can be controlled
by SnF addition, which will allow reducing the defect density from the pristine value of 1.1E19
cm™ to 5.7E17 cm™ for CsSnls. This can be retarded furthermore by substitution of I to Br.
Taking such factors into account, we performed a theoretical investigation for CsPbl.Br and
CsSnlzxBrx based PSCs. Firstly, we focus on CsPbl.Br PSCs by studying the effect of interface
engineering at HTL and perovskite interface employing different HTLs such as organic (Spiro-
OMEeTAD), inorganic (CuSCN) and polymeric (PTAA). Also, the effect of the defect density
of the CsPbl>Br absorber layer on the performance of cells was studied. The HTL is a channel
to transfer the holes from the active layer to back contact of cell, which should be optimized to
make a better alignment. For such reasons, we have investigated the effect of the valence band
(Ev) of HTLs (Spiro-OMeTAD & PTAA) on the performance of CsPbl>Br solar cells. During
this process, we discovered that modulating the Ev (by varying the electron affinity) of HTL,
leads to an arc shape at HTL/back contact which changes its curvature with the variation of Ey
and that has a strong influence on the performance of PSCs. All these optimizations yield to an
efficiency of 17.73, 17.45, and 17.44% using CuSCN, PTAA, and Spiro-OMeTAD as HTLs,
respectively.

Most of the PSCs studies are focused on optimizing the valence and conduction band
offset, which is critical for transport and extraction of charges as the height of the energy barrier
regulates the contact resistance. However, reports showing the effect of energy band alignment
between HTM and back contact are scarce. Earlier, we reported that a valence band offset
should be optimized to boost the performance of PSCs. Thus, to address the mismatch
alignment at perovskite/ HTM/back contact, in the first part, we have elucidated the impact of
valence band maximum (VBM) of HTMs (Spiro-OMeTAD, CuSCN & PTAA) on the
performance of CsPbl2Br solar cells and also on the contact between HTM-Back contact.
During this process, we discovered that modulating the EV (by varying the electron affinity) of
HTM leads to an arc shape forms at HTM/back contact, which changes its curvature with the
variation of Ev and that has a strong influence on the performance of PSCs. Such optimizations
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yield to an efficiency of 17.73, 17.45, and 17.44% using CuSCN, PTAA, and Spiro-OMeTAD
as HTMs, respectively.

Secondly, we simulated lead-free Sn-based inorganic PSCs, where the effect of | anion
substitution by Br in CsSnI3 absorber was investigated to clarify its impact on the conduction
band offset (CBO), i.e., the difference between the conduction band minimum (CBM) energy
levels of the ETL and those of the perovskite layer, AEc= Ec_ETL — Ec_absorber.

To our understanding, there are no theoretical or experimental studies emphasized on
lead-free inorganic PSCs. The “’self-doping‘’ in Sn-based inorganic PSCs allows lowering the
trap density, and its impact on solar cell performance was studied. We studied the influence of
defect density variation in the absorber layer and its interfaces to elucidate the optimum values
that can boost the efficiency and computed 20.35 % PCE with a Voc of 1.35 V.

1. Theory and Computational details

The simulations were performed using SCAPS 3.3.07 software[167], based on the
Poisson equation(39), and the continuity equations for electrons(40) and holes (41)

d d¥ -

—(e005) = alp() = n() + NGO = Ny () + pe() — () ] (39)

1d

]—,£+Rp(x)—6(x) =0 (40)
1dJ,

—]—,d]—x + R, (x) — G(x) =0 (41)

Here, € denotes the permittivity, q, the charge of the electron, W, the electrostatic
potential, n, the free electrons, p, free holes, n: and p: are trapped electrons and holes,
Np"and Na™ are the ionized donor and acceptor-like doping concentrations respectively,
Rn and Rp are electrons and holes recombination rate, G is the generation rate, Jn and
Jp are, the electron and hole current densities respectively.

The symbols presented in table 1 and 3 are , Na and Np denote acceptor and donor
densities, gr is relative permittivity, y is electron affinity, Egis the band gap energy, in
and pp are mobility of electron and hole, and N is defect density.

Computational studies were performed on a planar PSCs with an architecture of
FTO/SnOz/interface layer 1(IL1) / inorganic perovskite absorber /interface
layer2(IL2)/HTL/Au. The defect type in bulk perovskite is considered neutral with a
cross-section of electron and hole is 2x1071* cm?. The electron and hole thermal velocity
was 10’cm/s. Gold (Au) was used as the back while fluorine doped tin oxide (FTO) as
the front contact, and AM 1.5G solar illumination of 100 mW/cm? was used for
simulative studies.

Most of the studies in PSCs are focusing on designing optimal conduction band
offset and forgotten that efficient extraction of holes outside the device needs to balance
the energy alignment from the perovskite layer to the back contact. To address this
challenge in the mismatch alignment at HTL-Perovskite-Back contact, we have
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elucidated the impact of valence band energy of two HTLs on the performance of
inorganic PSCs based on CsPbl2Br.In our previous study, we demonstrated that a
valence band offset should be optimized to boost the performance of PSCs [226]. For
those reasons; the first part of this study will clarify the impact of VB of HTL on the
performance of cells and also on the contact between HTL-Back contact.

The following lines will describe the fundamental of interfaces at Metal-
Semiconductor [19]; ¢ is the work function, sp, and m refer to p-type semiconductor
and metal, respectively. Er is the fermi-energy, and y is the electron affinity. If the metal
and semiconductor brought together, two types of contact could be found depending on
the difference of work functions: ohmic junction and Schottky junction, as illustrated in
the figure.59 a-b. The interface type is a result of the work function levels to balance the

a) b)

. P-type Metal P-type
E P-type Metal EVacP type Metal Evac eta Eyac
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ax ax o Meta
ax
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E, Eg A(em — (Eg +X))
(Eg —a(em—x| £, Er E, Er B, E; i
s S ! - -\
(Eg — alom—x) q(@m — (Eg +X))
Schottky contact

Ohmic contact

Figure 59 : The energy band diagrams for semiconductor-metal interfaces. a) Schottky contact .
b) Ohmic contact.

chemical potential. In the case of p-type semiconductor which our study will focus on it,
if the work function of HTL, which is the p-type semiconductor is higher than that of the
metal, as shown in Figure 59 -a, a barrier of holes create is called, Schottky contact.
Otherwise, if the work function of HTL is lower than that of the metal, an ohmic contact
will form, which is mentioned in Figure 59-b. To analyze the effect of these two contacts
on the performance of PSCs, we will vary the valence band of Spiro-OMeTAD and
PTAA as HTLs, which can create the desired interfaces at HTL-metal. The optimum
level of the valence band for each HTL will optimize according to the point when the
performance of CsPbl.Br PSCs is maximized. The barrier height between a p-type
semiconductor and metal is defined using two formula (¢p_, = (E;—q(Pm —
x) or ¢p_p, = (a(e,, —x) —E,) depending the type of contact. The valence band offset

(VBO) is the difference between the valence band energy of the perovskite layer and
those of HTL VBO= Ev.psk-Ev-HTL. In the second part of this study, we analyzed the
conduction band offset (CBO), which is the difference between the conduction band
energy of ETL and those of perovskite layer CBO= Ec-et.-Ec-psk.[226]

An online package also is used to calculate the Shockley Queisser limit for the single-
cell according to the band gap of the absorber layer.[227]

2 Results and discussion

99



2-1 CsPbl2Br PSCs
2-1-1 Performance of CsPbl2Br PSCs using different HTLs

The photon absorption leads to the creation of an electron-hole pair in a PSC; the
electrons travel to the front side through electron selective layers, while selective hole
layers conduct the holes to the backside. To make this process efficient, the energy levels
of the interface layers should be in the equilibrium conditions to maximize charge
transfer. For efficient transfer of holes, rational HTL with a suitable energy level match

with CsPbl.Br (absorber layer), and the metallic cathode (Au) as the back contact is a
prerequisite.

Energy (eV)

0.2

0.8

0.4
Voltage (V)
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0.6 1
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Figure 60 :J-V curves of PSCs based on different HTMs using parameters shown in Table 1 b) :
Corresponding energy band diagrams of the inorganic CsPbl,Br based PSCs using different types of
HTM showing energy barrier at HTM and back

We investigated the effect of tuning of the valence band by studying a series of HTLSs,
Spiro-OMeTAD, PTAA ,and CuSCN in a structure of
FTO/SnO2/IL1/CsPbl2Br/IL2/HTLs/Au and the preliminary results are shown in table 10.

Table 8: Parameters Used in the SCAPS Simulation of Pb based inorganic PSCs.

Parameter IL1 CsPbl2Br IL2 PTAA CuSCNJ167]
Th(ickn)ess 10 500 10 150 150
nm
Eq (eV) 1.86 [228] 1.86 [228] 1.86 [228] 2.95 [229] 3.6
X 3.8 [228] 3.8 [228] 3.8[228] 2.3[229] 1.7
&r 8.6 8.6 8.6 3.5[230] 10
Nc (1/cm3) 2.2E18 2.2E18 2.2E18 2.2E18 2.5E18
Nv (1/cm?3) 1.8E19 1.8E19 1.8E19 1.8E19 1.8E19
pun(cm4/Vs) 200 [231] 200 [231] 200 [231] [11E9-34ﬁ'| 100
i (cm?/Vs) 200 200 200 1E-4 25
Na (1/cm?) -- -- -- - 1E18
Nb (1/cm?) 1E15 1E15 1E15 1E18 -
Nt(1/cm?) 3.64E16  3.64E15[213]  3.64E16 1E15 1E15
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Figure 60 presents the J-V characteristics of inorganic lead-based PSCs with different
HTLs using the parameters in Table 8 and for spiro-OMeTAD from Table 2. It can be
deducted that the employed HTLs represent similar Jsc of around 15.67 mA/cm? which
does not influence the Quantum efficiency (QE) of PSCs. At the same time, the fill factor
(FF) significantly varies by changing the HTL and reaches 76.66, 79.01, and 81.94 %
for Spiro, PTAA, and CuSCN, respectively, suggesting favorable interfacial contact at
CsPbl:Br/HTL. To compare and confirm our first model of simulated PSCs, we
summarized in Table 9; some reported PSCs based on CsPbl.Br with the same
configuration that we used. Regarding our results, It can be noted that the valence band
maximum (Ey) value of -5.30 eV for the CuSCN can deliver the highest PCE of 14.90 %
in contrast to PTAA (-5.25 eV) with an efficiency of 14.28%. In comparison, Spiro-
OMeTAD (-5.45 eV) gave a slightly lower PCE of 14.09%. The value of the defect
density of CsPbl2Br is equal to 3.64E15 cm™ which is the finest value[213] and the work
function of back contact is -5.1 eV (Au), added to the high mobility of the free charges
in inorganic HTLs compared with the organic or polymer HTLs, this difference in the
performance between those HTLs, may be related to two parameters, the first one; the
effect of VBO and the second one the barrier height (¢5_,,) as presented in table 10.

We can conclude here that the efficient cells need to have a balanced value between the
VBO and ¢p_, to facilitate the extraction of the holes from the perovskite layer and
also to make an efficient transfer of the holes from the HTL to the outside of cells.

Table 9: A Summary of performance parameters of reported CsPbl2Br based on Spiro-OMeTAD
and PTAA as HTL.

HTLs PCE Voc Jsc FF
(%0) V) (mA (%0)
/cm2)
Spiro[228] 13.10 1.21 14.60 74.1
PTTA[232] 14.36 1.16 15.56 79.06

Table 10 : Performance of FTO/Sn0,/IDL1/CsPbl,Br/IDL2/HTLs/Au using different HTLs

PSCs PCE Jsc FF VBO ¢p_,
configuration Voc
(%) (mA (%) (eV)
V)
/lcm2)
Spiro 14.09 1.17 15.67 76.66 -0.21 -0.35
PTAA 14.28 1.15 15.67 79.01 -0.41 -0.15
CuSCN 14.90 1.16 15.68 81.94 -0.36 -0.2

*PSk:CsPbl2Br
As shown in Figure 60, the corresponding energy band diagrams of simulated PSCs
with diverse HTLs. We can analyze clearly from the zoom box the formation of an “arc-
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shaped” at HTL/back contact with different curvature depending on the valence band
energy used for each HTL, and that may act as a barrier to slow down the movement of
holes toward the back contact which increase the recombination rate that lowered the
voltage. Also, we can notice, as explained in Figure-60-b, that the Shockley contact is
dominated for all three HTLs with different levels as presented with ‘’arc-shaped”’.

The performance of the diverse structures simulated here is in accordance with the
recent experimental studies but is still far from the theoretical values. Arguably, the
optimization of the selective layers will be rational if the active layer is of high quality
(low defect density). The defect density influences the performance of the cell; we will
elucidate the effect of this parameter on the performance of PSCs with different HTLs.
Nt is based on the Shockley-Read-Hall recombination (Rg,1) [22,233]

— np—n;*
Rsrh - Tp(@+p)+Tp(n+n;) (42)
1 TK
L= VDT (43) Tn,p = m (44) D = % (45)

Iy IS thermal velocity, N, is defect density, n and p are the concentration of
electron and hole.

Kg and p represent Boltzmann constant and mobility, g and T  represent the
magnitude of charge and temperature in Kelvin.

It can be noted that R, is directly proportional to the defect density of the absorber
layer. Also, we can consider the formula of carrier diffusion length (L) to analyze the
effect of Nton the performance of the device according to the SRH effect and diffusion
length relation. Here L is the diffusion length t the charge carrier lifetime and D is the
diffusion coefficient. The equations (4,5 and 6) highlight the direct relation between the
defect density and lifetime of free charges in bulk perovskite, which can control the
performance of devices.

Figure 61 shows the change in the efficiency and the voltage as a function of defect

density in CsPbl2Br with different HTLs. It is known that the defect density of the
absorber layer directly affects the performance of PSCs, which is a limiting factor in
achieving the Schockley-Queisser limit.[234,235]
It can be deducted from Figure 61-a, that with decreasing the N of absorber layer up to
a specific value of Ni=1E13 cm™, the increase in PCE can be observed for all the three
HTLs studied. The lower defect density resulted in the increased liftime as a result of
increased diffusion length (a measure of absorber quality), which reduces the rate of
recombination in the absorber layer. In comparison to the extracted PCE value for the
high defect density of absorber (3.64E15 cm™) and the optimized defect density
(N=1E13 cm) By comparing the extracted PCE value(table 10 ).
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For the high defect density of absorber (3.64E15 cm™) and the optimized defect density
(N=1E13 cm®) leads to an increment in PCE to 16.16, 17.44, and 17.71 % for Spiro-
OMeTAD, PTAA and CuSCN respectively Figure 61-a.

Table 11: Parameters Used in the SCAPS Simulation of lead-free inorganic PSCs.

IL1 CsSnls- Spiro-
Parameter FTO SnO2 Br« IL2 OMeTAD
(Tn%k”ess 400 90 10 350 10 150

Wide Wide Wide
Eq (eV) 35 3.6 [189] range range range 3 [37,38]
X 4 4 4.47 ?2-%] 4.47 2.45[237]
er 30 100 48 481239] 48 3[237]

Nc (1/cm?) 2.2E18 2.2E18 2.2E18 2.2E18 @ 2.2E18 2.2E18
Nv (1/cm?) 1.8E19 1.8E19 1.8E19 1.8E19 @ 2.5E19 1.8E19
20

nn(cm?/Vs) 240[193] 6 6[224] 6 2E-3[237]
wp(cmervs) 10 240 6 6 6 2E-3
Na (1/cm?3) - - 1E13 1E13 1E13 1E18
Nb (1/cm?) 2E19 1E17 - - - -
Wide Wide Wide
Nt(1/cm3) 1E15 1E15 range range 1E15

range

A similar trend was observed in the case of the voltage, where Voc increases with
decreasing N until reaching the optimized value of 1E13 cm, as illustrated in Figure
61-b. However, the improvement in the voltage is higher when we use CuSCN and
PTAA as HTLs, 1.43, and 1.42 V, respectively, compared to Spiro-OMeTAD, 1.28 V,
as mentioned in

Table 10, in the case of Spiro-OMeTAD, the VBO is less, but the barrier height is large on
the contrary to other HTLs. We can, that even if the defect density of perovskite layer is
low (high quality of fabrication) with less VBO will not help the voltage to cross the
theoretical value (case of spiro-OMeTAD ), but if the barrier height is less with large
VBO, the performance can be near to the Shockley limit as showed with CuSCN and
PTAA.

To confirm these conclusions, we will change the valence band energy level of Spiro-
OMeTAD and PTAA by varying their electron affinity, to be closer to the VBO and
¢_p values of CUSCN, which it is experimentally achievable.
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Figure 61 : the effect of defect density in absober layer with divese
HTMs on ,a)Votgae , b) effeciency .

The influence of HTL’s valence band on the performance of PSCs

Figure 62 represents the influence of the valence band of Spiro and PTAA on the
performance of PSCs and their corresponding energy band diagrams. The valence band
of HTL (Ev, HTL) was varied through the simulation by tuning the electron affinity (y)
when the valence band maximum (VBM) of HTL decreases concerning the absorber
valence band maximum(-5.66eV), the PCE and the Vo increases when the value of VBM
reaches closer to the work function of back contact (-5.1 eV), the PCE and the Vo
saturates, but when electron affinity value is higher than -2.25 eV and -2.3 eV for Spiro
and PTAA Figure 62a-c respectively, the performance dropped suggesting the optimized
value of Ev when gold is used as back contact.

Table 12: Performance of inorganic PSCs using different HTLs, related to the VBO and s,

HTMs Ev VBO @sp(eV) PCE
(eV) (E,_HTM- (%)
E,_absorber)
(eV)

4.7 -0.96 -0.4 9.82
) -5 -0.66 -0.1 14.28
Spiro-OMeTAD 5.1 -0.56 0 15.79
-5.25 -0.41 -0.15 17.57
5.4 -0.26 -0.3 16.29
-5.55 -0.11 -0.45 14.28

-4.55 -1.11 -0.55 7.95
-4.85 -0.81 -0.25 12.03
PTAA -5.15 -0.51 -0.05 16.52
-5.25 -0.41 -0.15 17.44
5.3 -0.36 -0.2 17.36
5.4 -0.26 -0.3 16.25

Related to the engineering of the interface in optoelectronic devices, we can
explain these results with two manners when the valence band of HTLs varied affect
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directly and at the same time the VBO and the barrier height (¢$B_p) at HTL-Back

contact. Which means, an optimize value of VBO and ¢, should be found for each HTL

related to the valence band of HTLs.

To further elucidate this, we analyzed the band diagram of devices with a different value
of Ey for each HTL (Figure 62 b-d). If we focus on the area between the HTL and the
back contact with the change of the E, of HTLs, the performance increase with increasing
the VBO until an optimum value which found to be -0.41, means 2.25 and 2.3 eV as
electron affinity for Spiro and PTAA respectively and, beyond these optimized values
of VBO, the performance drops due to the Schottky barrier for hole which increases with
increasing the Ey of HTL as illustrated in the zoom box in Figure 62 b-d and Table 12 .
If the Schottky barrier is high, it will hinder the transfer of the holes to the back contact,
which leads to decrease the performance of CsPbl.Br based PSCs. According to the
variation of the efficiency as summarized in Table 12, the Schottky contact is preferable
with -0.15 eV as the barrier height.

Table 13 illustrates the performance of CsPbl.Br PSCs with the optimized
parameters, N for absorber layer, VBO and (¢B_p)
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Figure 62 : a) Influence of valence band of Spiro-OMeTAD on the performance of CsPbl2Br PSCs,
b) corresponding energy band diagram, c) influence of valence band of PTAA on the
performance of CsPbl,Br PSCs and d) corresponding energy band diagram.
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Table 13

HTLs

CuSCN
PTAA
Spiro
Shockley-

on different HTLs, compared to the Shockley-Queisser-limit

Queisser-limit[240]

E (eV)

PCE
(%0)

17.71
17.44
17.57
25.86

Voc
V)

1.43
1.43
1.43
1.56

2.2 Lead free CsSnlz.xBrx PSCs

2.2.1 Effect of bromide substitution on the performance of CsSnlz.xBrx

Jsc
(mA

lcm?)
15.90
15.69
15.69
17.99

FF
(%)

78.90
77.76
78.31
91.69

: The performance of the optimized FTO/SnO,/IDL1/CsPbl,Br/IDL2/HTLs/Au based

It is reported that the addition of SnF2 (20 mol%) allows decreasing the defect density in
CsSnlz from 1.1E19 cm™ to 5E17 cm, by influencing the morphology of CsSnl3[167]
Similarly, in present work, we have focussed on the CsSnls where lodine was partially
replaced by bromide anion; as a result, of the band gap variation. Further, the effect of
band gap variation was studied on the performance of the CsSnls.xBry based solar cells.
Figure 63-b shows the simulated trend of PCE and Vo as a function of the band gap for
the planar device structure FTO/SnO2/CsSnlz.xBrx/spiro-OMeTAD/Au and using the
parameter given in table 11.

CsSnl,
Eg=1.27 eV
-5.74

CsSnl,Br CsSniBr,

Eg=1.37 eV

CsSnBr;
Eg=1.75 eV

Eg=1.65 eV

0.28{ b)

——1 (%)
—— vnc (V)

1 X—= 2
CsSnl, Br,

Figure 63 : a) Energy levels diagram (relative to the vacuum level) of CsSni3-xBrx films by
varying its electron affinity with respect to SnO2 as ETL .b) The influence of CsSni3-x Brx band

gap on the PCE and Voc of PSCs
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Corresponding to Br/(lI + Br ratio, (x) ranges from 0-3, the band gap was varied from
1.27 —1.75 eV. A similar trend was noted in CHzNH3sPbls and CsSnls,[225,241] on the
experimental hand, which validate our investigation. Figure 63-b shown that the open-
circuit voltage (Voc) escalates with the increase in band gap due to increased Br fraction,
while PCE starts to get drop beyond x=2. The improvement of Vqc is a consequence of
the band gap increment due to high Br content; however, on the other hand, it reduces
the absorption in the visible region due to a wide band gap. To emphasize here, we have
employed SnO: as ETL, as the selective layer plays a crucial role in reducing the
recombination rate, particularly the mismatch in energy level alignments at
ETL/perovskite interface may increase the recombination. This could be explained by
the conduction band offset (CBO), i.e., the difference between the conduction band
minimum of ETL and those of perovskite layer (+AEc),[16] the (+) sign represents the
spike structure, and the (-) sign is the cliff structure as reported in our last study.[226] In
the past studies, the spike structure is shown to be beneficial for improving the
performance of PSCs, which can build a potential barrier at ETL/perovskite to reduce
the recombination rate[182]. From our theoretical and experimental observation, with
the increase in the band gap of perovskites, only Ec is assumed to shift upwards;
therefore, the CBO becomes smaller with an optimum value of +0.09 eV (spike
structure) for CsSniIBr2 which gave the best performance as shown in Figure 63-a. Thus,
the PCE decreases dramatically after x=2, and the following equation can describe the
Voc.[198,199]

=52l

EA = Eg - AEC (47)

Voc is open-circuit voltage; Ea is the activation energy, n is diode idealist factor,
Kis Boltzmann constant, T is temperature, Joo is current prefactor, and Jsc is short circuit
current density. For T =0 K, Voc= Ea/q. The CBM of bulk CsSnls compared to the CBM of
ETL is much deeper, thus a large energy barrier with AE.= +0.47eV affects the performance
of the cell. By adding Br to the CsSnls leads to increase the band gap by shifting the
conduction band upwards which enhances the matching energy level with ETL and the
AE: become small enough to facilitate the transfer of electrons toward the front side of
the cell with the increasing of activation energy as well Voc become higher. The
performance of our fist model using CsSnIBr. is still low which match with the
experimental funding in some studies, and that may due to the low defect density in the
absorber layer and also at the selective layers
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Jsc (mA/cmz)

2.2.2 The effect of defect density of the absorber layer on the performance of
cells
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Figure 64 : Influence of defect density in absorber layer on a) J-V curve, (b) efficiency and fill factor and c)

the external quantum efficiency

To explain the low performance of CsSnlzxBrx based PSCs, as mentioned in the
above section, we have chosen the CsSnIBr; as an absorber layer, which has a favorable
energy level alignment with SnOzas ETL. Also, we assume that the defects in inorganic
Sn-based perovskite will have a significant effect on the performance of inorganic lead-
free PSCs; thus, the impact of defect density(Nt) will be studied in the subsequent
section.

Figure 65 represents the influence of defect density in the absorber layer on the
photovoltaic properties of Sn-based inorganic PSCs. It can be deduced that the high
defect density leads to a drop in the performance of the devices. We noted that the
performance remains unchanged when the values of N become <1E12 cm™ but if it is
higher than this value, then the performance drops dramatically. High crystallinity refers
to the optimal quality of the perovskite layer is a crucial element to enhance the
performance in Sn-based inorganic PSCs. [242—245]The improvement in film quality as
a result of decreased value of Nt can be seen in the EQE curve, as shown in Figure 65-c.
Absorption of light in a thin film can also be affected by the defect density into the
absorber layer, and we noted that EQE increases rapidly with a decrease of the perovskite
defect density and acquire saturation when Nt < 1E12cm3, For our further studies, we
took Nt=1E12 cmas an optimum value of defect density of CsSnIBr, absorber.

2.2.3 Influence of interface defect density at CsSnIBro/HTL

The quality and nature of the interface are paramount to fabricate efficient solar
cells, here we have varied the N from 10 cmto 10 cm™ at the CsSnIBro/HTL
interface as seen in Figure 65 a-b-c. We noted an abrupt drop in the performance when
Nt >10%°cm= and remains nearly unchanged if N¢ <10°cm, this enhancement was
obtained due to the reduction in defect density at CsSnIBr2/HTL interface. The value of
contact resistance is higher when high defect density is present, which also led to a lower
fill factor. However, the Jsc changed insignificantly as a function of defect density,
which can be manifested from the EQE graph Figure 65 -b.
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Thus, we have chosen 10%° cm™ as an optimum value for CsSnIBr2/HTL interface
which could delivers a PCE =18.17 %, Voc = 1.29 V, Jsc =20.29 mA/cm? and FF = 69.29
%.

2.2.4 Influence of interface defect density at ETL/CsSnIBr»

We continue our simulation studies with the optimization of the ETL/CsSnIBr:
interface, which can further contribute to improve the performance of PSCs, as shown
in Figure 65 d-e-f. If we decrease the value of Ny, the performance increases linearly,
and reaches to the maximum to achieve an optimum value of N, beyond that value, it
becomes saturates. From figure 65 e, we can set Ny =104 cm™ as an optimal value for
ETL/CsSnIBr; interface, and using this value, a PCE of 20.35 %, with a V¢ of 1.35V,
Jsc = 20.30 mA/cm? and FF = 74.17 % can be derived. It can be deducted that the defect
density of ETL/CsSnlIBr2 has a strong effect on the performance due to solar irradiation
passes through this interface first, thus at this interface, photo-generated carrier
concentration are higher than CsSnIBro/HTL interface. The high defects density will
create more recombination sites and traps, resulting in a higher recombination rate and
vice versa. The investigation of the EQE as a function of defect density of the
ETL/CsSnIBr: interface further supports our interpretation, a decrease of N leads to
enhanced light absorption in the panchromatic region of 300-700 nm, contributing to the
enhanced quantum efficiency.
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2.2.5 Diffusion length of the optimum device based on CsSnIBr»

FTO/SnO2/CsSniBra/spiro-OMeTAD/Au optimized through studying the
impact of defect density in CsSnIBrz and at its interfaces. The diffusion length can be
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Figure 66 : Carrier diffusion length as a function of defect density in our
modelled inorganic CsSniBr; based PSC.

calculated by using the equation (43),(44), and (45). Figure 66 shows the diffusion length
of charge carriers as a function of defect density, which can provide us a clear view about
the range of the Diffusion length that should be in the case of the absorber layer and at
the interfaces. By using the optimum values of defect densities derived from our
optimization , 102 cm= , 10®cm= and 10** cm™ for CsSnIBrz , CsSnIBrz/HTL and
ETL/ CsSniBr2respectively. We can estimate a value of 278 um as the diffusion length
for the charge carriers in the absorber layer, and 27.84 um, 88.06 um in case of
CsSnIBro/HTL and ETL/CsSniIBr. interface layers respectively. Assuming these
optimum values, can theoretically deliver a PCE =20.32 %, Voc =1.35 V, Jsc =
20.30mA/cm? and FF 74.17 %.

Table 14: The performance of the optimized FTO/Sn0O,/IDL1/CsSnIBr,/IDL2/HTLs/Au compared
to the Shockley-Queisser-limit.

PCE Voc Jsc FF
(%) (V) mA/cm2 (90)
Experimental 0.12 0.311 1.32 41
work|[225]
First model 0.28 1.07 1.69 15.34
Optimized model 20.32 1.35 20.30 74.17
Shockley- 29.90 1.37 24.05 90.77

Queisser-limit[240]

Table 14 summarized the experimental studies that have reported, compared to our
first model and the optimized model. The optimized results we found is clearly can boost
the performance of Lead- free inorganic PSCs to be close to the Shockley-Queisser-
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limit[240], trough new methods of fabrication such as syntheses of based materials in
Pyrex-tube as reported with mixed inorganic Sn-Ge which can enhance the quality
(crystallinity) of light harvest layer with low defect density,[246] also the passivation
mechanism could be a helpful strategy to minimize the trap density at the interfaces of
selective layers.

Conclusions

To summarize, using one-dimensional computational SCAPS software, a device
structure of FTO/SnO2/CsPbl.Br/HTLs/Au was designed by selecting different organic,
polymeric and inorganic types hole transport materials such as Spiro-OMeTAD, PTAA,
and CuSCN, and the defect density of absorber layer was investigated suggesting a
significant influence on the performance of PSCs. Tuning the valence band maximum
of Spiro-OMeTAD and PTAA demonstrated competitive performance as compared to
CuSCN by optimizing the VBO to be -0.41 eV and the barrier height with -0.15 eV with
Shockley contact. Lead-free inorganic PSCs based on CsSnls.xBrx was also investigated.
The addition of Br to substitute I in CsSnlzallows for better energy level alignment with
the ETL. The quality of the absorber layer and its interface is paramount to design
efficient inorganic Pb-Free PSCs that can be controlled by optimizing defect density.
We put forward the design of high performance Pb-Free PSCs having the structure of
FTO/SnO2/CsSniIBr2/Spiro-OMeTAD/Au, with Ni=10'2 ¢cm for absorber layer, and
N=10% cm=in case of CsSnIBro/HTL and N=10%* cm for ETL/CsSnIBr; yielding a
PCE of 20.32%. Our computational approach can pave the way to boost the performance
of inorganic Pb and Pb-Free PSCs by considering suggested parameters.
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Chapter 7: Experimental investigations of Electron transport
layer, perovskite materials, and inorganic perovskite solar cells

This chapter will focus on the experimental work that has been done during this study,
such as the fabrication of the selective layer, perovskite film, and the inorganic perovskite
solar cell.

1 Doped SnO: as Electron transport layer

Regarding the work that has been done in the previous chapter regarding the conduction
band offset using SnO> as ETL, this part of this chapter will focus on doping SnO> to enhance
its optical proprieties as a first stage to apply it in perovskite solar cell.

We choose alkaline carbonate Cs2CO3 as a modifier for SnO., the preparation of layers
was dived on two methods to select the best from them, the first one is mixed SnO2:Cs2CO3 _ the
second method is bilayer SnO./ Cs2CO:s.

1.1 Mixed SnO2:Cs,COs
1.1.1  Solution preparation

The SnO- colloidal dispersion solution (15 wt. % ) was diluted by deionized water to 2.67
wt.%.The Cs2COz solutions were prepared by dissolving 0.25,0.5, 1, 1.5, and 2 mg Cs.COs in
five numbered clear glass vials, respectively. Then 1 ml of deionized water was added to each
bottle to form three-five Cs2COs solutions of different concentrations,0.25,0.5, 1, 1.5, and 2
mg/ml. Those vials were kept for three hours under steering conditions. To make SnO2: Cs,COs
solution, equal volume (V: V) was mixed from each vial to the SnO solution.

1.1.2  SnOz: Cs.COsfilm preparation

The SnO,: Cs,COs film was prepared by spin coating the mixed solution SnO,: Cs,COs
on the cleaned substrates (4000 rpm,30 s), then these samples were annealed at different
temperature 100 °C, 120 °C, 150 °C.

1.2 Bilayer SnO,/Cs,CO3
1.2.1  SnO: film preparation

The SnO- film was prepared by spin-coating SnO> precursor solution on the cleaned
substrates (5000 rpm, 30 s), then these samples were annealed at 150 °C.

1.2.2  Sn0O,/Cs2COs film preparation

The SnO; film from the previous preparation put it to cool down, then Cs,CO3 was spin-
coated on the top of SnO>, then transferred to the hotplate for annealing processes at 100 °C for
10 min.

1.3 Results and discussion
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1.3.1

Optical properties

It is clear from Figure 67 of optical transmittance that Cs,COs3 as a dopant of SnO> leads
to increase the transmittance of SnO> regarding the amount of Cs,COs3 that added, here we can
analyze that 0.25 mg/ml is the best concentration among all the concentration test for both

methods.

The optical proprieties of ETLs have a significant role in the performance of PSCs.
Usually, to maximize the penetration of the photons towards the active layer, the transparency
of ETL is required to be over 85 % [247] in the visible wavelength, i.e., if the number of photons
comes to the absorber layer, the performance will be better. It clear that both methods
SnO2/Cs,CO3 or SnO2: Cs2CO3 lead to an increase in the transparency of SnO> to reach the
critical value of 85 %. For that, the coming parts in this chapter will focus on using 0.25 mg /ml
as the concentration of Cs>CO3 using second method Sn02:Cs,CO3
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Figure 67: Optical transmittance of SnO, and (a) Sn0,/Cs,COs;and (b) Sn0,:Cs>CO3
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Figure 68 :Top view of SEM for .(a) SnO; , (b-d) different concentration of Cs,CO3; mixed with
Sn02

Regarding the morphology of SnO> compared with different amounts of Cs,COs doped
Sn0y, as illustrated in Figure 68, we can analyses the quality of the surface decreased when the
concentration of Cs,COs increased. 0.25 mg /ml as the concentration of CsCO3z May exhibit
the best performance in the application of PSCs.

1.3.2 The effect of post-annealing temperature on optical proprieties of SnO.:
Cs2C03 (0.25 mg /ml )

Figure 69 represents the Tauc plot band gap of SnO using 150 °C as annealing
temperature, and also the Tauc plot band gap of SnO.: Cs,CO3 with different annealing
temperature (110 °C,120 °C, 150 °C ). The band gap of the film is calculated by using the
equation below,

(ahv)? = A(hv — E) (51)

As shown in Figure 69, the bandgap of SnO2 using 150°C post-annealing temperature is
3.75eV. The incorporation of Cs2CO3 (0.25 mg /ml) leads to a decrease in the band gap of SnO>
to 3.66 eV, which means the level energy of the film also is changed. The rate of decline in the
band gap can be controlled by changing the post-annealing temperature as demonstrated in
figure 69 b-c-d, well increasing the annealing temperature to 120 °C to give a bandgap of
3.75eV and 150 °C increase the band gap to 3.76 eV. We can agree that the annealing
temperature of SnO2: Cs2CO3 can manipulate the energy alignment to match better with other
layers in case of the application SnO2: Cs,COszas ETL for PSCs, and can answer the question
have opened in the previous chapter about the spike and spoke for conduction band between
ETL/perovskite layer.
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Figure 69: the Tauc plot band gap of (a) Sn02. (b-c-d) SnO,: Cs,CO5; with annealing temperature
110,120 and 150 respectively

As shown in Figure 69, the band gap of SnO using 150°C post-annealing temperature is
3.75eV. The incorporation of Cs2CO3 (0.25 mg /ml) leads to a decrease in the band gap of SnO>
to 3.66 eV, which means the level energy of the film also is changed. The rate of decline in the
band gap can be controlled by changing the post-annealing temperature as demonstrated in
Figure 69 b-c-d, well increasing the annealing temperature to 120 °C gives a band gap of 3.75eV
and 150 °C increase the band gap to 3.76 eV. We can agree that the annealing temperature of
Sn02:Cs2,CO3 can manipulate the energy alignment to match better with other layers in case of
the application Sn0.:Cs,COz as ETL for PSCs, and can answer the question have opened in

the previous chapter about the spike and spoke for conduction band between ETL/perovskite
layer.

2 Organic-inorganic perovskite materials
2.1  Solution preparation
2.1.1  MAPbDI;

The solvent engineering method was adapted to make MAPbIz , MAI (1.2M), and Pbl.
(AM) was dissolved in DMSO and stirred overnight with 60 °C. The precursor solution spin-
coated on the cleaned substrate by two-step method (firs step 1000 rpm for 10 s, second step

4000 rpm for 30 s ), and 100 ul of C.B. dropped on the film in the last 10 s during the second
step.

2.1.2  (FAPDI3)o.85(MAPDbBr3)o.15

(FAPbI3)o.85s(MAPDbBI3)o.15 was deposited from a precursor solution containing FAI (1
M), Pbl> (1.2 M), MABr (0.2 M), and PbBr2 (0.2 M) in anhydrous DMF:DMSO 4:1 (v:v). The
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perovskite solution was spin-coated in a two-step process at 1000 and 4000 rpm for 10 and 30
s, respectively. During the second step, 100 puL of chlorobenzene was used as an antisolvent
and poured on the substrate 15 s before the end of the deposition process. The substrates were
then annealed at 100 °C for 1 h in a glovebox.

2.1.3  CsPbl2Br

CsPbl,Br was prepared by dissolving Pbl2(1 mmol) and CsBr (Immol), in anhydrous
DMSO (1mL) and stirred at 60 °C for one hour, then Csl(0.8 mmol ) was added and stirred at
60 °C for another one hour, then the perovskite solution was spin-coated by two steps onto at
1500 rpm and 5000 rpm for 10 s and 30 s respectively. During the last 10 s the substrate was
treated by isopropanol and transferred to hot plat using 50 °C and 150 °C for 2 min and 10 min,
respectively.

2.2 Results and discussion

Colossal attention has taken the hybrid halide perovskite MAPbIs with its incredible
efficiency, and (FAPDI3)o.ss(MAPDBIr3)o.15 is also going in the same trend as PCE exceeding
20 %. However, due to the hygroscopicity and thermally unstable the organic cation MA*, make
MAPbI; thermal volatile and sensitive to the moisture even (FAPbI3)o.ss(MAPbBr3)o.15 exhibit
a few improvements in case of thermal stability. Still, inorganic perovskite materials such as
CsPbl2Br needs more investigation as one of the alternative inorganic perovskite light harvest
that can resist the heat and moisture. Here we will try to prepare CsPbl.Br under temperature
<150 °C and compare its optical proprieties with MAPbIz and (FAPbI3)0.ss(MAPbBIr3)o.15
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Figure 70: The UV-vis absorption spectral of MAPbls, (FAPbI3)o.ss(MAPbBr3)o.1s and CsPbl,Br

As plotted in the Figure 71-b, we can notice that the band gap of CsPbl.Br about 1.90 eV
is high compared to MAPbI3 (1.53 eV) or mixed perovskite (1.56 eV) due to the amount of
Bromide (Br) that incorporated in CsPbls. The proposed method of preparation CsPbl2Br in this
work is to successfully protect the stability performance, as shown in Figure 71-a, under low
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temperature, which is helpful to address the application in PSCs such as standard or flexible

cells.
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Figure 71 : (a) The stability of UV-vis absorption spectral for CsPbl;Br. b)The Tauc plot band

gap of CsPbl,Br

The morphology structure of perovskite layer was studied by X-ray pattern as illustrated
in fig Figure 72-a, we can notice that the grow of perovskite layer oriented with (200) and (100)
direction which confirm the cubic phase as reported previously [248] demonstrated the success
of our deposition method, and also we can analyze from Figure 72-b, the surface morphology
of CsPbl;Br as prepared
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Figure 72 : (a) XRD patterns of the thin film with structural evolution. (b) Top-down SEM image

of CsPbl,Br
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3 Fabrication and Numerical Simulation of All-inorganic
P-i-N PSCs

3.1 Device fabrication

The ITO glass was cleaned by sequential ultrasonic treatment in detergent, deionized
water, acetone, and isopropanol, and then treated in an ultraviolet-ozone chamber for 15 min.
Then PTAA was spin-coated on ITO substrate. CsPbl.Br was prepared by dissolving Pblx(1
mmol) and CsBr (Immol), in anhydrous DMSO (1mL) and stirred at 60 °C for one hour, then
Csl(0.8 mmol ) was added and stirred at 60 °C for another one hour the perovskite solution was
then spin-coated by two steps onto ITO/PCBM at 1500 rpm and 5000 rpm for 10 s and 30 s
respectively. During the last 10 s the substrate was treated by isopropanol and transferred to
hot plat using 50 °C and 150 °C for 2 min and 10 min, respectively. The PCBM solution in
(CB). Was spin-coated on the perovskite film. Finally, the Ag as back contact was evaporated.
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Figure 73: Schematic view of the process fabrication of P-i-N PSCs based on CsPbl,Br
3.2 Device simulation

The Solar cell capacitance simulator (SCAPS) version. 3.3.07 [167] was used as a
simulation platform, with the parameters sketched in Table 15:

Based on the Poisson equation(39), and the continuity equations for electrons(40) and
holes (41)

d dw . _

—(£007) = alp() = 1) + NF (O = Ny () +pe() — () ] (39)
1dJ,

]—,a-FRp(X)—G(X) =0 (40)
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—]1,((11]—;+Rn(x) —Gx)=0 (41)

Here, € the permittivity and q the charge of electron, W is the electrostatic potential and n
the free electrons, p free holes, n: trapped electrons, p: trapped holes, Np- the ionized donor-like
doping and N - the ionized acceptor-like doping concentrations, Rn(x), Rp(x) are electrons and
holes recombination rate, G(x) is the generation rate, J, and Jp are respectively, the electron and
hole current densities.

Here, Na and Np denote acceptor and donor densities, & is relative permittivity, y is
electron affinity, Egis the band gap energy, . and pp are mobilities of electron and hole, and
Nt is defect density.

Computational studies were performed on a planar PSCs with an architecture of
ITO/PTAA/interface layer 1(IL1) /CsPbl2Br /interface layer2(1L2)/PCBM/Ag. AM 1.5G solar
illumination of 100 mW/cm? was used for simulative studies.

Table 15: Parameters Used in the SCAPS Simulation of Pb based inorganic PSCs

Parameter PTAA IL1 CsPbl2Br 1L2 PCBM
thickness (nm) | 150 10 500 10 90

E, (eV) 2.95 [229] 1.86 [228] 1.86 [228] 1.86 [228] 2

X 2.3 [229] 3.8 [228] 3.8 [228] 3.8 [228] 4

&r 3.5 [230] 8.6 8.6 8.6 3.9

Nc (1/cm?3) 2.2E18 2.2E18 2.2E18 2.2E18 2.2E18
Nv (1/cm3) 1.8E19 1.8E19 1.8E19 1.8E19 1.8E19
pn(Ccm?/Vs) 1E-4[193] | 200[231] 200 [231] 200 [231] 1E-2
Ko (cm?/Vs) 1E-4 200 200 200 1E-2
Na (1/cm?®) 1E18 - - - -

Nop. (1/cmd) _ 1E15 1E15 1E15 1E16
Ne(1/cmd) 1E15 3.64E16 3.64E15[213] 3.64E16 1E15

3.3 Results and discussion

The results of experimental ITO/PTAA/PKS/PCBM/Ag showed in Figure 74-a
,demonstrated an efficiency of 6.67 % , Voc 0f 0.99 V , Jsc =12.64 mA/cm2 and FF=53.11 %.
The stability of these results after seven days with storage in the glovebox are almost the same
values, which can demonstrate the power of our method to make low-temperature all-
inorganic CsPbl2Br PSCs.

In the line to figure out the physic parameters that may be responsible for low
performance in our cell, we perform a simulation study for the same cell is made in the
experimental part as illustrated in Figure 74-b illustrate the first simulation results are near to
the experimental values which mean that can use this model to make drift-diffusion simulation
to boost and address the problems of these kinds of PSCs by optimizing macroscopic parameters
and applying new adequate selective layers.
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Figure 74: (a) J-V curve of the experimental cell as prepared and after seven days. (b) J-V curve
of Simulated PSCs. (c) Experimental fabrication of PSCs

Conclusion

This chapter showed the benefit of doping ETLs such as SnO to change its optoelectronic
properties for better matching in PSCs . The preparation of CsPbl2B under low temperatures
could be an effective strategy to boost the performance of p-i-n inorganic PSCs for its
application in tandem PSCs. Using the drift-diffusion model may lead to figure out the
macroscopic parameters are responsible for the low performance, as discussed in the previous
chapters in the case of organic-inorganic PSCs.
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Conclusion and Recommendations

I. Conclusion

At the close of chapters 1-3, a vivid description of perovskite solar cells is made by a
general introduction, basic physic of semiconductor, structure of perovskite materials, work
principal, and divers structures of perovskite solar cell were discussed. Also, the types of
electron transport layer and hole transport layers have taken place. Finally, the work
methodology based on Numerical simulation using SCAPS-tool and the preparation methods
of perovskite solar cells were explained.

In chapter 4, the performance analysis of MAPDbI3 based perovskite solar cells employing
diverse charge selective contacts: Simulation study is investigated by SCAPS software. The
performance of perovskite solar cells based on MAPDIs can be close to the theoretical limit by
adjusting low-temperature electron transport layer and stable hole transport layer using low cost
back contact metal, and the optimized perovskite solar cell can reach an efficiency of 26.74%.

Chapter 5 discussed the energy level engineering of charge selective contact and halide
perovskite by modulating band offset: Mechanistic insights. The advantage of engineering the
band offset analyzed using (FAPbI3)o.ss(MAPDBI3)o.15 as a light harvest, the optimized cell can
obtain 26.56 %.

Chapter 6 carried out on the unraveling of the theoretical window for high-performance
inorganic perovskite solar cells. For the first time, the inorganic perovskite solar cell based on
CsPbl:Br and Pb-free CsSnlsxBrx have simulated through SCAPS software. Inspiring
performance obtained of this alternative inorganic solar cell by optimizing many parameters
such as the defect density in bulk absorber material or at the interface of layers. 17.77 % and
20.35% was reached using our optimized cells for CsPbl2Br and CsSniIBr. respectively.

Finally, in chapter 7, the proposed fabrication of SnO>: Cs,COs as an alternative electron
transport layer for perovskite solar cells is made following low-temperature deposition. Diverse
perovskite materials are fabricated, such as MAPbI3 (FAPbI3)o.ss(MAPbBrs)o.15 , CsPbl.Br
through solvent engineering method. The fabrication of P-i-N perovskite solar cells based on
CsPbl2Br is made in parallel with its numerical simulation using SCAPS software.

The physical device model approach is an “’anatomy’’ of perovskite solar cell to zoom
deeply on the macroscopic parameters that pretended the perovskite solar cell to reach the
Shockley-Queisser-Limit efficiency by the inexpensive way in terms of cost and time. This
research study is a lamp to light the road of the experimental community for efficient, versatile
structural in organic-inorganic perovskite solar cells combining Drift-Diffusion simulation and
experimental studies.

ii. Recommendations

As the outset of this thesis, we can draw a few recommendations that will be helpful for
our future work:
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¢ As numerically demonstrated in chapter 4, a new inorganic whole transport layer
based on Cu, such as CuSCN, CuShS;, and Cu20, should be made to increase the stability of
PSCs.

e As discussed in chapter 5, the misalignment of level energy at ETL/perovskite is a
crucial parameter to increase the efficiency of PSCs. A logical next step should be a focus on
designing new materials to full this matter.

e New approach preparation of CsPbl2Br should figure out to stabilize this alternative
inorganic material, using new element doping to make CsPbix Mxl2Br through Density
functional theory (DFT), Drift-diffusion simulation and experimental studies could be a suitable
combination to answer the issue of efficiency and stability of this type of PSCs.

eEco-friendly PSCs based on Pb-free light harvest is a mandatory line to make the
balance between the efficiency, protection of the environment, and stability.

eBoost the efficiency of P-i-N based inorganic PSCs is a helpful way to understand the
macroscopic parameters that lower the performance of this type of PSCs, which will be our
next work.
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