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Abstract

Halide Organic-Inorganic Perovskites (HOIPs) are a solid family of materials that have
been in the spotlight of the scientific community of solar photovoltaics due to their
potential for building high-efficiency and low-cost solar cells. In recent years, they have
experienced exponential growth in the efficiency obtained at lab conditions, going from
3% of PCE in 2009 to over 25% in 2021. But still, there are numerous challenges to
overcome in these types of materials for solar cell applications, such as stability.

The purpose of this Doctoral Thesis is to study in deep different kinds of HOIPs for solar
cell applications, including the optimization of the manufacturing process and the
complete characterization of the films, such as Xray-diffraction analysis, Field Emission
Scanning Electron Microscopy analysis, Atomic Force Microscopy analysis,
photoluminescence study, UV-visible absorption analysis, band-gap calculation,
Transmittance electron microscopy, theoretical simulation with SCAPS-1D, and deep
degradation study of the films. The objective of all this characterization analysis is
supported to obtain proper crystallinity, morphology, topography, optical properties,
PCE, and stability of the thin layers without increasing the manufacture of the devices.

Different strategies and techniques were used to fulfil the goal of the current work. Such
strategies include doping with different compounds, antisolvent quenching engineering,
and, changing the cation “B” in the general formula of perovskites; ABX3s, where A and
B are two cations and X is the anion, frequently a halide (I, Br or Cl).

The focus of the present dissertation is the methylammonium lead iodide 111 (CH3sNHzl3),
which is known for exhibiting direct bandgap absorption from the top of the valence band
to the bottom of the conduction band. The bandgap can be easily modified by varying A,
B, and X and modulated by the suitable selection of mixed cations. Among the possible
combinations, MA cation and metal Pb?* have exhibited excellent optoelectronic
properties, low-temperature solution-processable films, and potential for appropriate
stability, due to very high charge-carrier mobility, large electron and hole diffusion
length, large absorption coefficients, and low nonradiative recombination rates.

Specifically, four complete and published papers are shown in this book for furthering
the aim of the PhD:

- Stability Improvement of Methylammonium Lead lodide Perovskite Thin Films
by Bismuth Doping

- Tetrabutylammonium (TBA)-Doped Methylammonium Lead lodide: High
Quality and Stable Perovskite Thin Films

- Manufacture of High-Efficiency and Stable Lead-Free Solar Cells through
Antisolvent Quenching Engineering
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- Investigation on the Stability and Efficiency of MAPbI3 and MASNI3 Thin Films
for Solar Cells

The summary and general conclusions of the work are described in the following
paragraphs.

Bismuth doping has improved the crystalline structure of the absorbent layer of MAPbI s,
which leads to a significant improvement in the optoelectronic properties, the morphology
of the surface of the layers, and even improves the stability of the devices. Bismuth doping
was studied, introducing variable amounts of bismuth between 1 and 8% in the initial
solution. The best results were obtained in the samples where 2% bismuth was introduced
in the initial solution.

Doping with tetrabutylammonium (TBA) was also analysed by introducing different
proportions of TBA in the initial mixture for the synthesis of MAPDI3 layers. We observed
that adding 5% TBA to the initial solution reduces the density of pinholes in the layers
and improves crystallinity, which leads to a considerable improvement in the stability of
the MAPDI3 layers. With the optimal proportion of TBA, it is possible to increase the
grain size and the intensity of the photoluminescence, basically due to the decrease in
recombination centres. This set of property improvements achieved with TBA doping
leads to increased device performance.

Since lead is a polluting element, we have made layers substituting Pb for Sn to obtain
MASNI3 layers. Substituting lead for tin increases grain size and has a positive effect on
the light absorption coefficient. However, MASnI3 shells are more unstable than MAPbDI3
shells and to overcome this problem different anti-solvents were used in the synthesis of
MASNI3 shells.

This approach is known as antisolvent engineering, and we have used it to improve
MASnI3 layers. Among the various antisolvents studied, toluene is the one that has
managed to improve the stability of the MASnI3 layers.

Using a numerical approach using SCAPS-1D, we have calculated that the efficiency of
photovoltaic devices (PCE) based on MASnNIs increases by 9.5% compared to devices
based on MAPbIs.
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Resumen

Las perovskitas organicas-inorganicas de haluros (HOIP) son una familia de materiales
solidos que estan en el punto de mira de la comunidad cientifica debido a su potencial
para producir células solares de alta eficiencia y bajo costo. En los Gltimos afios han
experimentado un crecimiento exponencial en la eficiencia obtenida en condiciones de
laboratorio, pasando del 3% de PCE en 2009 a mas del 25% en 2021. Pero ain quedan
numerosos retos por superar en este tipo de materiales para aplicaciones en células
solares, como son la estabilidad y durabilidad de los dispositivos.

El propdsito de esta Tesis Doctoral es estudiar en profundidad diferentes tipos de HOIPs
para aplicaciones de células solares, incluyendo la optimizacién del proceso de
fabricacion y la caracterizacion completa de las peliculas delgada, tales como analisis de
difraccion de rayos X, analisis de microscopia electronica de barrido de emision de
campo, analisis de microscopia de fuerza atomica, estudio de fotoluminiscencia, anélisis
de absorcion de UV-visible, célculo de banda prohibida, microscopia electronica de
transmitancia, simulacién teérica con SCAPS-1D vy estudio de la degradacion de las
peliculas. El objetivo de todo este andlisis de caracterizacion se sustenta en obtener la
adecuada cristalinidad, morfologia, topografia, propiedades O&pticas, eficiencia y
estabilidad de las capas delgadas sin incrementar el coste de fabricacion de los
dispositivos.

Se utilizaron diferentes estrategias y técnicas para cumplir con los objetivos del presente
trabajo. Dichas estrategias incluyen el dopaje con diferentes compuestos, la ingenieria de
antisolventes y el cambio del cation "B" en la formula general de las perovskitas; ABXs,
donde Ay B son los cationes y X es el anion, generalmente haluro (I, Br o Cl)

El enfoque de la presente disertacion es el metilamonio de yoduro de plomo Il (MAPI 6
CH3sNH3Pbls), que es conocido por exhibir un elevado coeficiente de absorcion directa y
una elevada longitud de difusion de los portadores de carga. La banda prohibida puede
modificarse facilmente variando los componentes A, B y X y modularse mediante la
seleccion adecuada de haluros y cationes mixtos. Entre las posibles combinaciones, el
cation MA y el metal Pb*> han demostrado poseer excelentes propiedades
optoelectronicas, peliculas procesables en disoluciones a baja temperatura y potencial
para una estabilidad adecuada debido a la muy alta movilidad del portador de carga, la
gran longitud de difusién de electrones y huecos, a los altos coeficientes de absorcién, la
baja radiacion no radiactiva y las altas tasas de recombinacion.

Especificamente, en esta tesis se basa en cuatro articulos completos y ya publicados,
cuyos titulos son:



Stability Improvement of Methylammonium Lead lodide Perovskite Thin Films
by Bismuth Doping

- Tetrabutylammonium (TBA)-Doped Methylammonium Lead lodide: High
Quality and Stable Perovskite Thin Films

- Manufacture of High-Efficiency and Stable Lead-Free Solar Cells through
Antisolvent Quenching Engineering

- Investigation on the Stability and Efficiency of MAPbIs and MASNI3 Thin Films
for Solar Cells

Las conclusiones generales de la investigacion desarrollada en los trabajos mencionados
han sido:

El dopado con bismuto ha permitido mejorar la estructura cristalina de la capa absorbente
de MAPDI3 lo cual lleva a una mejora importante de las propiedades optoelectronicas, la
morfologia de la superficie de las capas e incluso se mejora la estabilidad de los
dispositivos. Se estudid el dopado con bismuto, introduciendo cantidades variables de
bismuto entre el 1y 8% en la disolucion inicial y los mejores resultados se obtuvieron en
las muestras donde se introdujo un 2% de bismuto en la disolucién inicial.

También se analiz6 el dopado con tetrabutilamonio (TBA) introduciendo distintas
proporciones de TBA en la mezcla inicial para la sintesis de capas de MAPbIs.
Observamos que afiadiendo un 5% de TBA a la disolucidn inicial se consigue disminuir
la densidad de ‘pinholes’ en las capas y se mejora la cristalinidad, lo que lleva a una
mejora considerable de la estabilidad de las capas de MAPDIs. Con la proporcion 6ptima
de TBA, se logra incrementar el tamafio de grano y la intensidad de la fotoluminiscencia,
basicamente debido a la disminucion de centros de recombinacion. Este conjunto de
mejoras de las propiedades conseguidas con el dopado con TBA lleva a incrementar el
rendimiento de los dispositivos.

Dado que el plomo es un elemento contaminante hemos realizado capas sustituyendo el
Pb por Sn para obtener capas de MASnNIs. La sustitucion del plomo por estafio aumenta el
tamafio de los granos y tiene un efecto positivo sobre el coeficiente de absorcion de la
luz. Sin embargo, las capas de MASnNI3 son mas inestables que las de MAPbIzy para
solucionar este problema se usaron diferentes antisolventes en la sintesis de las capas de
MASHI3.

Esta aproximacion se conoce como ingenieria de antisolventes y la hemos usado para
mejorar las capas de MASnIs. Entre los varios antisolventes estudiados, el tolueno es el
que ha conseguido mejorar la estabilidad de las capas de MASNIs.



Usando una aproximacion numérica mediante el SCAPS-1D hemos calculado que la
eficiencia de los dispositivos fotovoltaicos (PCE) basados en MASnIz aumenta un 9,5%
respecto a los dispositivos basados en MAPDIs.
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Resum

Les perovskites organiques-inorganiques d'halurs (HOIP) sén una familia solida de
materials que han estat al punt de mira de la comunitat cientifica de I'energia solar
fotovoltaica a causa del seu potencial per construir cél-lules solars d'alta eficiéncia i de
baix cost. En els darrers anys han experimentat un creixement exponencial en I'eficiéncia
obtinguda en condicions de laboratori, passant del 3% de PCE el 2009 a més del 25% el
2021. Per0 encara queden nombrosos reptes per superar en aquest tipus de materials per
a cel-lules solars. aplicacions, com ara I'estabilitat.

El proposit d'aquesta Tesi Doctoral és estudiar en profunditat diferents tipus de HOIPs
per a aplicacions de cel-les solars, incloent-hi I'optimitzaci6 del procés de fabricacié i la
caracteritzacié completa de les pel-licules, com ara analisi de difraccio6 de raigs X, analisi
de microscopia electronica d'escombrada d'emissio de camp, analisi atomica Analisi de
microscopia de forca, estudi de fotoluminesceéncia, analisi d'absorcié UV-visible, calcul
de banda prohibida, microscopia electronica de transmitancia, simulacié tedrica amb
SCAPS-1D i estudi de degradacié profunda de les pel-licules. L'objectiu de tota aquesta
analisi de caracteritzacié se sustenta a obtenir la cristal-linitat adequada, morfologia,
topografia, propietats optiques, PCE i estabilitat de les capes primes sense incrementar la
fabricacio dels dispositius.

Es van fer servir diferents estratégies i tecniques per complir I'objectiu del present treball.
Aquestes estrategies inclouen el dopatge amb diferents compostos, I'enginyeria d'extincio
amb antisolvents 1 el canvi del cati6 “B” a la formula general de les perovskites; ABX3,
on A'i B son dues cations i X és I'anio, sovint un halur (I, Br o ClI).

L'enfocament de la present dissertacio és el iodur de plom I11 de metilamoni (CH3NHsl3),
que és conegut per exhibir una absorcié de banda prohibida directa des de la part superior
de la banda de valéncia fins a la part inferior de la banda de conduccio. La banda prohibida
es pot modificar facilment variant A, B i X i modular-se mitjancant la seleccié adequada
de cations mixtes. Entre les possibles combinacions, el cati6 MA i el metall Pb?* han
exhibit excel-lents propietats optoelectroniques, pel-licules processables en solucié a
baixa temperatura i potencial per a una estabilitat adequada, a causa de la molt alta
mobilitat del portador de carrega, gran longitud de difusié d'electrons i buits, grans
coeficients d'absorcié i baixa radiacié no radioactiva taxes de recombinacio.

Especificament, en aquest document es mostren quatre articles complets i publicats en els
que esta basat el treball desenvolupat en aquesta tesi.

- Stability Improvement of Methylammonium Lead lodide Perovskite Thin Films
by Bismuth Doping
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- Tetrabutylammonium (TBA)-Doped Methylammonium Lead lodide: High
Quiality and Stable Perovskite Thin Films

- Manufacture of High-Efficiency and Stable Lead-Free Solar Cells through
Antisolvent Quenching Engineering

- Investigation on the Stability and Efficiency of MAPbIs and MASNI3 Thin Films
for Solar Cells

Les conclusions generals de la investigacidé duta a terme en esta tesi i en els treballs
mencionats abans han sigut:

El dopat amb bismut ha permes millorar I'estructura cristal-lina de la capa absorbent de
MAPbDIs, produint una millora important de les propietats optoelectroniques, la
morfologia de la superficie de les capes i fins i tot es millora I'estabilitat dels dispositius.
Es va estudiar el dopat amb bismut, introduint quantitats variables de bismut entre I'1 i el
8% en la dissolucio inicial. Els millors resultats es van obtenir a les mostres on es va
introduir un 2% de bismut a la dissolucid inicial.

També es va analitzar en dopat amb tetrabutilamoni (TBA) introduint diferents
proporcions de TBA a la barreja inicial per a la sintesi de capes de MAPbIs. Observem
que afegint un 5% de TBA a la dissoluci6 inicial s'aconsegueix disminuir la densitat de
pinholes a les capes i es millora la cristal - linitat, cosa que porta a una millora considerable
de I'estabilitat de les capes de MAPbIs. Amb la proporci6 optima de TBA, s'aconsegueix
incrementar el tamany de gra i la intensitat de la fotoluminescencia, basicament a causa
de la disminucio de centres de recombinacio. Aquest conjunt de millores de les propietats
aconseguides amb el dopatge amb TBA porta a incrementar el rendiment dels dispositius.

Atés que el plom és un element contaminant hem fet capes substituint el Pb per Sn per
obtenir capes de MASnIs. La substitucio del plom per estany augmenta el tamany dels
grans i té un efecte positiu sobre el coeficient d'absorcio de la llum. Tot i aixo, les capes
de MASnNI3 son més inestables que les de MAPDIs i per solucionar aquest problema es
van usar diferents antisolvents en la sintesi de les capes de MASnNIs.

Aquesta aproximacid es coneix com a enginyeria d'antisolvents i I'nem fet servir per
millorar les capes de MASnIs. Entre els antisolvents estudiats, el tolué és el que ha
aconseguit millorar I'estabilitat de les capes de MASnhIs.

Usant una aproximacié numeérica mitjancant el SCAPS-1D hem calculat que I'eficiéncia
dels dispositius fotovoltaics (PCE) basats en MASnIs augmenta un 9,5% respecte dels
dispositius basats en MAPDI 3,
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Chapter 1: Introduction

1.1 Global energy demand

Global electricity demand is growing rapidly across the world, resulting in a maximum
increase in history in absolute terms; 1414 TWh from 2020 to 2021 [1]. This growth has
its main cause in the economic development of Asian countries, that are consequently,
rapidly increasing their need for electricity. As a result, an environmental crisis in taking
place in a World already undergoing a dreaded climate change. The result is that CO2
emissions in energetic sector increased a 7% (778 million tonnes) in 2021, which means
a new record in emissions from energy [2].

CO2 and gas emissions to atmosphere are causing an increase in the temperature of the
Earth (Figure 1), which is known as Global Warming. Global Warming has devastating
consequences for life in planter Earth causing among others:

- Drought, that can harm food production and human health

- Flooding, that leads to disease spread and severe damages to ecosystems and
infrastructure

- Snow is melting, causing survival difficulties for animals

- ltis increasing the frequency of heavy precipitation events

- The sea levels are rising, which has many consequences such as destructive
erosion, aquifer, and agricultural soil contamination, and lost habitat for animals

Global March temperatures compared to average (1880-2022)
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Figure 1. Global surface temperature compared to the 20"-century average each March

from 1880 through 2022. Cooler-than-average Marches are coloured blue; warmer-than-

average Marches are red. March temperatures have warmed by 1.53 degrees Fahrenheit

(0.85 degrees Celsius) per century. The last time Earth had a cooler-than-average March
was 1976 [3].



To overcome this exponential growth of emissions, the International Energy Agency has
created a roadmap to achieve Net-Zero emissions by 2050, where the objective is to
transform global energy consumption from using mostly fossil fuels to being
predominated by renewable energy sources such as sun and wind, which together may
contribute to the 50% of the transition for renewable energy supply [4].

In the last decade, solar energy demand has increased exponentially worldwide (Figure
2), and the cost of PV installation has declined, which is a precursor for the proliferation
of solar photovoltaics. Specifically, the price of installed solar has lowered 70%. This
reduction is the aftermath of upgraded technology in solar cells and panel designs, the
decline in manufacturing and production costs, diminished installation process, etc.

1,000 TWh World
800 TWh
600 TWh
400 TWh China
United States
India
200 TWh Australia
Spain
0TWh + . : ———— South Africa
2010 2012 2014 2016 2018 2021
Source: Our World in Data based on BP Statistical Review of World Energy & Ember
OurWorldInData.org/renewable-energy ¢ CC BY

Figure 2. Electricity generation from solar, measured in terawatt-hours
(TWh) per year [5].

In 2021, solar power global installation broke the record for the 9th consecutive year with
168 GW of new solar photovoltaics, and in 2022 the increase is expected to continue and
break the record again installing more than 200 GW.
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Figure 3. Installed solar energy in 2021, measured in gigawatts (GW) [6].

Nowadays, we are all very aware of the power of solar energy. The compromise and
commitment of governments that recognise the potential of the sun as an energy source
makes solar the fastest growing renewable energy, being over the half of renewable
capacity installed in the world in 2021, when Europe already reached the solar Terawatt
age [7], China keeps the market leadership in 2021 with a 14% annual growth rate, Latin
America experienced a promising growth in annual solar installations by 44%, and the
US solar market installed a record of 23.6 GW of solar capacity [8].

1.2 Working principle of Solar Cells

A solar cell is a p-n junction diode constructed slightly different from a conventional
junction diode. Solar cells are made by specific semiconducting materials which have
certain properties for the proper conversion of electricity from solar radiation. The
schematic device of a solar cell is shown in Figure 4.
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Figure 4. Schematic of p-n junction of a solar cell [9].

The structure of the solar cell consists of three parts:

a) Absorption of photons
b) Separation of charge carriers
c) Collection of carriers across the electrode

When light reaches the p-n junction (absorbing material), the light photons enter the
junction through the p-type layer generating the electron and hole pair inside the device.
The absorption of energy photons depends on the bandgap of the absorbing material. The
diffusion of charge carriers makes the donor ions and acceptor ions present in the junction
of the solar cell, building an electric field inside the depletion layer. Due to this electron
field, it is created a drift current, and the electrons are forced to move in the n-type region
and holes to the p-type region. Then, the charge carriers will be collected towards the
electrode as it is seen in Figure 5.
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Figure 5. Band diagram of p-n junction in a standard solar cell [10].



Fundamental Parameters of Solar Cells

The fundamental parameters associated with the solar cell are critical for the efficiency
of solar cell. These parameters are described below:

Open circuit voltage

The open-circuit voltage, Voc, is the maximum voltage available from a solar cell, and
occurs at zero current. The Voc can be determined from the 1-V graph of the solar cell
(Figure 6), being the intercept of the I-V curve at the voltage axis. The equation for Voc
is found by setting the net current equal to zero (Equation 1):

v —KTl IL+1
oc = q n(lo )

Equation 1

Equation 1 shows that Voc depends on the current measured in light condition, I, and on
the dark reverse current, lo, which depends on the recombination in the solar cell.

Short circuit current (Isc)

The short-circuit current, I, is defined as the maximum current that flows when the
voltage across the device is zero (Figure 5). The short circuit current density depends on
the photon flux incident on the solar cell, on the area of the solar cell, the optical properties
of the solar cell, and on the minority-carrier collection probability.
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Figure 6. 1-V curve of a solar cell showing the short-circuit current [11].



Fill Factor (FF)

The fill factor defines the ratio between the maximum power generated by the solar cell
(Pmax = Impp Vmpp) and the product of Voc with Jsc (Equation 2).

FF = Lpp Vi

]SC‘/OC

Equation 2

The subscript “mpp”” denotes the maximum power point (MPP) of the solar cell, meaning
the point on the I-V curve characteristic of the solar cell at which the solar cell has the
maximum power output. To optimise the performance of solar devices, it is mandatory to
operate the solar cells at the MPP.

Current,
Power Cell with High Fill Factor

(Vmp, lmp)

Voc Voltage

Figure 7. Graph of solar cell output current and power as a function of voltage. The FF
is the area of the largest rectangle which will fit in the I-V curve [12].

Power conversion efficiency (PCE)

Power conversion efficiency is the parameter defined to compare the performance of solar
cell devices. PCE is the ratio between the output power from the solar cell to input power
from sun and it is obtained with the following equation (Equation 3):

Pmax — .]SCI/OCFF

Iin Iin

PCE =

Equation 3

The PCE of the solar cells, as well as reflecting the performance of the solar device, also
depends on the spectrum and intensity of the incident light and the temperature of the
solar cell, which makes critical the conditions for measuring the PCE when comparing
different solar devices.



Quantum efficiency (QE)

The quantum efficiency of a solar cell is defined as the ratio of the number of electrons
that are collected at the solar cell to the total number of the incident photons of the solar
cell. The QE is either represented in photon wavelength as shown in Figure 8, for an ideal
solar cell.
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Figure 8. Quantum efficiency of a solar cell [13].

Quantum efficiency ideally has the square shape shown in the figure above, but most of
solar cell’s QE is reduced due to the recombination effects that take place.

1.3 Different Generations of Solar Cells

Research on solar cells has been growing fast since the beginning due to the motivation
of researchers for developing this noteworthy and powerful invention. Figure 9 (released
on 06-30-2022) shows the progress of the best research-cell efficiencies from 1976 to the
present.

PV technology can be divided into three generations of solar cells, though research is
ongoing for developing new technologies. The three generations are known as first,
second, and third, and each of them differs the cost and efficiency.
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Figure 9. Best Research-Cell Efficiencies chart [14].

First generation

The first generation of solar cells is mainly based in crystalline silicon or GaAs wafers.
The solar cells of this generation are, nowadays, are dominating the PV market and own
a well-matured technology. This high-efficiency and high stability solar cells Silicon-
based solar cells have reached a PCE of 26.33% [15] approaching their theoretical
efficiency maximum of 29% in 2016. However, the manufacturing process of crystalline
silicon solar cells demands lots of energy and requires extremely pure silicon using a
single junction for extracting energy from photons. In 2007, first-generation devices stand
for 89.6% of commercial production, though the market share has declined since.
Regarding the disadvantages of first-generation solar cells, especially the high-cost
production, researchers have focused on c-Si heterojunction technology, which consists
of c-Si as an absorber layer, with thin-film Si for the selective-contacts of both polarities,
reporting a 26.7% of PCE [16]. The aim of this heterojunction technology is to increase
the PCE of solar devices and significantly reduce the cost of production which
consequently reduces the levelized cost of electricity (LCOE).

Second generation

The second generation has been under deep research during the 1990s and early 2000s to
overcome the main issue of the first generation; the cost of production. This issue has
been achieved using thin-film technologies and reducing the material present in the device
and boosting its quality. The second generation of solar cells is based in materials with



good PV properties such as, amorphous silicon, CdTe, CdS, CIGS and CZTS and, cells
are manufactured with cheap fabrication process. The second-generation of solar cells
constitutes the second largest market share because of its advantages in cost production,
nevertheless, solar cells of this generation have lower PCE, only 20% reported for CIGS
[17], fast degradation when exposed to light and poor availability of the raw materials.

Third generation

Research towards low-cost and high-efficiency solar cells, finally gave birth to the third-
generation solar cells, which is significantly wide and under continuous deep research,
but it remains an emerging technology and it is the generation with the less market share.
Despite that, third generation has a promising future in the PV market with excellent
potential for large-scale solar electricity generation [18]. The manufacture process for 3"
solar cells generation is based in solution processing techniques.

The 3" generation of solar cells includes organic and inorganic semiconductors,
nanostructured SCs, quantum dot SCs, dye-sensitized solar cells, multi-junction solar
cells and hybrid materials. In this last category, there are included the organic-inorganic
hybrid perovskites, the topic of this dissertation. Hybrid organic-inorganic perovskite
SCs will be described in the following chapter.

Indeed, research in the 3 generation has borne its fruits and the improvement in
efficiencies for the emerging solar cells has known a spectacular growth in the recent
years. In Figure 10, the advances in the emerging 3™ generation solar cell have been
highlighted.

As can be seen, perovskite solar cells have already reached a record of 25.7 % and when
combined with silicon through tandem Perovskite / Silicon solar cells the efficiency
growth up to 31.3%.

Other approaches, like Perovskite/CIGS tandem solar cells declare record efficiencies of
24.2 % while maximum efficiencies for quantum dots-based solar cells and organic cells
are about 18.2%.
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Chapter 2: Motivation and Objectives

This is a paper-based doctoral thesis that considers four publications about hybrid
perovskites. In this chapter, there is an introduction of hybrid perovskites, and next,
objectives, motivation, and the structure of the book is described.

2.1 Hybrid Organic-Inorganic Perovskite materials and Solar Cells
Introduction

The mineral perovskite, named after the Russian mineralogist Count Lev Perovski, was
used in solar cells for the first timein 2009. Since then, scientists have been deeply
studying the material considering its potential in the PV technology. The actual record
for single junction perovskite solar cells was set in 2021 by Korean researchers from
South Korea's Ulsan National Institute of Science and Technology (UNIST) reaching a
25.8% of PCE [19]. The record for the emerging HOIPSCs technology was set by CSEM
and EPLF in July 2022 achieving a 31.25% of PCE, smashing the barrier of 30%
efficiency [20]. This record was stablished using tandem-type perovskite-silicon solar
cells, combination expected to deliver cost-effective solar cells. But, even with this high-
efficient and low-cost technology, the theoretical limit is still far from reality, taking into
account that Perovskite/Silicon tandems could achieve a maximum PCE of 45% under
standard test conditions [21].

Structure

The typical structure of hybrid perovskites consists of a simple formula: ABXs, described
in Figure 11, where A cation is confined in a caged formed by B cations and X anions.
The hybrid perovskite forms a unique crystal formed by monovalent organic A-site cation
(A = CH3sNHz and HC(NH2)?*), divalent B-site group IV cations (B = Pb?* and Sn?*), and
X-site halide anions (X = I, Br,, and CI").

When A-site cation is MA*, studied in this PhD, the unit cell consists of 12 atoms. For
hybrid perovskites, optoelectronic properties including bandgap and mobility of charge
carriers vary significantly with the choice of the A cation. Also, hybrid perovskites
manifest strong phase variation with temperature. Further to this, MAPDIz is set into three
different crystal symmetries (cubic, tetragonal, and orthorhombic) depending on the
temperature.

Besides, the MASn-based perovskite compounds MASNnxPbixls are reported to show
pseudo-cubic structures when x = 0.5, while the beta phase is observed at x < 0.5.
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Figure 11. Schematic structure of a cubic ABXzs perovskite [22].

Perovskite materials

Today, research made possible that many compounds adopted perovskite structure, giving
hybrid perovskite solar cells a wide spectrum of structural phases and chemical and
structural properties. All materials that perovskites regard are able to experience phase
transitions with accessible cubic, tetragonal, orthorhombic, trigonal and monoclinic
polymorphs depending on the combination of the typical ABXs perovskite formula.

Examples of metal oxide perovskites (ABOs3) are KTaOs, SrTiOs and, GdFeOs, and by
the partial substitution of the anion, sublattice broadens the possibilities of the
combination.

In halide perovskite, the oxidation states of both cations must be three. This results in
only ternary combinations possible, such as CsSnls. However, hybrid halide perovskites
consist of a divalent inorganic cation and an inorganic cation of equal charge.
CHsNHsPbls, aka MAPI, is an example of hybrid halide perovskites. For the case of
hybrid halide perovskite, any molecular cation that fits the perovskite network can be
used for the compound. Cations that are reported to give the solar devices the highest PCE
are Rb, Cs, CHsNHs, and formaminidium (HC(NH2)2), separated or mixed.

Working Principle of Perovskite Solar Cells

Perovskite solar cells bring distinct properties over conventional solar cells not only due
to materials. The working principle of perovskite solar cells is described in the following
paragraph.

The structure of the perovskite solar cell is formed by a transparent electrode that make
light reach the absorber material of the device as it is represented in Figure 12. Both
electron and hole transport layers facilitate the proper transportation of electrons and
holes. In the solar cell, perovskite layer works as light absorber and thus, makes photons
get absorbed, which creates the electron and hole pair. The electron and hole transport
layers, ETL and HTL, respectively, allow the transport of electrons and block the holes.

12
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Figure 12. Schematic of perovskite solar cell working principle [23].

When light reaches the perovskite layer, photons are absorbed with an energy greater than
the bandgap of the perovskite material. This phenomenon generates the before-mentioned
electron and hole pairs that afterwards are excited onto their lowest unoccupied molecular
level and highest occupied molecular level. ETL and HTL creation separates electrons
and holes accordingly to later be collected by their respective back and front electrodes.

Properties

Hybrid perovskites own multifunctional behaviour and exceptional optoelectronic
properties for photovoltaic applications. Optoelectronic properties deserve special
interest, making the electronic structure of the materials fundamental for understanding
the perovskites band structure and density of states. The optoelectronic properties include
excited state lifetime, recombination mechanisms, mobility of charge carriers, and
intrinsic carrier concentration. Halide perovskites are considered a special class of
semiconductors. They exhibit inverted electronic structure relative to conventional 111-V
compounds like GaAs, which has a substantial As 4p character in the upper valence band
and Ga and As 4s character in the lower conduction band [24]. The electronic structure
also has remarkable consequences for the structural properties, giving perovskites high
distortion rate that results in high ionic conductivity observed in the cubic phase of
perovskites [25].

Also, light absorption is fundamental for proper performance in PV applications. Hybrid
perovskites are very efficient absorbing light due to its direct bandgap. In particular, the
absorption coefficient of MAPbIz is higher than 3.0 x 104cm-* in the visible region, which
is more than one order of magnitude larger than conventional silicon solar cells [26] fact
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that makes possible to manufacture high-efficient perovskite layers with a thickness of
0.3-0.6 um. On the contrary, silicon layers thickness is usually about 300 um. This
significant difference results in less raw material required and thus, lower cost.

Challenges

Despite the potential of hybrid perovskites for optoelectronic applications, further
research is required to fulfill the manufacture of a high-efficiency and high-stable solar
device. Stability and efficiency are two important parameters for the commercialization
of the devices. In recent years, the main studies on HOIPSCs focused in enhancing the
efficiency of the devices, and the increase in PCE has experienced a substantial growth.
However, stability is still a limiting factor, imperative for the commercial viability of the
mentioned devices. Degradation rapid decreases the lifetime of the perovskite solar cells.
Studies report that degradation is a consequence of exposure to humidity, oxygen,
ultraviolet radiations, and temperatures [27]. In this work, the aim is to mitigate the
stability issues of hybrid perovskites by implementing several techniques in the
manufacture perovskite layers and related devices [28].

2.2 Objectives

Regarding the literature review, the following thesis general objectives were suggested
and, then carried out for the elaboration and scientific research thereof:

- Design and manufacture of several thin layers for solar cells using different
materials MA-based

- Configuration of different perovskite materials for improving the properties of the
solar cells

- Characterization and simulation of the devices made in the experimental part

The specific objectives of all the investigations carried out in the dissertation work go
towards high-stable and high-efficiency hybrid perovskite solar cells and are listed below:

- Doping to reduce lead quantity of the solar cell and boost the stability
- Study the influence of the antisolvent in the properties of the device

2.3 Motivation

The straightforward motivation of the presented thesis comes from the well-known
energy and environmental crises that is taking place nowadays. All horrific consequences
global warming has in planet Earth, makes scientific investigation a must to mitigate such
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effects. Regarding the world needs for deep research in the field of energy and technology
in general and my personal interest, | considered convenient to contribute to the research
in the photovoltaic field.

| am grateful and motivated to investigate in specific the materials for hybrid perovskite
solar cells, guided by both of my supervisors. Dedicated time and effort were put in this
investigation to develop the technology of the HOIP solar cells and therefore, improve
the stability, efficiency, optoelectronic properties, and non-toxic characteristics.

All my knowledge was focused during three years in the fourth papers that complete this
dissertation and other relevant studies based in the same topic. The literature review was
mandatory to decide the thread of the work and the objectives of the Ph.D.

2.4 Thesis Structure

The thesis book structure is described into the following chapters, each of them
summarized for facilitating the understanding of the reader:

- Chapter 1 includes general introduction and a short state of the art.

- Chapter 2 deals with the perovskite materials and define the motivation and
objectives of this work.

- Chapter 3 presents the first paper of the work: Stability Improvement of
Methylammonium Lead lodide Perovskite Thin Films by Bismuth Doping

- Chapter 4 is about the second publication of the thesis dissertation:
Tetrabutylammonium (Tba)-Doped Methylammonium Lead lodide: High
Quality and Stable Perovskite Thin Films

- Chapter 5 exposes the third work of the PhD: Manufacture of High-Efficiency
and Stable-Lead Free Solar Cells Through Antisolvent Quenching
Engineering

- Chapter 6 presents the fourth paper of the thesis: Investigation on The Stability
and Efficiency of MaPbls and MaSnls Thin Films for Solar Cells

- Chapter 7 presents the summary and conclusion of the work and suggested further
studies

- Annex includes a list of publications and conferences attended during the period
of my thesis.
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Abstract

Perovskites have been in the spotlight in the field of solar cells due to their high efficiency
and their low cost of materials and fabrication processes. The PSCs have shown an
efficiency of up to 25%. Nevertheless, PSCs have some drawbacks such as rapid
degradation in ambient conditions. In order to improve PSCs stability, lead is usually
replaced with Bismuth. In this article, we report the results when doping the
Methylammonium lead iodide (CHsNH3)Pbls aka MAPDbIs with different Bismuth
quantities. The incorporation of bismuth into the lattice leads to a remarkable change in
optoelectronics and morphological structure. Substituting lead atoms with 2% of bismuth
results in removing pinholes, increasing the crystallite size and the optical absorption, and
the MAPbDI3. We also report that Bismuth showed improvement in the stability of MAPDbI3
pure that started showing degradation after four weeks compared to the sample of 2%,
4%, and 8% of Bismuth that kept under the dark remained stable.

1. Introduction

It is worldwide known that Solar Power is experiencing remarkable growth as it is an
excellent source of renewable energy. Solar Power has the potential to offer a significant
supply of globally demanded energy. Every hour of Sun radiation that the Earth receives
could be enough to produce enough electricity for a whole year of the world requirements.

Perovskites, used as absorbers in Solar Cells, have shown exceptional optical and
electronic properties as well as substantial reductions in the manufacturing costs and ease
of fabrication. However, Perovskites have some drawbacks when used in solar cells and
they experience rapid degradation when exposed to UV radiation. The new generation of
mixed organic-inorganic halide perovskites is promising. They have successfully shown
efficiency of over 25% when used as absorbers in solar cells [1].

Solar Cell performance depends highly on the perovskite layer, which is responsible for
the light absorption and generation of photoinduced carriers. Therefore, perovskite layers
need delicate and critical deposition when fabricating the Solar Cell. Perovskites,
described with the formula ABXs (where A is a cation such as Cs or CHsNHs, B is usually
lead, and X halide) can be fabricated by different methods; one-step and two-step spin-
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coating are the most used solution processes for the perovskite’s layers. One-sStep spin-
coating deposition stands out over two-step for its ease of fabrication.

Among all hybrid-organic-inorganic-perovskites, methylammonium lead iodide
CHsNHsPbls (MAPbDI3) seems to be one the best options for solar cells due to its
outstanding ferroelectric, pyroelectric, fibroelastic, and piezoelectric properties and they
have also been reported to be marvellous as absorber layers in solar cells with an increase
of efficiency of a 15% in only four years [2].

Bismuth Bi dopant was used to overcome the inconvenience of toxicity and degradation
of MAPbI3 solar cells. 1t demonstrated to enhance the rate of degradation of hybrid
organic-inorganic perovskites by the partial substitution of Pb by Bi [3]. In addition,
recent studies about Bi-doped MAPbDIs perovskite reported high defect tolerance,
improved Seebeck coefficient, and higher electrical conductivity [4].

In other research work, Cs cation has been used to substitute MA in the MAPbI3 structure
to investigate its potential for solar cells. XRD (x-ray diffraction) showed that when
incorporating Cs in the MAPDIs, the tetragonal structure is transformed into an
orthorhombic phase. Also, when adding Cs, the connectivity of the grains increases and
with 40 and 50% of Cs doping, the inter-grain voids are improved in the films. In
conclusion, in this study, they report better performance and major PCE of the device
when doping with 30% of Cs. [5].

Many studies focused on the doping of the MAPbIs to improve the efficiency of the
Perovskite Solar Cells (PCSs). But few studies use Mg as a doping agent. It is known that
Mg could be interesting to incorporate into the MAPbI3 perovskites because it affects the
energy band structure and morphology [6].

Calcium was also used as a doping agent for the MAPDIs. Adding Ca might enlarge
bandgap structures by concurrent up-shifting. Besides, the electronegativity of Ca is
smaller than that of Pb, and the stronger antibonding character Ca-l bonding ends in a
larger bandgap of Ca?* perovskite. Moreover, Lu et al. concluded that that doping the
MAPbI3 with Ca is a highly effective strategy to improve the photovoltaic performance
of the solar cells [7].

Recent studies reported that Cl-doped MAPbIs improves substantially the charge
transport within the perovskite layer. This may be essential for obtaining PV efficiencies.

[8]

When doping the MAPDIs with Rb, the conductivity of the perovskite could be
significantly tuned from n-type to p-type. The carrier concentration and mobility can be
controlled by the dopant concentration. In addition, a slight blue shift of the PL
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(photoluminescence) peak was reported with the increase of Rb, and at the concentration
range of 1.5-1.8M, the dominant crystal structure can go from cubic to orthorhombic [9].

In this work, we doped MAPDI3 perovskites with different Bismuth percentages to explore
how doping with Bismuth affects the properties of the perovskite solar cell. Bismuth ions
incorporated in MAPDIs thin films improve the crystallinity of MAPbIs layers and
enhance the electrical properties of the device. Further, as the Bi atom has a similar radius
to Pb it is relatively easy to incorporate Bi into the MAPDIs lattice by substituting the Pb
atom [10]. The synthesis of the Bi-doped MAPbIs samples was performed by the one-
step spin method. After the synthesis, the samples prepared were characterized with
different techniques such as XRD, FESEM (field emission scanning electron
microscope), AFM (atomic force microscopy), PL, and optical absorbance to measure the
crucial parameters for great performance in perovskite-based devices. We report that
bismuth doping intensifies the properties of MAPbI3s making better electrical performance
and improving the stability of the devices.

2. Experimental procedure
Materials

All chemicals used were bought from Sigma-Aldrich and used as received.
Methylammonium iodide (MAI), Lead iodide (Pblz, 99%), and Bismuth (I11) iodide (Bils,
99%) were used as precursor materials and Dimethylformamide (DMF 99.9%) and
Dimethyl sulfoxide (DMSO 99.9%) as solvents.

Elaboration of thin films

The MAPDIsz thin films were deposited on FTO (fluorine tin oxide)-coated glass
substrates. The FTO substrates were cleaned for 15 minutes in detergent Hellmanex,
ethanol, acetone, and isopropanol in an ultrasonic bath and subsequently exposed for 15
minutes to UV-Ozone ambient.

MAPbI3 precursor solution was prepared by completely dissolving MAI and Lead lodide
in DMSO (0,095 mL) and DMF 1ml, at room temperature. To dope MAPbIz with
Bismuth, a variable amount (x%) of Bismuth iodide was added, where X is the percentage
of Bismuth present in the precursor solution. The solution prepared was left to heat
overnight at 75°C in the glovebox. FTO-substrates were statically spin-coated at 4500
RPM for 50 seconds, after which they were annealed for 5 minutes at 50 degrees and then
10 minutes for 100 degrees. Samples were kept in an inert N2 atmosphere until used.
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Figure 1. Scheme of the one-step spin-coating procedure for thin films MAPDI3
perovskites.

Figure 1 displays the preparation process of the samples. In a) the solutions with different
quantities of bismuth are placed over the plate to be completely dissolved. In b) we can
see the substrates of FTO (2.5cm x 2.5cm) where we will deposit the different solutions.
In c) there is the scheme of how we deposit the solution on the substrate in the spin-
coating machine. And finally, d) shows pictures of the samples prepared after the
annealing treatment.

Characterization techniques

The samples studied for this work, MAPbI3 thin films and doped with Bismuth with
different quantities (0 %, 1 %, 2 %, 4 %, and 8 %) were characterized by XRD using a
RIGAKU Ultima IV diffractometer with Cu ka radiation (A = 1.5418 A). Morphology
images were taken FESEM Quanta 200-FEI at applied voltage 1.5 kV, AFM
measurements were performed by a Nano Surf Mobile S microscope scanning by tapping
mode, Optical properties were performed with Ocean Optics HR4000 spectrophotometer
by a Si-CCD and PL emission source was a semiconductor laser at 405 nm.
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3. Results and discussion

The different samples MAPbIsundoped and doped with the different Bismuth (Bi) doping
percentages X % where (x=0,1,2,4,8), were scanned with XRD analysis as shown in Fig.
2 a). The diffraction peaks located at 14.0, 24.0, 28.0, and 32.0 correspond to the planes
of (110), (211), (220), (222), (400), and (303) respectively, that belong to the
characteristic peaks of MAPDI3. The peaks reported correspond to the same diffraction
peaks previously reported [9.10]. Furthermore, the incorporation of Bi contents from (0—
8%) shows an improvement in the MAPDI3 peaks intensity where 2%Bi sample shows
slightly higher intensity than the rest of the samples, and a decrease was observed for Pbl>
peaks which indicted the enhanced stability of MAPDIs doped. These results are well-
matched with the previously reported pure MAPDI3 crystalline phase, As indicated by
XRD, the Bi-doped MAPbI3 single crystals maintain a perfect cubic perovskite structure
(Pm-3m) [11].

a b
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Figure 2. a) XRD patterns of MAPbI3s pure and doped x% Bi where x (0, 1, 2, 4, 8). b)
FWHM of characteristic 110 and 220 XRD peaks for different amounts of Bi.

Figure 2 b) shows the calculated FWHM values for (110) and (220) XRD peaks. The
(110) peak FWHM increases with the Bismuth percentage, however, it decreases when
the Bismuth content in the perovskite rises to 8%. For the (220) peak, the FWHM
increases with the Bismuth content. The FWHM is affected by the composition and the
annealing temperature, indicating that these parameters influence the crystallinity of the
film, concerning that smaller FWHM means higher crystallinity, so in this case, 1%
Bismuth sample shows the lower value of FWHM.

The surface morphology and roughness vary with the different quantities of Bismuth in
the perovskite thin films. These parameters are shown in Table | Effective lattice strain
has been calculated to know about the deformations of the grains in the surface of the
film. Equation 1 was used to obtain the effective lattice strain ().
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B cos(8) = %1 + 4esin (0) 1)

where 6 is the Bragg angle, k is a constant (0.94), 8 is the FWHM, and £ is the wavelength
of the x-ray. The dislocation density of the crystal was calculated using equation 2.

5= 2

Table I. Grain size, dislocation density, and lattice strain of XRD of MAPbIs thin films.

Sample ID Grain size Roughness Dislocation Lattice strain
(nm) (nm) density (nm™) (ex 109
Pure MAPDI3 333 41 0.90x10°° 9.05
2% Bi 345 275 0.84x10° 8.71
8% Bi 293 125 1.16x10° 8.13

To verify how the morphology changes of MaPbls, pure films are observed by doping
with Bismuth, FESEM analysis of MaPbls pure and doped x% Bi, where x (0,1,2,4,8)
was performed. Figure 3 shows top-view FESEM images of the different samples
analysed in the work. The surface of the 1% Bismuth sample looks quite like the pure
MAPDI3. According to the grain size, we report a bigger grain size when the percentage
of Bismuth in the sample is higher. Also, 4% Bismuth sample and 8% Bismuth sample
have dark surfaces and are not as smooth as 1% and 2% samples. The FESEM image of
the MAPDI3 coincides with the work of Chen et al. where they report the morphology of
the MAPDI3 [14,15]. Also, mapping analysis it is showing that lead and iodide were
distributed homogenously in the surface of pure MaPbls (Figure 3 f-h).

The MAPDIs surface contained the irregular size of the grain boundaries, the 1% Bi-doped
makes the film surface homogenous with the reduction of the size of the grain boundary.
Moreover, the crystal and grain sizes are noticeably increased with 2% of Bi.

The surface morphology and roughness vary with the different quantities of Bismuth in
the perovskite thin films. These parameters are shown in Table | Effective lattice strain
has been calculated to know about the deformations of the grains in the surface of the
film. Equation 1 was used to obtain the effective lattice strain ().

B cos(0) = %/1 + 4esin (0) 1)
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Figure 3. (a-e) FESEM images of MaPbls thin films doped with different percentage of
Bi (x=0, 1,2, 4,8. (f-h) Mapping of Pb and | components in halide perovskite MAPbIs.

The absorption study was performed in order to understand the impact of the Bismuth in
the optical properties of MaPbls. All the samples prepared show good absorption with a
small difference between the samples by increasing the percentage of Bi dopant, as well
as the absorption of the pure sample (MaPbls) agrees with the previous paper reported
[16]. In Figure 4 (a) we can observe that the rest of the samples doped with different
percentages of Bi from 1% to 8% have absorption at the same wavelength range. 2%Bi
sample shows slightly higher absorption than the rest of the samples matching also with
FESEM results above, this indicates better performance of the perovskite film.

The calculated value of the bandgap from the UV visible technique is from 1.78 eV to 2.2
eV as shown in Table | where the samples MaPbls doped 2% Bismuth have the optimal
bandgap around 1.78eV.
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Figure 4. (a) UV-Visible absorption of MaPbls thin films doped with different
percentage of Bi (x =0, 1,2, 4, 8). (b) Optical bandgap of MaPbls thin films doped with
different percentage of Bi (x =0, 1,2, 4, 8).

Table I1. The bandgap of MaPbls thin films doped with different percentages of Bi

(x =0, 1,2, 4, 8).
Bandgap i
_ Bandgap PL Stokes shift
Absorption
Sample ID  A(nm) Eg(eV) A(nm) Eg(eV) (meV)
Pure MaPbls  619.98 2.00 678 1.82 171
2% Bi 695.43 1.78 685 1.81 30
8% Bi 652.15 1.9 686 1.80 92

The photoluminescence measurements shown in Figure 5 were recorded at ambient
temperature. We report that the PL peak intensity for the different Bismuth percentages
is in the range of 700-850 nm. Also, we report the highest PL peak intensity is in the 2%
of Bismuth sample, compared to the PL peak of MaPbls pure and MaPbls doped with 8%
of Bismuth. The higher intensity of PL indicates good photoluminescent properties of the
films prepared.
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Figure 5. Room temperature photoluminescence of perovskite thin films; pure MaPbls
and BMAPbIs-Bi, with 2%, and 8% of Bismuth.

Figure 6 shows the AFM analysis of the perovskite thin films of MaPbls pure, MAPDI3
doped with 2% Bi, and MaPbls doped with 8% Bi in an area of 2um x 2um. According
to the experimental analysis carried out at the AFM, roughness and surface morphology
of the different samples vary with the amount of Bismuth present in the absorber layer,
showing that 2% of the Bismuth sample has Rrms 0f 275 nm and grain size of 345 nm (see
Table I1) which is greater compared with pure MaPblsand 8% of Bismuth sample.

) b) 179.0m ° 1382 om

72.2nm

-68.0 nm e AT nm y " . A72.1nm

Figure 6. (a) AFM images of MaPbls thin films, (b) AFM images of MaPbls thin films
doped with 2% Bi and (c) AFM images of MaPbls thin films doped with 8% Bi.

According to Table 11, the dislocation density of these 3 samples was studied deeply
because they show better characterization, varies between 0.84x10° nm and 1.16 x10-°
nmL. Lower dislocation density means better performance, which means that in this case,
the 2% of Bismuth sample is the better option although it does not show the higher
effective lattice strain.
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4. Degradation Study

Perovskite solar cells are vulnerable to oxygen and humidity. In this study, Bismuth is
used to overcome this rapid degradation. The samples prepared were kept in dark ambient
for 1 week. It is seen that when samples were kept in dark ambient, they did not
experience degradation at all for 1 week. Like this, we can confirm that the Bismuth
improves the stability of the samples that started showing degradation after week 4. After
5 weeks, the sample of 2%, 4%, and 8% of Bismuth kept under dark remained stable (see
Figure 7 b).

As mentioned before, the sample that showed better performance in all the
characterization parts was the one prepared with 2% of Bismuth. In Figure 7 a), we can
see an evolution of the optical bandgap of the 2%Bi sample where the bandgap of the
aged Bi sample remains good after 4 weeks. This means this quantity of Bismuth is good
to enhance the performance and the stability of the film. To sum up, we report that the
bismuth shows an important role to slow down the degradation of MaPbls thin films.
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Figure 7. a) Optical bandgap of MaPbls thin films doped 2% of Bismuth for different
periods after the deposition. b) Degradation study of samples with different Bismuth
percentages along the time.

5. Conclusion

In this study, we present the result of different perovskite absorbers with different
quantities of Bismuth as a doping agent for the purpose of improving the stability and the
performance of optoelectronic devices. The different samples were prepared inside a
glovebox through a one-step spin coating method and subsequently characterized by
XRD, FESEM, optical absorption, and photoluminescence. XRD study indicates that the
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addition of Bi increases the intensity of the MaPbls diffraction peaks, being the 2%Bi
specimen the sample with the highest XRD intensity and the lowest presence of Pbl2
peaks, which is a signal of the improved stability of Bi-doped MAPDIs thin films. The
FWHM graph reveals that 1% Bismuth sample shows the lowest value of FWHM which
means the highest crystallite size. FESEM images show grain sizes are notably improved
when adding 2% of Bismuth to the MaPbls which means better performance in
photovoltaic devices.
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Perovskites have been in the spotlight in the field of solar cells due to their
high efficiency and their low cost of materials and fabrication processes.
Perovskite solar cells (PSCs) have shown an efficiency of up to 25%. Never-
theless, PSCs have some drawbacks such as rapid degradation in ambient
conditions. To improve PSC stability, lead is usually replaced with bismuth. In
this article, we report the results when doping the methylammonium lead
iodide (CH3NHj;)PblI;, aka MAPbI3, with different bismuth quantities. The
incorporation of bismuth into the lattice leads to a remarkable change in
optoelectronics and morphological structure. Substituting lead atoms with 2%
bismuth improves some characteristics of MAPbI; layers, such as removing
pinholes and increasing crystallite size and optical absorption. Furthermore,
bismuth doping improves the stability of pure MAPbI; layers, which after 4
weeks exhibits higher degradation compared to bismuth-doped MAPbI; sam-

ples, which remain stable after that period.

INTRODUCTION

It is known worldwide that photovoltaic solar
energy (PSE) is experiencing remarkable growth as
it is an excellent source of renewable energy. PSE
has the potential to offer a significant supply of
globally demanded energy. Every hour of sun
radiation that the Earth receives could be enough
to produce enough electricity for a whole year of the
world requirements.

Perovskites, used as absorbers in photovoltaic
solar cells, have shown exceptional optical and
electronic properties as well as substantial reduc-
tions in the manufacturing costs and ease of fabri-
cation. However, perovskites have some drawbacks
when used in solar cells, and they experience rapid
degradation when exposed to UV radiation. The
new generation of mixed organic-inorganic halide
perovskites is promising in PSE because they have
successfully shown efficiencies over 25% when using
perovskite absorbers in solar cells.!
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Solar cell performance depends highly on the
perovskite layer, which is responsible for the light
absorption and generation of photoinduced carriers.
Therefore, perovskite layers need delicate and crit-
ical deposition when fabricating the solar cell.
Hybrid perovskites, described with the formula
ABX; (where A is a cation such as Cs or CH3NH3,
B is usually lead, and X is halide) can be fabricated
by different methods; one-step and two-step spin-
coatings are the most used solution processes for the
perovskite layers. One-step spin-coating deposition
stands out over two-step for its ease of fabrication.

Among all hybrid-organic-inorganic-perovskites,
methylammonium lead iodide CHsNH3Pblg
(MAPbDI3) seems to be one the best options for solar
cells due to its outstanding ferroelectric, pyroelec-
tric, fibroelastic, and piezoelectric properties, and
they have also been reported to be excellent
absorber layers in solar cells with a 15% increase
of efficiency in only 4 years.”

Bismuth (Bi) doping was used to overcome the
inconvenience of toxicity and degradation of
MAPbDI; solar cells. It enhanced the rate of degra-
dation of hybrid organic-inorganic perovskites by
the partial substitution of Pb by Bi.? In addition,
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Abstract

This work reported the successive incorporation of tetrabutylammonium (TBA) into
Methylammonium lead lodide (MAPbI3) perovskite. The thin films were characterized
by X-Ray diffraction (XRD), Scanning electron microscopy (SEM), Transmittance
electron microscopy (TEM), Atomic force microscopy (AFM), and UV-Visible
spectroscopy. It was shown that introducing TBA increases the crystallinity, grain size,
surface morphology without pin-hole, and roughness of the MAPDIs thin films. Moreover,
the MA@-x)TBAXx Pbls thin film shows better stability in a relative humidity of ~60%
after 15 days than the pure MAPDIsthin film. The obtained results are hoped to be helpful
for stability and improvement of the performance of the MAPDI3s thin films by doping
TBA cations under ambient conditions.

1. Introduction
To begin with, nowadays, the Perovskites with formula ABXs (A = cation
(Formamidinium (FA), Methylammonium (MA)..), B= metal cation and X is a halogen
anion VII halides (Br-, CI~, 7)), have been demonstrated good absorbers properties for
solar cells with higher photovoltaic conversion efficiency (PCE) [1,4]. Methylammonium
lead triiodide (MAPDI3) solar cells show good optoelectronic properties with a bandgap
between 1.4 eV and 1.5 eV [5], a high absorption coefficient around 10°cm-! [6,7] with
amazing PCE = 25 % [8,9]. To manufacture MAPbIs Solar cells, low-cost and simple
techniques have been used to deposit the MAPDIs film: thermal vapor deposition, two-
step vapor-assisted deposition, two-step solution deposition, and one-step solution
deposition [10,13]. Despite the outstanding PCE reported of MAPbIs solar cells, the
problem of MAPbIs degradation by the loss of MAI and formation of lead iodide Pbl2
under humid conditions and higher temperatures makes use of MAPbIs difficult.
Concerning to improve the stability of MAPbIs, MAPbIs was doped by cesium and
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showed the potential to enhance the stability of MaPbls solar cell under UV irradiance
conditions [14]; also on the road for stable MAPbIs, the divalent anion Se?” was
incorporated in MAPbI3 structure to increase the atomic interactions between the
inorganic and the organic cations [15,16]. Considering the ongoing discussion, some
researchers have demonstrated that the MAPbBr3 absorber is more stable than MAPDI3;
the MAPDBTr3 optical absorption is not appropriate for solar cell production [17].

In this research work, the tetrabutylammonium iodide (TBA) was incorporated into
MAPbI3 solution in the form of MA@-x)TBA) Pbls thin film to study the effect on the
structure-property of the MAPDbIs when TBA was incorporated in different percentages.
As a result, significant improvement was found in the crystallinity, morphology, optical
properties, and stability of the MAw-x)TBA) Pbls thin film. The obtained results are
hoped to help delay the degradation and to enhance the performance of the MAPDI3 thin
film by doping TBA cations under ambient conditions.

2. Materials and Experimental Procedure

Methylammonium iodide (MAI), Lead (Il) iodide (Pblz), Chlorobenzene (CBZ),
Methylammonium iodide (MAI) and Tetrabutylammonium iodide (TBAI), anhydrous
N,N-dimethylformamide (DMF) and Dimethyl Sulfoxide (DMSQ). All compounds were
purchased from Sigma-Aldrich, and they were used without any additional purification.
The MA1—<TBAxPbIs solution was prepared in a glovebox by dissolving Pbl2, TBAI, and
MAI in the solvent of DMF and DMSO,; the solution was agitated at 60 °C for 3 hours.

3. Characterization techniques

X-ray diffraction (XRD) was employed to characterize the crystallinity of the films using
RIGAKU Ultima IV diffractometer the range of 20 =10° to 60° using CuKa radiation (A
= 1.5418 A) at room temperature. The morphology characteristic of thin films was
constantly observed by scanning electron microscopy (SEM) model (Quanta 200 - FEI)
under 1.5 kV accelerated potential in several magnifications. In addition, the films were
examined by atomic force microscopy (AFM) with 0.5Hz a scan rate. The fringes
crystallinity was confirmed by Transmission electron microscopy with 2.5 KV. Also, UV-
VIS and PL spectra were characterized using Ocean Optics HR4000 spectrophotometer
in the range of 300 to 850 nm and He-Cd laser source Si-CCD detector Hamamatsu for
PL analysis, respectively.
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4. Results and discussion

In the present work, thin films perovskite MA1—xTBAxPbls were successfully deposited
on FTO back contact using a simple spin-coating technique. Figure 1 shows the XRD
results of the MA1<xTBAxPbls where X = (0, 1 ,2.5, 5, 10). The characteristic peaks
located at 14° and 28° match to XRD planes of (110) and (220) respectively in agreement
with MAPbI3 structure [18-19] without any Pbl2 binary phase. Thus, a significant increase
was found in the main XRD peaks (110) and (220) intensities and crystallinity by
incorporating the TBA amount. Figure 2 represents the zoomed XRD peak in the range
of 13° to 15° the small shift was observed towards a lower 20 degree after the
incorporation of TBA compared to the MAPbIs thin film. Furthermore, the increase in
the crystal lattice could be related to a bigger radius TBA (4.70 A) than a small radius of
MA (1.8 A).

The MAPDI3 thin film with a tetragonal structure where a=b=8.90A, c=11.12 A and
with insignificant changes due to TBA incorporation where a=b=891A, c=11.11A.
The crystal parameters details of MA1—xTBAxPDbIs and the grain size were calculated
using the Pawley method summarized in Table 1. Moreover, F’WHM of peaks (110) and
(220) values gradually decrease an agreement of good crystallinity of the films with
increasing the amount of TBA from 0 to 5% in Figure 1(c). In this respect, the stability
of the MAPbIs main (110) peak remains excellent after incorporating TBA amounts.
Especially many studies have been reported that the inorganized Pb atoms affect the
surface imperfections of the film, which leads to a decrease in the performance of
perovskite devices. In the current work, the TBA arguably shows a significant
improvement of MAPbIs stability that degrades quickly into Pblz in external conditions
[20].

Table 1. Lattice parameters of MA1-xTBAxPbIs via the Pawley method.

Sample. ID a=b(A) c(A) GrainSize Roughness Dislocation Lattice strain

(nm) (nm) density (nm) (¢)

MAPDI3 8.90 11.12 184.7 147.7 1.04 x10°% 0.38

5% TBA 8.91 11.11 249.1 198.5 0.52 x10°%° 0.39
10% TBA 8.99 11.13 209.8 158.0 0.61 x10°% 0.37

35



(b) 0.22 - (© ::;;g; L 0.22
-nu-zu- ﬁ VOIzu
= =
< 018 E
E 1 s L0.18
z " £ 0.16
3 .50-14 |
= l l
. L 0.14
D42
)
> 2.5% TBA 0.10 ——v y r . v 0.2
- 0%TBA  1%TBA 25%TBA  5%TBA  10% TBA
w TBA content (%)
o
d —— MAPbI3
< : P = @ ——5%TBA
= 1% TBA 3
- E
I ‘ | I @
c
2
A ; £
MAPDI3 E
‘ g
10 15 20 25 30 35 40 45 50 : ’ : '
29 (O) 100 200 300 400 500

Raman shift (cm'1)

Figure 1. a) XRD pattern of MA1-xTBAxPbls where X%= (0, 1, 2.5 ,5 and 10), b)
MA1—~TBAxPbls photographs ¢) FWHM of (011) and (022) peaks of MA1—xTBAxPbIs
c) Raman spectra of MAPbIs undoped and doped with 5% TBA.

Here, the Raman spectroscopy analysis was used to verify the phase identification of pure
MAPDI3 and 5% doped TBA Figure 1(d). The dominants two vibrational modes were
identified for MAPbI3 approximately at 68 cm™ and 142 cm*. The intensities of the same
vibrational mode increased after incorporating 5% TBA content. The 68 and 142 cm™
bands matched with the obtained results from XRD that confirmed the incorporation of
TBA, which plays a vital role in the formation of crystallinity [21].
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Figure 2. The zoomed XRD peaks, a) (110) and, b) (220) of MA1—xTBAxPbls where X
% = (0 %, 1 %, 2.5 %, 5 %, and 10 %).

Figure 3 illustrates the SEM images of MA1-xTBAxPbls where X % (0 %, 1 %, 2.5 %, 5
%, 10 %). The undoped MAPbIsshows a small grain size with a smooth surface and good
distribution of lead and iodide [22]. In the same way, the TBA incorporation increase
gradually grain size of 210 nm for pure MAPbI3s, 290 nm for the doped MAPbI3 with 1.0
% TBA, 490 nm for 2.50 % TBA as well as with a higher value of 500 nm for 5.0 % TBA
figure (a-d). This improvement of the grain size of doped MAPbI3 can be due to the crystal
growth by decreasing crystal nucleation and lead to good surface coverage and higher
crystallinity, as shown by the XRD analysis [23,24]. In this connection, the enhanced
crystallinity and grain size could be attributed to fewer defects in the trap state, decreasing
the non-radiative recombination in the MAPDbIs surface [25].
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Figure 4. HRTEM Images of undoped and 5 % TBA doped MAPDIs.

The specimen preparation technique used for perovskite samples prepared is tripod
polishing for perovskite for high-resolution TEM investigation, scratching the perovskite
film prepared and putting it in the special grid of aluminium to characterize the samples
with TEM analysis, Figure 4 displays TEM analysis of pure MAPbIs and doped with 5
% TBA expose the scattered through lattice fringes spacing of 13.10 A correspond to
[110] crystallographic plan as well as 7.60 A match with [220] crystallographic
respectively. The selected portion of the electron diffraction spectrum shows that pure
and 5% TBA doped MAPDIs films are polycrystalline, where is in good agreement with
XRD results [26-27].

Figure 5 shows AFM images with 2 and 3 Dimension of undoped and doped MAPDIs3,
where the measured roughness is varying, that offers a change compared to doped and
undoped MAPDIs where RMS= (147.7 nm, 198 nm, and 168 nm ) calculated for the x%
TBA where x = (0, 5 and 10) respectively which is measured by the root-mean-square
(RMS) (Table 1). Moreover, the RMS value of 10% TBA doped MAPbIs shows a slight
decrease than the incorporation of 5% of TBA, showing the optimum level for large grain
size and high roughness in the AFM analysis [28].
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Figure 5. AFM images 2 and 3 Dimensional of pure and doped MAPDIs.

5. Optical and photoluminescence study

This experiment performed the optical absorption and photoluminescence measurements
for MAPDI3 thin film doped TBA to analyse the optoelectronic properties. Here, Figure
6 (a) illustrates the optical absorption of MAPbI3 pure and doped TBA from 400 nm to
900 nm wavelength, where the optical bandgap was estimated around 1.55 to 1.59 eV.
Upon monitoring carefully, the variation in the optical bandgap was observed by
incorporating the TBA amount. This significant improvement could be related to pinhole-
free TBA doped MAPbIs films, as shown in SEM analysis [29].

Besides, Figure 7 shows the photoluminescence spectrum of undoped MAPDIs and doped
TBA, where the FWHM intensity progressively increases with the increase of TBA
content. Doped 5% TBA represents a significantly higher red emission around 55 nm.
This emission is three times higher than undoped MAPDbIs thin film. The results could be
attributed to reducing trap density states with decreased charge recombination, which
improved the thin film's optoelectronic properties [30,31].
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In this context, one of the essential parameters of semiconductor materials is the stokes
shift. This shift was observed between the optical absorption edge and PL peak. The
comparison of stoke shift values is summarized in Table 2. The stoke shift describes the
reduction of lattice parameters in the crystals. The low value of the stoke shift indicates
the good photophysical properties of MAPDbI3[32,33].

Table 2. Band gap variation of MA1—<xTBAxPbls where X % = (0 %, 5 %, and 10 %).

Sample Eg from PL Eg from UV Stokes shift
A (nm) Eg(eV) A (nm) Eg(eV) meV
MAPDIz Pure 778 1.59 752 1.6 220
5% TBA doped 785 1.57 761 1.58 220
10% TBA doped 786 1.56 763 1.56 200
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6. Degradation study

The degradation of pure MAPbIs and 5% doped TBA samples were examined under a
dark relative 60% humidity environment where samples were stored for 15 days.
Consequently, a significant transformation from the black color to the yellow color was
observed for the pure MAPDbIs aged sample after two weeks which indicated the
dissociation of MAPDI3 to Pblz confirmed by yellow color compared to 5% doped TBA
aged sample was less affected (figure 9).

Figure 8 illustrates the SEM images of the MAPDIs surface were affected by humidity
and the water molecules over the grain boundaries, which led to the degradation of
MAPbDIs and the formation of Pbl. and MAI. The TBA cation reduced the grain
boundaries to prevent the access of humidity into the film. Furthermore, the 5% TBA
doped MAPDI3 has shown a slight crystal structure distortion than the pure MAPbDI3
[34,35].

MAPbI3- Fresh- Ky a3l 20 &+ MAP bI3- Aged
R ¢l Boundg‘g;i_esk.,

~—i,‘l,,
3 A

Lo

5% TBA-Aged

Figure 8. SEM images of Fresh and aged pure and 5% TBA doped MAPbDIs layers.
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Figure 9 displays the XRD patterns and the structural variations through the degradation
of the doped and undoped MAPbIs with the characteristic peak (110) of pure MAPDI3
shows dramatically reduced; however, the 5% TBA doped MAPDI3 thin film observed

less affected by the environment as compared to pure MAPDIs.

a)

b)
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(110)

(220)

10

T
30

20(°)
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(110)

(220)

~— TBA-Fresh
5% TBA-Aged

(400)

10

Figure 9. The XRD pattern of fresh and aged MAPblzand 5 % TBA samples.

Furthermore, the environmental effect was studied from the UV-Visible analysis of the
5% TBA doped MAPDI3; Figure. 10 shows a slow-down variation in the absorption edge,
and the colour changed from dark to brown of the sample after two weeks in relative
humidity (60%). The obtained results confirm that incorporating TBA into the MAPbI3
could decrease the degradation of the methylammonium lead triiodide absorber for
photovoltaic application.
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Figure 10. The absorbance of fresh and aged 5% TBA sample.

7. Device Spiro/MAPDI3/TiO2/F.T.O Simulation

As we noticed a change in the bandgap of doped with 5 % TBA and undoped MAPbI3
has been observed. The effect of thickness and bandgap variation of the absorber layer
has a more significant impact on the performance of solar cells. We simulate a proposed
solar cell having a model “Gold/SpiroOmTAD/MAPDI3/TiO2/FTO/Glass” to keep this
impact on the cell's performance. Here Gold is used as a front contact, OmTAD as ETL,
MAPDI3 as an absorber layer, TiO2 as HTL, F.T.O is working as a back contact, and glass
is a substrate [35,36].

Table.3: Characteristic Parameters of doped and undoped MAPDbI3 based solar cell by
Scaps 1D.

Solar Cell Voc Jsc FF ETA
\% mA/cm? % %
Spiro/MAPDI3/TiO2/F.T.O 0.95 22.4 87.1 18.01
Spiro/MAPbI3: TBA/TIO2/F.T.O 0.85 25.7 86.1 20.1

Figures 11 c) show the J-V characteristics curve and clearly show the effect of doped and
undoped MAPDIs, Voc was 0.95V, Jsc of 22.4 mA/cm?, FF of 87.1%, and Eta of 18.01%
recorded. Here we note that undoped is giving less performance, Voc, Jsc, FF, and Eta
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were registered as 0.85V, 25.7 mA/cm?, 86.1%, and 20.42%, respectively, which was
good as compared to the results of the film growth and crystallinity.
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Figure 11 a) diagram of MAPbIs based solar cell b) Characteristics Parameters
Comparison of MAPbI3 based solar cell ¢) JV characteristic curves of MAPDbI3 based
solar cell simulated.

8. Conclusion

To sum up, from the preceding discussion, it appears that the doped with a small amount
of TBA significantly increases the morphology and stability of MAPDI3 thin film for
photovoltaic applications. The XRD analysis revealed that the crystallinity of MAPDI3
thin film enhanced with TBA, the TBA affects leading MAPDIs film with a homogenous,
highly rough surface and large grain size, which could cause trap more light in the surface.
Similarly, the MA@-x) TBAXxPbIs thin film shows better stability in a relative humidity of
~60% after 15 days than pure MAPDIs thin film. The obtained results are hoped to help
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delay the degradation and to enhance the performance of the MAPDbIs thin film by doping
TBA cations under ambient conditions.
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This work reported the successive incorporation of tetrabutylammonium (TBA) into
Methylammonium lead lodide (MAPbIs) perovskite. The thin fims were characterized
by X-Ray diffraction (XRD), Scanning electron microscopy (SEM), Transmittance electron
microscopy (TEM), Atomic force microscopy (AFM), and UV-Visible spectroscopy. It was
shown that introducing TBA increases the crystallinity, grain size, surface morphology
without pin-hole, and roughness of the MAPbI; thin films. Moreover, the MA(; x TBAx Pbls
thin film shows better stability in a relative humidity of ~60% after 15 days than the pure
MAPDI; thin film. The obtained results are hoped to be helpful for stability and improvement
of the performance of the MAPbIz thin films by doping TBA cations under ambient
conditions.

Keywords: MA;.,TBA,Pbls, XRD, SEM, TEM, PL, UV-visible spectroscopy

HIGHLIGHTS

= The MA(1-X)TBAX PbI3 thin film crystallinity was enhanced with TBA incorporation.

= The morphology of MAPbI3 improved with a pinhole-free surface.

- Optical and PL properties were boosted with the TBA incorporation into MAPbI3 thin film.
- MA(1-X)TBAX PbI3 thin film shows better stability than pure MAPbI3 thin film.

INTRODUCTION

To begin with, nowadays, the Perovskites with formula ABX; (A = cation (Formamidinium (FA),
Methylammonium (MA).), B = metal cation and Xis a halogen anion VII halides (Br~, Cl7, 7)), have
been demonstrated good absorbers properties for solar cells with higher photovoltaic conversion
efficiency (PCE) (Fakharuddin et al., 2019; Weidman et al,, 2019). Methylammonium lead triiodide
(MAPbDI;) solar cells show good optoelectronic properties with a bandgap between 1.4 and 1.5 eV
(Wang etal,, 2019), a high absorption coefficientaround 10°cm ™! (Im et al,, 2011; De Roo et al., 2016)
with amazing PCE = 25% (Xiao et al,, 2014; Park, 2015). To manufacture MAPbI; Solar cells, low-
cost and simple techniques have been used to deposit the MAPbI; film: thermal vapor deposition,
two-step vapor-assisted deposition (Chen et al., 2013), two-step solution deposition, and one-step
solution deposition (Yantara etal., 2015; Patel et al,, 2017). Despite the outstanding PCE reported of
MAPbDI; solar cells, the problem of MAPbI; degradation by the loss of MAI and formation of lead
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Abstract

The antisolvent quenching has shown to significantly enhance several perovskite films
used in solar cells; however, there have been no studies on its impact on MASnls. Here,
we investigate the role that different antisolvents such as diethyl ether, toluene, and
chlorobenzene have on the growth of the MASnIs films. Crystallinity, morphology,
topography, and optical properties of the obtained thin films were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), photoluminescence (PL)
measurements, and UV-visible spectroscopy. The impact of the different antisolvent
treatments was evaluated based on the surface homogeneity as well as the structure of the
MASnNIs thin films. Also, the thermal annealing was optimized to control the
crystallization. The antisolvent applied was modified to manage the supersaturation
process better. The results support the use of chlorobenzene and toluene to reduce
pinholes and increase grain size. Toluene was found to improve further the morphology
and the stability of the thin films, as it showed less degradation after four weeks under
dark with 60% humidity. Furthermore, we performed the simulation using SCAPS-1D
software to observe the effect of these antisolvents on the performance of MASnhIs-based
solar cells. Additionally, we produced the device FTO/TiO2/MASnNIs/Spiro-
OMeTAD/Au, with a remarkable photoconversion efficiency (PCE) improvement from
5.11 % for the MASNI3 Device by using chlorobenzene. While PCE 9.44% for MASNI3
Device by using Toluene with better stability, the results here support antisolvent
quenching as a reproducible method for improving perovskite devices under ambient
conditions.
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1. Introduction

Solar energy is considered a basis of clean and abundant energy, so it has become
essential to take a lot more advantage of solar radiation as an energy source in the field
of photovoltaics [1]; recently, organic, and inorganic perovskite technologies have
become attractive and promising materials for researchers, especially those based on
methylammonium halides. Perovskite devices showing power conversion efficiencies
higher than 23% have been reported [2]. Also, perovskite materials have remarkable
optical and electronic properties, such as broad light absorption coefficient, long charge
carrier diffusion length, and small exciton binding energy, and they are able to generate
electrons and hole pairs [3]. Furthermore, for perovskite thin-film fabrication, a variety
of techniques have been used, such as one-step solution deposition [4,5], two-step
solution deposition [6], vapor deposition [7], and thermal deposition [8]. One-step deposit
carried out via spin-coating demonstrates an excellent capability to fabricate perovskite
devices. Moreover, the device’s efficiency reported homogeneous and compact thin films
using the spin coating technique. It has been shown that the morphology of perovskite
thin films plays a vital role in device performance. Many methods and treatments have
been introduced to optimize product quality by improving the surface homogeneity and
crystallinity of the films.

In this study, the thin films of MASNI3 were treated with different antisolvents to see how
they affected the supersaturation of the solvent. We report that complex interactions
between the solvent and antisolvent are related to the film's physicochemical properties;
therefore, choosing the antisolvent type is critical for improving the perovskite film
morphology and, in turn, boosting the device performance. The antisolvent effects were
observed in the variation of morphology, structure, and composition of the thin films.
Toluene (TOL), chlorobenzene (CBZ), and diethyl ether (DE) were the antisolvents used
in this investigation. The obtained MASnIs samples were further analyzed by other
characterization techniques such as XRD, SEM, AFM, and optical and
photoluminescence  analysis.  Additionally, = we  produced the device
FTO/TiO2/MASNI3/Spiro-OMeTAD/Au, with an amazing photoconversion efficiency
(PCE).

2. Experimental Procedure

Materials

Tin (I1) iodide (Snl2), Methylammonium iodide (MAI), n n-dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO) were used for manufacturing the optoelectronic devices.
Diethyl ether, chlorobenzene, and toluene were used as antisolvents. Fluorine tin oxide-
coated glass (FTO) was used as a substrate.
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Sample preparation

The prepared solution of MASNI3 was spin-coated onto the FTO substrate at 2000 rpm
for 20 s. Different antisolvents were dripped to the MASNI3 thin films, and subsequently,
the as-prepared MASnNI3 samples were annealed in a vacuum for 20 minutes at 250 °C.
The perovskite thin film’s crystal structure analysis was performed by the XRD RIGAKU
Ultima IV diffractometer. The surface morphology was investigated through scanning
emission microscopy (SEM) at different magnifications. The film’s topography was
characterized using atomic force microscopy (AFM). The absorption was measured using
a UV-Visible wavelength range from 300 to 850 nm, and photoluminescence (PL) was
performed using a He-Cd laser.

3. Results and discussion

The influence of antisolvent on the films' phase structure and microstructure was studied
by X-ray diffraction. Figure 1 shows the X-ray diffraction patterns of MASnhIs films
treated with different antisolvents. The diffraction peaks that appear at: 14°, 28°, 31°, 38°,
and 31° correspond to the (110), (220), (222), (224), and (314) respectively. These results
are in good agreement with those found elsewhere [9, 10]. XRD results of MASnNIs films
prepared show good crystallinity, and the characteristic (110) peak intensity increases
enormously by using toluene as an antisolvent compared to chlorobenzene and diethyl
ether. The intensity decrement can be attributed to the excessive solubility of
methylammonium iodide (MAL).

Lattice parameters

The lattice parameters were calculated using (I) and (2) with different diffraction two
theta angles.

1 +kZ2 12
Z- a2tz (1)

nAd = dpysin (0) 2)

Where a, b, c are the lattice parameters, hkl are miller indices, dn is the interplanar
distance, and k is the wavelength (0.154 nm). The obtained lattice parameters of the main
(110) peak werea=b=8 A, c=11.9 A, corresponding to the tetragonal structure.

The lattice strain (¢) indicates the thin films crystals’ deformation calculated from the
equation (3). The obtained results are summarized between 340 nm and 400 nm in Table
1.

Pcos (6) = %’1 + 4esin (0) 3)
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Intensity (a.u)

Where 3 is the FWHM value, k is the dielectric constant (k = 0.9), A is the wavelength of
the X-ray (A= 0.1540 nm), 0 is the Bragg diffraction angle and D is the crystallite size

(nm). Equation (4) below shows the estimated grain size dislocation density.

y=— (4)

Table 1 shows that the four samples have different grain sizes from 300 nm to 400 nm,
with MASNIs treated with different antisolvent. The larger grain size of 400 nm is for the
toluene, and the lower effective lattice around 0.37 is explained by a lesser of deficiencies
and distortions of the grains.

10

20

Figure 1. XRD patterns of MASNI3 Films treated with different antisolvents, toluene,
chlorobenzene, and diethyl ether.

Table 1. Parameters of XRD spectra of MASnNIs films treated with different antisolvents,
toluene, chlorobenzene, and diethyl ether.

Sample ID Grain size (nm)  Dislocation density (nm™)  Lattice strain (g)
MASNIs- ET 340 1.05 x10°° 0.38
MASnNIs- CBZ 360 0.90 x10° 0.39
MASnNI3- Tol 400 0.62 x10° 0.37

Figure 2 shows (SEM) images of MASNI3 treated with different antisolvents. The surface
morphology of MASnNIs was examined with SEM. It is found that with diethyl ether the
crystals are poorly formed. Even the chlorobenzene was not changing that much in the
morphology of the film. However, toluene significantly altered the morphology, and the
largest crystal size was obtained, further explaining the change in the morphology of
MASNIs related to the type of antisolvent [11, 12]. Besides, the addition of antisolvent
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gave fine needles that agglomerate easily. This proves that supersaturation plays a vital
role in a crystallization system and influences the crystals' size, shape, and degree of
accumulation [13,14]. The remaining solvent is removed under 250 ° C during the
annealing treatment. The conversion of forerunners to the perovskite phase is almost
perfect in all cases, but we are introducing to affect the surface.

MASNL-ET.©0 70 (a) | MASnI, -Tol

Figure 2. SEM images of MASnIs Films treated with different antisolvents: a) Diethyl
ether, b) Toluene, ¢) Chlorobenzene.

Figure 3 shows the characteristic peak of PL of the three MASNIs samples for the three
MASnNIs with ET, TOL and CBZ applied as antisolvents in the range of 750 to 800 nm
[16]. The PL peak of MASnNIs treated with toluene shows a higher intensity than the
MASNIs sample treated with diethyl ether or chlorobenzene. The MASNIs treated with
TOL also shows the optimal bandgap around 1.75 eV. It can be related to phase transitions
commonly found for halide perovskite [17,19].

Table 2. Optical Bandgap of the MASnIs treated with Toluene, Diethyl ether, and
Chlorobenzene.

Sample A (nm) Eg-PL A (nm) Eg-UV Shift stokes
(eV) (eV) (meV)
MASNIs-ET 779 1.59 750 1.63 40
MASNIs-TOL 782 1.58 759 1.60 20
MASNIs-CBZ 787 1.57 760 1.62 50
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Figure 3. a) Absorption of MASnIs films, b) bandgap, ¢) photoluminescence (PL), d)
Crystal structure of MASNs.

4. Degradation study

Oxygen and humidity significantly impact the stability of perovskite solar cells. Once the
film is exposed to extreme conditions of the environment, the degradation mechanism of
MASnNI3 film has been attributed to reducing these compounds to Snlz2, MA, and HI. The
stability of MASNIs films was examined after four weeks of being treated with the three
antisolvents. To investigate the degree of degradation of MASNI3s samples, we performed
XRD and SEM measurements on both fresh and four-week-old MASnI3 samples, kept
under 60% humidity in a dark environment.
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The XRD patterns for the four weeks aged MASnIs films treated with chlorobenzene and
toluene antisolvents, there is a slightly reduced intensity of characteristic peaks (110) and
(220) when compared to MASnIs films treated with diethyl-ether in which there is a
dramatic increase in the intensity (Figure 4a, b, and c). In this regard, using the
chlorobenzene and toluene as antisolvents enhances the stability of MASnIs films more
than the samples treated with diethyl ether. Similar results have been reported [20, 24].
SEM images also support this finding (Figures 4d, e, and f). The surface morphology
changes are observed in the SEM images of aged MASnIs films with new grain
boundaries and new defects. Therefore, the degradation process differs between the

antisolvent-treated films.

20 (deg.)

20 (deg.)

Figure 4. Degradation study of MASnIs treated with different antisolvents (a) XRD
pattern fresh and aged MASnIs treated by toluene (b) XRD pattern fresh and aged
MASnNI3 treated by diethyl ether (c) XRD pattern fresh and aged MASnIs treated by
chlorobenzene d) SEM image of Aged MASnNI3 treated by toluene (e) SEM image of
Aged MASNI; treated by toluene f) SEM image of aged MASNIs treated by
chlorobenzene.

5. Device performance

We have seen that the thickness varies when different antisolvents are used, and similarly,
the bandgap varies when MASnIs is used. Solar cells are more sensitive to variation in
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thickness related to the bandgap of their absorbing layers. In order to keep this impact on
the cell's performance, we simulate a proposed solar cell with a model "Gold/Spiro
OmeTAD/MASNI3/TiO2/FTO/Glass". MASNIs is used as an absorbent layer, TiOz is used
as a hole transfer layer, and glass is used as a substrate.

Table 3. Bandgap variation concerning diethyl ether, toluene, and chlorobenzene for

MASnNIs.
Sample Thickness (nm)  Band gap-UV (eV)
MASNI3-ET 200 1.63
MASNIs- TOL 210 1.60
MASNIs-CBZ 210 1.62

The simulation parameters used in SCAPS-1D software are shown in Table 1 and Table
2. Table 1 shows our experimental-based calculations, which we use for Table 2. The
work function for back and front contact are left as default in SCAPS-1D. The proposed
solar cell used in SCAPS-1D is arranged according to the experimentally formed solar

cell, as shown in Figure 5 and the layers of the cell can be seen in Figure 10.

Table 4. Simulation Parameters of MASnIz-based solar cell.

Parameters Spiro MASNI3 TiO2 FTO

Thickness (um) 0.20 Variable 0.05 0.5

Bandgap (eV) 3.17 Variable 3.2 3.5

Electron affinity (eV) 2.05 3.49 3.9 4.0

Dielectric Permittivity 3.00 20.0 9.0 9.0
CB Effective Density of States 2.2x10®  1.0E+19 2.0E+17 2.2E+18

(1/cmd)
VB Effective Density of States 1.8x10®  1.0E+19 6.0E+17 1.8E+19
(L/cm3)

Electron Thermal Velocity (cm/s) 1.0E+7 1.0E+7 1.0E+7 1.0E+7
Hole Thermal Velocity (cm/s) 1.0E+7 1.0E+7 1.0E+7 1.0E+7
Electron Mobility (cm#/Vs) 2.0E-4 2.30E+3  1.00E+2 2.00E+1
Hole Mobility (cm?#/Vs) 2.0E-4 3.20E+2  2.50E+1 1.00E+1
Donor Density ND (1/cmq) 0.0E+0 1.0E+9 1.0E+17 1.0E+17
Acceptor Density NA (1/cm?3) 2.0E+19 1.0E+9 0.0E+0 0.0E+0
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Figure 5. Schematic diagram of MASnI3-based solar cell.

The SCAPS-1D software was run under 1000 W/m? illumination and at ambient
temperature (300 K). The series resistance and shunt resistances were kept negligible, and
infinite, respectively, which are the ideal values that experimentally do not exist up to
these limits. The bandgap and thickness of MASNI3 were used according to Table 1.
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Figure 6. (a) J-V and (b) P-V characteristics curves of MASnIs-based solar cell.

Figures 2 (a) and (b) show the J-V and P-V curves for MASnIs, respectively, and
demonstrate how the different antisolvents affect the results. Toluene has a positive
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impact on the device; P-V angles deliver the highest power when using toluene as an

antisolvent.

diethyl ether antisolvent-based MASnNIz produced Voc of 0.94 V, Jsc of 12.49 mA/cm?, FF
of 84.29%, and Eta of 9.93% during the simulation of solar cells. We notice that diethyl
ether is less effective because, chlorobenzene Voc, Jsc, FF, and ETA were registered as
0.88 V, 14.02 mAl/cm?, 83.72%, and 10.42%, respectively, which was good in
comparison to when ET was used as antisolvent as shown in Table 3.

Table 5. Experimental Characteristics Parameters MASNI3 of the based solar cell.

Solar Cell Model Voc
V
Spiro-OMeTAD/MASNI3: ET/TiO2/[FTO 0.94

Spiro-OMeTAD /MASnI3z: TOL/TiO2/FTO 0.90
Spiro-OMeTAD /MASnIs: CBZ/TiO2/FTO 0.88

JSC
mA/cm?
12.49
13.69
14.02

FF
%
84.29
84.01
83.72

In summary, TOL is the most profitable antisolvent because it gave excellent results
compared to the other two antisolvents. With Toluene treatment for MASNIs films, we
record Voc, Jsc, FF, and ETA as 0.90 V, 13.69 mA/cm?, 84.01%, and 10.44%, respectively.

Figure 7. Characteristic parameters of MASnIs-based solar cell with the different

antisolvents.
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Here, in Figure 7, we compare the characteristic parameters of MASnIs solar cells based
on different antisolvents used in the solution. We can observe that toluene would be the
optimal antisolvent for preparing the MASNI3 absorber layer as it gives us the best results
of the characteristic parameters for the solar device.

6. Device Manufacture Spiro-OMeTAD/MASNI3/TiO2/FTO

We report XRD analysis for the Spiro-OMeTAD film with characteristic peaks at (110),
(220) and (400) (Figure 8 a). These results are in correspondence with previous studies
[20]. When calculating the experimental bandgap after the absorbance characterization,
we obtained 3.0 eV, which is the optimal bandgap, also previously reported [21].

For the compact TiO2, we obtained an XRD analysis with characteristic peaks at (101),
(004), (200) and (211) (Figure 8 c). We found the same characteristic peaks when
comparing these XRD spectra with the literature [22]. The absorption analysis for TiO2
gave us an experimental bandgap of 3.6 eV (Figure 8 d).
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Figure 8. a) XRD Pattern of Spiro-OmeTAD film, b) bandgap spectra of Spiro-
OmeTAD film, c) XRD Pattern of TiO2 compact layer, d) bandgap spectra of TiO2
compact layer.
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Figure 9 shows SEM images of both Spiro-OmeTAD and TiO2 layers. The SEM image
of TiO2 films shows smooth and homogenous surface. The Spiro-OmeTAD film show
regular surface with no holes.

Spiro-OMeTAD Ti©O, compact

Figure 9. (a) SEM image of Spiro-OMeTAD film, (b) SEM image of TiO2 compact
layer.

Figure 10 illustrates the photovoltaic performance of MASnNIs. J-V curves measurement.
The prepared perovskite solar cell realized a remarkable PCE improvement from 5.11 %
for MASnIs -chlorobenzene an open-circuit voltage (Voc) of 521.8 mV, short-circuit
current (Jsc) of 25.6 mA cm?, and fill factor (FF) of 34.59 %. While, for PCE 9.44% for
treated with Toluene, with Voc of 694.6 mV, Jsc of 33.6 mA cm2 and FF of 38.09 %,
which is significantly higher than MASnIs chlorobenzene based solar cell. It is possible
that the use of toluene increases the quality of the film and stability which is helpful to
increase the carrier concentration and decreases the electron-hole recombination, which
enhances the photoconversion efficiency from 5.11% to 9.44%. The obtained results
might be greater and contribute to stable and efficient photovoltaic device
commercialization.
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Figure 10. a) I-V performance of perovskite MASNIs (Red colour= Chlorobenzene and
blue colour = toluene) b) cross-section of Lead-Free perovskite solar cell.

7. Conclusion

In this work, MASnI3 thin films have been successfully prepared by the one-step spin
coating technique. The effect that the different antisolvents diethyl ether, chlorobenzene,
and toluene had on film properties was investigated using XRD, SEM, and optical

analysis.

The XRD analysis revealed that all samples had an extraordinary (110) peak intensity by
treating MASNI3 film. The XRD results showed that the model toluene was applied
superior crystallinity, reflected by the intensity of the (110) peak. This result was
supported by AFM and SEM results, where the applying toluene led to increased grain
size. Furthermore, the sample to which toluene was applied gave the highest absorbance.
Our results suggest that using toluene to carry out the antisolvent quenching step in a one-
step spin-coating method will lead to superior perovskite film and higher device
efficiencies. Using SCAPS-1D software, we also find the effect of three different
antisolvent on solar cell performance, like diethyl-ether, Chlorobenzene, and toluene,
which gave the efficiencies of 9.93, 10.42, and 10.44%, respectively, hence concluding
that Toluene is the well-optimized antisolvent for MASNI3 absorber layer. Additionally,
we produced the device FTO/TiO2/MASNIs/Spiro-OMeTAD/Au, with a remarkable
photoconversion efficiency (PCE) of 9.11% on case of MASNI3 film treated with toluene.
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Abstract: Antisolvent quenching has shown to significantly enhance several perovskite films used in
solar cells; however, no studies have been conducted on its impact on MASnl;. Here, we investigated
the role that different antisolvents, i.e., diethyl ether, toluene, and chlorobenzene, have on the growth
of MASnIj films. The crystallinity, morphology, topography, and optical properties of the obtained thin
films were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), photolumi-
nescence (PL) measurements, and UV-visible spectroscopy. The impact of the different antisolvent
treatments was evaluated based on the surface homogeneity as well as the structure of the MASnI;
thin films. In addition, thermal annealing was optimized to control the crystallization process. The
applied antisolvent was modified to better manage the supersaturation process. The obtained results
support the use of chlorobenzene and toluene to reduce pinholes and increase the grain size. Toluene
was found to further improve the morphology and stability of thin films, as it showed less degradation
after four weeks under dark with 60% humidity. Furthermore, we performed a simulation using
SCAPS-1D software to observe the effect of these antisolvents on the performance of MASnI;-based
solar cells. We also produced the device FTO/TiO,/MASnI;/Spiro-OMeTAD/ Au, obtaining a re-
markable photoconversion efficiency (PCE) improvement of 5.11% when using the MASnIj device
treated with chlorobenzene. A PCE improvement of 9.44% was obtained for the MASnl; device
treated with toluene, which also showed better stability. Our results support antisolvent quenching as
a reproducible method to improve perovskite devices under ambient conditions.

Keywords: perovskite solar cell; MASnl5; antisolvent treatment; photoconversion efficiency; photo-
chemical stability

1. Introduction

Solar energy is considered a basis to obtain clean and abundant energy; therefore it
has become essential to take advantage of solar radiation as an energy source in the field of
photovoltaics [1]. Recently, organic and inorganic perovskites, especially those based on
methylammonium halides, have become attractive and promising research materials. Per-
ovskite solar cells (PSC) showing power conversion efficiencies higher than 23% have been
reported [2]. Perovskite materials also have remarkable optical and electronic properties,
as they allow light to be absorbed in a wide wavelength for a long time, charge carriers to
have a long diffusion length, and excitons to have small binding energy, which produces
electrons and holes [3-5]. Furthermore, for perovskite thin film fabrication, a variety of tech-
niques have been used, including one-step and two steps deposition [6], evaporation [7],
and thermal deposition [8]. One-step deposition carried out via spin coating demonstrated
an excellent capability to fabricate PSCs. Moreover, the PSCs showed homogeneous and
compact thin films when fabricated using the spin coating technique. It has been shown
that the morphology of perovskite thin films plays a vital role in device performance. Many
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Abstract

Hybrid organic-inorganic metal halides are considered as outstanding materials when
used as the absorber layer in perovskite solar cells (PSCs) because of its efficiency, relieve
of fabrication and low-cost materials. However, the content of lead (Pb) in the material
may origin a dramatic after effect on human’s health caused by its toxicity. Here, we
investigate replacing the lead in MAPbI3 with tin (Sn) to show its influence on the growth
of the film nucleation and stability of the solar device based on MASnIs. By analysing
the manufactured perovskite thin films by Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), UV-Visible
Absorption, Photoluminescence (PL) and Atomic Force Microscopy (AFM), we report
on the properties of the thin films when lead is replaced by tin. We report the simulation
run for the case of MAPbIs, where Voc=0.856 V, Jsc=25.65 mA/cm?, FF= 86.09% and
eta=18.91%; and for MASnIs, Voc=0.887 V, Jsc=14.02 mA/cm?, FF=83.72% and
eta=10.42%. In perovskite-based devices using MASnIs as absorber, it was found to be
more stable despite of its lower efficiency, which could be improved by enhancing the
bandgap alignment of MaSnls. The results of this paper also allow the development of a
new, reliable production system for PSCs.

1. Introduction

Perovskite materials possess excellent optical and electrical properties, such as a direct
bandgap ranging from 1.5 to 2.3 eV and the potential to transport electrons and holes [1-
3]. For manufacturing perovskite thin films with good morphology and high quality,
various low-cost techniques have been used. Among these techniques, spin coating with
one-step process is usually used since it is easy to control and quick to produce [4, 5].
Also, two-step process is widely used due to its ease of control for the preparation of
perovskite thin layers [6]. Other PSCs manufacturing techniques are two-step vapor-
assisted deposition, which is advantageous for controlling the thin film morphology,
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thickness, and grain size [7] and thermal vapor deposition normally used to manufacture
films with consistent thickness.

Indeed, the highest conversion efficiency in PSCs is reached when MAPDI3 is used as
absorber. Moreover, the content of lead (Pb) in the material may origin a dramatic after
effect on human’s health caused by its toxicity. Therefore, the required study of
substituting the lead in MAPDI3 by tin (Sn) is highly suitable and must be studied. In the
paper, we report on the influence on the growth of the film nucleation and stability of the
solar device based on MASnI3 perovskite (instead of MAPDIs absorbers), having
elaborated both absorbers with the same one-step deposition technique. This technique
exhibits wide-scale manufacturing for PSCs with high performance. Typically, the
fabrication of the device is associated with the regulation of the surface shape and the
capability to be developed scaled-up. The surface morphology has shown to be highly
controllable, and that it is the primary factor influencing the efficiency of PSCs. For this
reason, many techniques and treatments for the PSCs have been revised in order to
improve the surface uniformity and the perovskite crystal formation.

In this work, we looked at the impact of replacing Pb by Sn on the properties of perovskite
MAPDI3 thin film. We report complex change of the device by observing the morphology
and the composition of the films. The obtained perovskite devices were characterized by
XRD, SEM, AFM, TEM, PL, and UV-Visible absorption analysis to inquire into the
electrical and optical properties of the deposited films and the performance of solar cells
which was estimated by SCAPS simulator [8].

2. Perovskite Manufacture

Perovskite absorbers ABXs, where A = Methylammonium (MA), B = (Pb or Sn) and
X=lodide (1), were manufactured employing different materials purchased from Sigma-
Aldrich and Alfa Caesar. Specifically, Methylammonium iodide (MAI), thin 1l iodide
99% (Snl2) and lead iodide (Pbl2) were used as precursors, and N-dimethylformamide
(DMF) and Dimethyl Sulfoxide (DMSO) were used as solvents.

First, the prepared solutions of MAPbIs and MASnNIs were dropped onto fluorine-dope tin
oxide (FTO) glass substrates. The FTO glass was spun at 4000 rpm for 50 s during the
dripping of the perovskite solution and the addition of toluene as antisolvent. Later, the
samples were annealed at 60 °C for 5 minutes followed by an annealing at 100 °C for 10
minutes. Figure 1 shows a diagram of the elaboration process carried out.
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Figure 1. Elaboration process of the MAPbIs and MASnIs thin films.

3. Characterization techniques

The structural properties of the thin films were examined by XRD with RIGAKU Ultima
IV diffractometer using Cu ko radiation (A = 1.5418 A). SEM was used to examine the
surface morphology of the perovskite layers using 1.5 kV at different magnifications.
AFM measures were performed by using Nano Surf with Voltage cell from -1.5V-1.5V
at a scan rate of 0.5Hz. TEM (JEO-JEM-1010) analysis was carried out with 2.5 kV at
different magnifying toons. UV-visible absorption analysis was made with a Si-CCD and
PL emission were excited with a 405 nm semiconductor laser. The output parameters of
the solar cell, namely in the short circuit current density (Jsc), the open circuit voltage
(Voc), the form factor (FF) and the efficiency (1), were assessed by SCAPS simulator.

4. Results and discussion

XRD scanning of MAPbI3 and MASnIs thin films (Figure 2) reveals various diffractions
peaks located at 14°, 28° and 52° matching the characteristics peaks of the perovskite
materials; (110), (220) and (303) respectively. Previously published structures of MAPbI3
[9] are in good agreement with the patters of this work. Furthermore, it was observed that
the replacement of Pb by Sn lead to an increase of the intensity of the peak (110). All
perovskite films form a tetragonal crystal structure with the space group 14/mcm.
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Figure 2. XRD patterns of MAPDbI3 and MASNIs.

The (110) XRD peak is wider for the MASnI3 than for MAPDI3 as revealed by the values
of FWHM for this XRD peak (FWHM (110) = 0.23 for MASnIs and FWHM (110) = 0.13
for MaPbls), which means bigger crystallite sizes for MAPbIs, according to the well-

known Scherrer equation [10].

The calculated grain size, dislocation density, lattice strain and effective lattice strain data
are represented in Table 1. The grain size for MASnI3 (403 nm) thin films was found to
have a substantial bigger grain size than MAPbIs, which was 302 nm. So, according to
XRD and AFM analysis, when Pb is replaced by Sn, grain sizes increases even if
crystallite sizes decrease. Further, dislocation density and effective lattice strain have
been calculated to have an idea about scarcity and deformations of the grains in the film.

Table 1: The structural parameters of MAPDbI3 and MaSnls thin films.

Sample.ID Grain Size Roughness
(nm) (nm)
MasSnls 403 46.7
MaPbls 302 37.0

Dislocation density =~ Lattice strain

(10% nm) (¢)
0.62 0.39
111 0.37
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Figure 3 a) and b) shows SEM images of MAPblsand MASnIs, the Surface morphology
of both thin films was smooth and contained random grain boundaries. Furthermore, the
MASnNIs showed improvement of the surface morphology like previously reported
investigations [11, 12]. It can be clearly observed from the homogeneity of surface that
MASnNI3 produced have large grain size around 403 nm where MAPbI3 film, the grain size
is about 302 nm. Also, the addition of Antisolvent toluene, which evaporates the solvent
and therefore creates supersaturation to speed up crystallization process, resulted in
excellent film development. Moreover, temperature annealing treatment had a significant
impact on the surface of the films. Results indicate that when annealing temperature rises,
the crystal as well as the grain size grow considerably. Figures 3 c) and d) show the AFM
analysis of MAPDI3z and MASNI3 over a 2um x 2um region. Computed roughness of
MAPDbI3z was 37.0 nm when Pb was replaced by Sn, roughness was 46.7 nm (Table 1).
The surface of MASnNIsis rougher due to huge size of hills and troughs.

MaPbl,

-

Height 200.0 nm Height 200.0 nm

Figure 3. SEM images of a) MaPbls b) MASnIs, AFM images of c) MaPbls, d)
MASnNIs.
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TEM examination of MASnIszand MAPDI3 thin films with lattice fringe spacing of 0.28
nmand 0.75 nm, respectively, corresponding to (110) or (220) of the tetragonal perovskite
phase are shown in Figures 3 a) and c). Figure 3 exhibits the selected area of electron
diffraction (SAED) spectrum and revealed that the MAPbIs and MASnIs thin films are
polycrystalline, validated findings [13,15].

MaPbl,

MaSnl;

Figure 4. a, c) HRTEM images of MAPDbIs and MASnIs, respectively, b, d) SAED
of MAPbIs and MASNI3, respectively.

PL measurement was recorded in the range of 500-1100 nm as represented in Figure 6.
The PL peak intensity in the region of 700-900 nm is in good agreement with previously
reported study of MAPDI3 [16]. The measured intensity of the PL peak in MAPbSns3 films
is about 30% higher than in MAPbIs films.

It is suggested that the tin can be placed at the optimal level for absorbing the light. This
finding also boosts the enhancement crystallinity of the perovskite thin film. The UV-
visible absorption spectrum of MAPDbI3 and MASNI3 were obtained between 400 nm and
900 nm The optical bandgap was calculated through the Tauc plot for the absorbance
spectrum, from the equation (Ahv)? = B (hv-Eg). An optical bandgap of 1.60 eV and 1.62
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were found for MAPbI3z and MASnIs films respectively (Figure 6 c, d) [17,19]. Table 2
summarizes the optical bandgap and PL emission peaks according to PL and UV-visible
absorption measurements. The energy difference between the edge of the optical
absorption and the energy of the PL emission, known as Stokes shift, is found to be higher
for MASnNIs (40 meV) than for MAPbIs (10 meV), meaning that the bottom of the
conduction band is more filled with electrons in MASNI3 films.
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Figure 6. a) PL emission for MAPbIs perovskite thin films, b) PL emission for MaPbls
perovskite thin films, ¢) Optical bandgap of MAPbIs, d) Optical bandgap of MASNIs.

Table 2: PL and optical bandgap for MAPbIs and MASnhI3

Sample.ID PL Optical absorption Stokes shift
A (nm) Eg (eV) A (nm) Eg (eV) (meV)
MaPbls 780 1.59 775 1.60 10
MasSnls 786 1.58 765 1.62 40

5. Degradation study

Environmental components like oxygen and humidity have a significant impact on
photovoltaic stability of perovskite solar devices. The degradation mechanism of the of
Methylammonium-based perovskites when exposed to the environment, has been
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attributed to a reduction of these compounds in Pbl2, CH3NH2 and HI. In order to evaluate
the degradation of MAPbI3z and MaSnls samples, we performed XRD, SEM and PL
measurements on fresh and 4 weeks aged samples, kept under 60% of humidity and dark
environment (Figure 7).

For the 4 weeks aged MAPbDIs samples, XRD patterns reveal lesser intensity of
characteristic peaks (Figure 7.a) and a reduction of the intensity of PL emission (Figure
7.¢). In the case of 4 weeks aged MASnNI3 samples, both XRD peaks and PL emission
decreases in intensity, but this reduction in intensity is minor for MASnIs than for MAPDI3
samples (Figure 7.d and 7.e). This fact means that MASnIs samples are more stable than
MAPDI3 ones. Similar results are reported in literature [20, 24]. Further, SEM images
(Figures 7.b and 7.e) support this finding. New grain boundaries, as presented in Figures
7.b, appear in aged MAPbIs films. In the case of aged MASNIs films, some new defects
consisting of pinholes and changes in the surface morphology with respect no fresh
samples (Figure 7.e) are observed in SEM images. As a result, the degradation process
seems to be different for both types of films.
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Figure 7. Degradation study of MAPbI3 (a) XRD pattern fresh and aged MAPbI3
samples after 4 weeks b) SEM image of Aged MAPbIs (c) PL emission of aged fresh
and aged MAPDI3 samples. Degradation study of MASNI3 (a) XRD pattern fresh and

aged MASNI3 samples after 4 weeks b) SEM image of Aged MASnIs (c) PL emission of
aged fresh and aged MASNI3 samples.
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6. Device Manufacture and Numerical Simulation

For the study of the Solar Cell performance, we performed the simulation of MAPbI3 and
MASNI3 based Perovskites solar cells using SCAPS simulator software. The structure of
solar ‘Spiro OMeTAD/MA(Pb/Sn)I3/TiO2/FTO’ used in the simulation is shown in the
following diagram (Figure 8).

Figure 8. Schematic diagram of proposed solar used in SCAPS.

The simulation was run two times for ‘OMeTAD/MAPbI/TiO2/FTO’ and
‘OMeTAD/MASNI3/TiIO2/FTO’ proposed models separately [25,26]. Figure 9 and Figure
10 show the J-V and P-V characteristics curves, and from these curves we observed that
MASNI3 based solar cell is less efficient as compared to MAPbIs based solar cell. The
bandgap of MAPDIs is more favourable for the light absorption as compared to other one.
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Figure 9. J-V characteristics curve for both MAPblsand MASNI3
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Figure 10. P-V characteristics curve for both MAPblzand MASNI3

Table 3: Characteristics Parameters of MAPbIs and MASnIsobtained by simulation

Absorber Voc Jsc FF ETA
\% mA/cm? % %

MAPDI3 0.856 25.65 86.09 1891

MASnNI3 0.888 14.02 83.72  10.42

The results of simulation are summarized in Table 3, where the photovoltaic
characteristic parameters; VVoc (open circuit voltage), Jsc (short circuit current density),
FF (fill factor) and ETA (conversion efficiency) are shown. When the simulation was run
for the case of MAPbIs, we find the Voc of 0.856 V, Jsc of 25.65 mA/cm?, FF of 86.09%
and ETA of 18.91%. For MASNIz we report Voc of 0.888 V, Jsc of 14.02 mA/cm?, FF of
83.72% and ETA of 10.42%. It is worthy to notice that there is about 9% difference in
the efficiencies of both devices. For Sn-based PSCs, this efficiency could be improved by
enhancing the bandgap alignment of MASnNI3 with respect the hole transport layer and by
adjusting film thickness.

In order to better show the differences of the photovoltaic parameters of MAPbIs and
MASnIs, a bar graph displaying the four photovoltaic parameters for both proposed
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devices are plotted in Figure 11. This comparison shows well-defined difference between

both devices’ parameters.

Figure.11: Graphical Comparison of Characteristics Parameters of MAPblsand
MASnNIs.

7. Conclusion

In summary, the use of Sn in spite of Pb to increase the stability and decrease of toxicity
of perovskite solar cells has been demonstrated. Results show a higher intensity of
characteristic peaks of perovskite when using Sn. Replacement of Pb by Sn has a
significant impact on the crystallization process of perovskite materials and produces an
increase in the grain size of the perovskite thin film, as seen by SEM pictures. The fact
that Sn rises the grain size may result in an increase in the light absorption of the
perovskite layer. Optimizing the inclusion of Sn in perovskite-based solar cells can
significantly enhance stability, according to our research. Simulation was run for both
films prepared. On the one hand, for MAPDI3, we obtained Voc = 0.856 V, Jsc = 25.65
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mA/cm?, FF = 86.09% and ETA =18.91%. On the other hand, for MASnI3, we calculated
Voc = 0.888 V, Jsc = 14.02 mA/cm?, FF = 83.72% and ETA = 10.42%. Here, we report
that there is around 9% difference in efficiencies of both devices. But, in case of Sn-based
perovskite, this efficiency could be enhanced by improving the bandgap alignment of the
material.
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MASnNI; Thin Films for Solar Cells

Julia Mari-Guaita, Amal Bouich, Muhammad Aamir Shafi, Asmaa Bouich, and Bemabé Marf*

Hybrid organic—inorganic halides are considered as outstanding materials when
used as the absorber layer in perovskite solar cells (PSCs) because of its effi-
ciency, relieve of fabrication and low-cost materials. However, the content of lead
(Pb) in the material may origin a dramatic after effect on human’s health caused
by its toxicity. Here, we investigate replacing the lead in MAPbI; with tin (Sn) to
show its influence on the growth of the film nucleation and stability of the solar
device based on MASnl;. By analysing the manufactured perovskite films by
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray diffraction (XRD), UV-visible absorption, photoluminescence (PL) and
atomic force microscopy (AFM), the properties of the thin films when lead

is replaced by tin are reported. The simulation run for the case of MAPbI,

is reported, where Vo.— 0.856V, Jo. — 25.65 mA cm™ 2, FF — 86.09%, and

ETA = 18.91%, and for MASnl; V.= 0.887 V, J,.— 14.02 mA cm 2, FF — 83.72%,
and ETA = 10.42%. In perovskite-based devices using MASnl, as absorber, it was
found to be more stable despite of its lower efficiency, which could be improved by
enhancing the bandgap alignment of MaSnl,. The results of this paper also
allow the development of a new, reliable production system for PSCs.

various low-cost techniques have been used.
Among these techniques, spin coating with
one-step process is usually used as it is easy
to control and quick to produce.** Also, the
two-step process is widely used due to its
ease of control for the preparation of perov-
skite thin layers.|! Other PSCs” manufactur-
ing techniques are the two-step vapor-
assisted deposition, which is advantageous
for controlling the thin film morphology,
thickness, and grain size, M and thermal
vapor deposition normally used to manufac-
ture films with consistent thickness.
Indeed, the highest conversion efficiency
in PSCs is reached when MAPbDI; is used
as an absorber. Moreover, the content of lead
(Pb) in the material may lead to a dramatic
aftereffect on human health caused by its tox-
icity. This is why the required study of substi-
tuting the lead in MAPbI; by tin (Sn) is
highly suitable and must be done. In the arti-

1. Introduction

Perovskite materials possess excellent optical and electrical prop-
erties, such as a direct bandgap ranging from 1.5 to 2.3 eV and the
potential to transport electrons and holes." For manufacturing
perovskite thin films with good morphology and high quality,
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cle, we report on the influence on the growth

of film nucleation and stability of the solar
device based on MASnI; perovskite (instead of MAPbI; absorbers),
having elaborated both absorbers with the same one-step deposition
technique. This technique exhibits wide-scale manufacturing for
PSCs with high performance. Typically, the fabrication of the device
is associated with the regulation of the surface shape and the capa-
bility to be developed scaled-up. The surface morphology has shown
to be highly controllable and that it is the primary factor influencing
the efficiency of PSCs. For this reason, many techniques and treat-
ments for PSCs have been revised to improve the surface unifor-
mity and the perovskite crystal formation.

In this work, we looked at the impact of replacing Pb by Snon
the properties of perovskite MAPDI, thin film. We report com-
plex changes of the device by observing the morphology and the
composition of the films. The obtained perovskite devices were
characterized by Xeray diffraction (XRD), scanning electron
microscopy (SEM), atomic force microscopy (AFM), transmis-
sion electron microscopy (TEM), photoluminescence (PL), and
UV-vis absorption analysis to inquire into the electrical and opti-
cal properties of the deposited films and the performance of solar
cells which were estimated by SCAPS simulator.

2. Perovskite Manufacture

Perovskite absorbers ABX;, where A = methylammeonium (MA),
B = (Pb or Sn), and X =Iodide (I), were manufactured employ-
ing different materials purchased from Sigma-Aldrich and Alfa

@ 2022 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH
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Chapter 7: Conclusion

General conclusion

At the end of each article there is the corresponding specific conclusion. Here, the general
conclusions of the research are presented.

1.

Characterization techniques have been fundamental for deep study of the
optoelectronic properties of the thin films. X-ray diffraction technique made
possible to study the presence of perovskite material in the samples and
demonstrate the crystalline structure. UV-visible absorption and
photoluminescence analysis are both important characterization techniques to
evaluate the optoelectronic properties and light absorption coefficient of the
devices. AFM and FE-SEM analysis techniques are also fundamental
understanding the morphology of the grains the surface of the films.

SCAPS-1D simulation work is remarkable in the investigation of solar cells
materials as it makes possible to calculate the fundamental parameters of a solar
device regarding the composition choice for the absorber layer.

The use of doping with certain materials demonstrated to increase the stability of
the perovskite materials. Also, doping by substituting a part of Pb in the
composition of the perovskite leads to a less toxic device.

The importance of the manufacturing process is decisive in technology of solar
cells and the proper commercialization of perovskite solar cells. The synthesis of
the films requires, therefore certain features such ease of fabrication and low-cost
techniques. During the manufacture, the step of the antisolvent addition can
influence the properties of the solar device

Techniques for enhancing the stability of the perovskite solar cells have a direct
influence in the growth of the film nucleation and light absorption. However, loss
of efficiency will ideally be insignificant.

Suggested further studies

Further studies are required for the technology of hybrid perovskites. It has been
demonstrated in numerous studies that HOPs have great potential for solar cell
applications. However, we are still facing several challenges, such as stability and
toxicity, that hopefully will be overcome. Composition and manufacture of the films is
determinant for proper research in the matter, and thus, obtaining good performance of
solar cells. Inkjet printing is an emerging technology that allows to control easily all the
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parameters regarding the synthesis process. Also, it is probably the technology that will
make possible the scale up of the devices warranting a low cost of fabrication.

In summary, the work can be continued implementing the innovative technique of the
inkjet printing in the manufacture of solar cells and testing many other compounds
involved including doping, mixed perovskites, antisolvent engineering, etc.
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