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“For a successful technology, reality must take precedence over public rela-
tions, for Nature cannot be fooled.”

Richard P. Feynman
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Abstract

Halide perovskite solar cells (HaPSCs) have become one of the leading can-
didates for the production of next generation photovoltaic devices. However,
commercialisation requires them to meet stringent demands in terms of per-
formance, safety and longevity. The intrinsic stability of halide perovskites is
known to be closely related to defect chemistries occurring within them since
some defects can participate in, or initiate, degradation processes. Moreover,
some common defects in these systems create electronically active shallow
trap states, which can influence key processes such as charge transport and
recombination - making them key in determining device performance.

Solvent engineering has gained relevance as a technique for controlling
the crystallisation of halide perovskite thin films, leading to experimentally
observable improvements in crystal quality and stability as well as mean-
ingful reductions in defect densities. Despite substantial recent efforts into
developing HaPSCs, the performance and stability of wide-bandgap com-
positions has lagged behind those suitable for single-junction devices. The
aim of this thesis is to address this problem by developing experimental
techniques for improving mix-halide inorganic perovskites.

Although solvent engineering can introduce, reduce or passivate elec-
tronically active defects (dopants) in halide perovskites, there have been
relatively few investigations into the physics occurring in doped systems.
Moreover, the active chemistries in these systems, which are still under in-
vestigation, can result in transient behaviours or the activation of complex
processes - complicating experimental efforts. In this thesis, these problems
are overcome by employing computer simulations to investigate the origin
and factors giving rise to optimal doping levels in HaPSCs.

This doctoral thesis is made up of three articles which have been pub-
lished in indexed journals. Two of these develop experimental techniques for
controlling the film crystallisation and stability of wide-bandgap perovskites.
The third article investigates the role of electronic dopants in determining
device performance, and how they may be harnessed to produce superior
HaPSCs. Together, these results generate new insights and provide tech-
niques for experimentalists working with high performance devices.
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Resumen

Las células solares de perovskitas de haluros (HaPSC) se han convertido en
uno de los principales candidatos para la produccién de dispositivos foto-
voltaicos de nueva generacién. Sin embargo, su comercializacién exige que
cumplan estrictos requisitos de rendimiento, seguridad y longevidad. Se sabe
que la estabilidad intrinseca de las perovskitas de haluro estd estrechamente
relacionada con la quimica de los defectos que se producen en su interior,
yva que algin defecto puede participar o iniciar procesos de degradacién.
Adems4s, algunos de los defectos més comunes en estos sistemas crean es-
tados de trampa poco profundos y electronicamente activos, que pueden
influir en procesos clave como el transporte y recombinacién de cargas, lo
que los convierte en fundamentales para determinar el rendimiento de los
dispositivos.

La ingenieria de disolventes ha cobrado importancia como técnica para
controlar la cristalizacion de peliculas delgadas de haluros de perovskita, lo
que ha dado lugar a mejoras experimentalmente observables en la calidad
y estabilidad de los cristales, asi como a reducciones significativas en las
densidades de defectos. A pesar de los importantes esfuerzos realizados
recientemente para desarrollar las HaPSC, el rendimiento y la estabilidad de
las composiciones con bandas prohibidas anchas han quedado rezagados con
respecto a las composiciones para los dispositivos de unién tinica. El objetivo
de esta tesis es abordar este problema desarrollando técnicas experimentales
para mejorar las perovskitas inorganicas de haluros mixtos.

Aunque la ingenieria de disolventes puede introducir, reducir o pasivar
defectos electrénicamente activos (dopantes) en las perovskitas de haluro, se
han realizado relativamente pocas investigaciones sobre los procesos fisicos
que se producen en los sistemas dopados. Ademds, las quimicas activas
de estos sistemas, que aun se estan investigando, pueden dar lugar a com-
portamientos transitorios o a la activacién de procesos complejos, lo que
complica los esfuerzos experimentales. En esta tesis, estos problemas se su-
peran empleando simulaciones por ordenador para investigar el origen y los
factores que dan lugar a niveles 6ptimos de dopaje en las HaPSCs.

Esta tesis doctoral se compone de tres articulos que han sido publicados
en revistas indexadas. Dos de ellos desarrollan técnicas experimentales para
controlar la cristalizaciéon de la pelicula y la estabilidad de las perovskitas

vii



de bandas prohibidas anchas. El tercer articulo investiga el papel que de-
sempenan los dopantes electrénicos en el rendimiento de los dispositivos y
cémo pueden aprovecharse para producir HaPSC superiores. En conjunto,
estos resultados aportan nuevos conocimientos y técnicas a los experimen-
tadores que trabajan con dispositivos de alto rendimiento.
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Resum

Les cel-lules solars de perovskita d’halur (HaPSC) s’han convertit en un dels
principals candidats per a la produccié de dispositius fotovoltaics de nova
generacié. Tanmateix, la seua comercialitzacié requereix que compleixen
exigencies estrictes en termes de rendiment, seguretat i longevitat. Se sap
que 'estabilitat intrinseca de les perovskites d’halur esta estretament rela-
cionada amb les quimiques de defectes que es produeixen dins d’elles, ja que
algun defecte pot participar o iniciar processos de degradacié. A més, al-
guns defectes predominants en aquests sistemes creen estats de trampa poc
profunds i electronicament actius, que poden influir en processos clau com
el transport i la recombinacié de carregues, fent-los clau per determinar el
rendiment dels dispositius.

L’enginyeria de dissolvents ha guanyat rellevancia com a tecnica per con-
trolar la cristal-litzacié de pel-licules primes de perovskita d’halur, donant
lloc a millores experimentalment observables en la qualitat i ’estabilitat
dels cristalls, aixi com a reduccions significatives de la densitat de defectes.
Malgrat els esforcos recents substancials per desenvolupar les HaPSC, el
rendiment i I'estabilitat de les composicions de bandes prohibides amples
s’han quedat per darrere de les adequades per a dispositius d’unié tnica.
L’objectiu d’aquesta tesi és abordar aquest problema mitjancant el de-
senvolupament de tecniques experimentals per millorar les perovskites in-
organiques d’halur mixtos.

Tot i que I'enginyeria de dissolvents pot introduir, reduir o passivar de-
fectes electronicament actius (dopants) en perovskites d’halur, hi ha hagut
relativament poques investigacions sobre els processos fisics que es pro-
dueixen en sistemes dopats. A més, les quimiques actives d’aquests sistemes,
que encara s’estan investigant, poden donar lloc a comportaments transitoris
o a ’activacié de processos complexos, cosa que complica els esforcos exper-
imentals. En aquesta tesi, aquests problemes es superen mitjancant 1'is de
simulacions per ordinador per investigar I’origen i els factors que donen lloc
a nivells optims de dopatge en les HaPSC.

Aquesta tesi doctoral esta formada per tres articles que s’han publicat
en revistes indexades. Dos d’aquests desenvolupen tecniques experimentals
per controlar la cristal-litzacié de la pel-licula i ’estabilitat de les perovskites
de bandes prohibides amples. El tercer article investiga el paper que tenen

ix



els dopants electronics a I'hora de determinar el rendiment dels dispositius i
com es poden aprofitar per produir HaPSC superiors. En conjunt, aquests
resultats generen noves idees i proporcionen tecniques per als experimenta-
dors que treballen amb dispositius d’alt rendiment.
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Chapter 1

Introduction

1.1 The Climate Crisis

Human-induced climate change poses an imminent threat to humanity and
ecosystems around the world. Evidence of this threat can be seen in the
increasing species extinction rates, the proliferation of animal and plant
diseases, global-scale ecosystem degradation and the deterioration of key
ecosystem services [1]. Concurrently, climate change-induced forces threaten
basic human needs, with roughly half of Earth’s population now experiencing
severe water scarcity at least one month per year and 30% of global crop and
livestock areas predicted to become unsuitable by 2100 [2]. Climate change
has also adversely affected human health - both physically and mentally -
globally, with a predicted 250,000 deaths per year attributable to climate
change, by 2050 [3]. The mounting evidence has led to climate change being
identified as the problem of the century, with the livelihoods of many species
hinging on a successful Green Energy Transition.

Large-scale greenhouse gas emissions are the primary driver of human-
induced climate change. These gases absorb terrestrial radiation, some of
which is re-emitted towards Earth’s surface. In 2021 record concentrations
of CO2, CHs and N2O (a.k.a. “The Big Three”) were broken [4]. This
contributed towards the hottest day and month, since records began, that
occurred in June 2023 [5]. In 2019, 77% of the EU’s greenhouse gas emissions
came from energy production [6], demonstrating the urgent need for large-
scale deployment of renewable energy sources. Photovoltaic (PV) and wind-
based systems are predicted to become the leading sources of electricity
globally, with each generating over 23000TWh yearly by 2050, a number
equivalent to about 90% of worldwide electricity production in 2020 [7].

PV systems are one of the most promising solutions for sustainable elec-
tricity production due to their reliability and low-cost [8]. In 2021, the
total value of PV-related trade reached USD 40 billion [9] — and this is
only projected to increase further [10]. As it stands, more than 95% of
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global production is based on crystalline silicon (c-Si), with cadmium tel-
luride (CdTe) and other PV technologies making up the rest [8, 9]. The c-Si
market domination originates from a culmination of desirable properties,
such as the abundance and nontoxicity of silicon, as well as due to circum-
stantial reasons such as the early invention and the parallel development of
the microelectronic industry [11]. Although ¢-Si has become the workhorse
of the PV industry, c-Si solar cells have several drawbacks including their
indirect bandgap and energy intensive production. In 2021, an estimated
100TWh of energy was used for making c-Si modules which is comparable to
the total energy demand of Croatia during the same period [9]. This energy
demand is driven by the complex production steps in extracting and refining
PV-grade silicon [12]. Recently, a high reliance on a small number of inter-
continental supply chains, raw material costs, supply issues and end-of-life
management of c-Si solar cells have all become crucial problems to address.

One particularly concerning problem is the large quantities of PV panels
that will be decommissioned in future years, projected to be 8 million tonnes
globally by 2030 [13]. Currently, recycling capacity is unable to meet this
demand [14] or recover all components efficiently [15], meaning that tech-
nologies which address this problem, including alternative more-recyclable
PV materials, are urgently needed.

Another pressing matter is related to production inputs, with raw ma-
terials making up 35-50% of the total c¢-Si module cost in 2021 [9]. The
demand for raw materials is set to experience unprecedented growth due
to the burgeoning PV industry. Mining projects tend to have long lead
times, which can cause supply and demand mismatches. By 2050, the PV
industry’s demand for silver is set to exceed the total production of silver
in 2020 by almost 30% [7]. The production of polysilicon, which is a high
purity form of polycrystalline silicon, has also caused bottlenecks in ¢-Si PV
production several times, both in 2015 and in 2021, leading to polysilicon
prices quadrupling to around USD 35/kg in the last quarter of 2021 [9]. To
make the Green Energy Transition as robust as possible it would be better
to have a selection of other economically viable inputs which would likely
involve the large-scale deployment of alternative PV materials. c-Si raw
material production is also primarily controlled by one country, which also
plays the leading role in all stages of ¢-Si solar cell production [9]. This can
leave import-reliant countries, such as the EU, USA and India, susceptible
to price hikes or stock shortages, planned or otherwise.

In China, extensive state-backed investments and subsidies have led to
the continual reduction of costs and the establishment of robust systems
benefiting from economies of scale. Nowadays, one out of every seven panels
produced worldwide is manufactured by a single Chinese facility [9]. While
not inherently bad, unforeseen events, such as COVID-19 and Ukraine war,
have shown the potential to create supply chain issues which could threaten a
successful Green Energy Transition. The EU has recently introduced several
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programs to mitigate these supply chain vulnerabilities, such as the Euro-
pean Commission’s Net-Zero Industry Act and the European Solar Manufac-
turing Council’s REPowerEU. These programmes aim to create new supply
lines closer to large-scale PV centres in the EU, increasing the EU’s energy
security and reducing demand on a small number of intercontinental distri-
bution chains associated with purchasing c-Si PV panels from China. Supply
chain diversification has the potential to both make the Green Energy Tran-
sition more robust and reduce transport-associated emissions. However, to
create startups that are competitive with China, novel and disruptive tech-
nologies are needed.

PV manufacturing capacity by country and region, 2021
100% S — i

80%

I

60%

40%

20%

0% T T T T
Demand Modules Cells Wafers Polysilicon

China ® Europe NorthAmerica ® APAC India Rest of World

Figure 1: The global demand of crystalline silicon solar cells compared to
the location of the production steps required to make them [9].

Third generation PV technology, previous generations being wafer-based
and thin film-based c-Si respectively, is based on a large range of advanced
thin films. These include hot carrier cells [16, 17], quaternary copper com-
pounds [18, 19], dye-sensitized solar cells [20], plasmonic metal nanostruc-
tures [21], and quantum dots [22], among others [23, 24]. In contrast to
c-Si, many of these materials have direct bandgaps which mean that solar
cell mass can be significantly reduced. Thin films also allow for novel PV
applications such as flexible solar cells [25].

One material class that has gained a particularly large amount of interest
are metal halide perovskites (HaPs), which offer comparable performance to
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c-Si solar cells [26], but at lower costs [27] and with all the advantages that
thin film technologies bring. They offer competitive performance in both
single-junction architectures, where the HaP absorber layer is sandwiched
between two selective contacts, and multi-junction architectures, where mul-
tiple single-junction devices are stacked on top of each other in either a two-
terminal or four-terminal configuration. While single-junction halide per-
ovskite solar cells (HaPSCs) are already finding their way on to the market
for niche applications, such as Saule Technologies solar blinds and electronic
shelf labels, there are many companies who believe that perovskite-silicon
tandem solar cells hold the key to a new range of highly efficient and inex-
pensive solar panels. This year, several groups reported perovskite-silicon
tandems with power conversion efficiencies superior to 30% for the first time,
making them become the most efficient non-concentrator two-junction solar
technology [26]. Rather than trying to disrupt the status quo, perovskite-
silicon tandems consist of adding a HaPSC onto the c-Si passivated emitter
and rear contact (PERC) cells which now dominate the market [28], meaning
that they can build upon an already well-developed technology.

HaPSCs are built from abundant raw materials and, while further re-
search is needed, they appear to be straightforwardly recyclable [29]. Lead-
ing HaPSC producers, such as Oxford PV, are also already establishing
production centres in the EU and US. For these reasons, HaPSCs appear
likely to play an important role in the Green Energy Transition, and the
fight against human-induced climate change, which will define the future of
our planet.

1.2 Halide Perovskite Solar Cells

1.2.1 Perovskite structure and properties

The origins of the perovskite material family can be traced back to the
discovery of CaTiOs in 1839 [30]. However, it was only a century later
when Goldschmidt published his work on tolerance factors [31], and barium
titanate’s crystal structure was measured [32], that the modern basis for the
perovskite material family was laid. Nowadays, perovskites are defined as
a class of crystalline materials with the chemical formula AT BT22 (X™1)3.
We will consider the case n = 1, meaning that A and B are monovalent and
bivalent cations, and X is an oxide or halide. However, the initial perovskites,
such as calcium CaTiOgz, had n = 2 and the X-site was occupied by oxygen.

The perovskite structure is composed of eight corner-sharing octahedral
units BXg, with an A-site cation sitting between them. In the ideal case,
seen in Figure 1, this results in a cubic crystal structure. However, more
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Figure 2: Cubic perovskite structure with the chemical formula ABX3 [33].

generally, the formability and phase structure of a perovskite crystal de-
pends on the sizes of the constituent cations and ions. This was first shown
by Goldschmidt who introduced the semi-empirical tolerance factor a for
predicting structure-type based on ionic size mismatch [31]

o = w) (1.1)

\/5(7‘ B+T X)

Where r4, rg and rx refer to the ionic radii of the A- and B-site cations
and the X-site halide, respectively. Cubic perovskites tend to form for values
of a between 0.9-1, whereas decreasing the A site cations size tends to result
in a distortion of the lattice for values of a between 0.8-0.89 [34]. These
distorted structures are better classified using the concept of octahedral
tilting [35]. When the A-site cation is too small to fill the cavity between
the BXg octahedral units, the octahedra themselves may rotate in order
to maintain connectivity. These rotations can be categorised as “in-phase”
or “out of phase” depending on whether or not the rotation direction is
consistent between different layers.

On the other hand, if the A-site cation is made too large for the cavity
between the BXg octahedral units, hexagonal structures tend to form with
layers of face-sharing octahedra for values of o larger than 1. This is the basis
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of low dimensional HaPs, in which the three-dimensional lattice is broken
into two-dimensional sheets, wires or dots of BXg octahedra surrounded by
insulating organic layers [36, 37].

\v/

Figure 3: Comparison of 3D, 2D, 1D and 0D halide perovskites [36].

Due to the large range of suitable cations and anions, many intriguing
and rich properties have been discovered taking place within perovskites, in-
cluding colossal magnetoresistance [38], piezoelectricity [39, 40], large dielec-
tric constants [41], ferroelectricity [42], spin-dependent charge transport [43],
the thermoelectric effect [44, 45], and superconductivity [46].

Recently, metal halide perovskites (HaPs) have been identified for their
useful optoelectronic properties, including direct bandgap, high absorption
coefficient and low binding energies [47, 48]. For solution-processed semicon-
ductors they also show unexpectedly low defect densities [49], large carrier
diffusion lengths [50, 51] and suitable mobilities [52]. Many of these proper-
ties originate in the low bond energies found in these systems, which result
in dynamical properties of the ionic HaP lattice which are very different
from other high-quality inorganic semiconductors [53].

Defects and ions are known to be mobile in HaPs, leading to a range of
electric, photoelectric and structural phenomena. There have been several
reports of slow dynamic processes in HaPSCs, which which could be indica-
tive of an accumulation of mobile ions under external electrical bias [54, 55].
Several studies have suggested that mobile ion migration and redistribution
near device interfaces can lead to anomalous phenomenon, such as hystere-
sis [56, 57] and the poor stability of HaPSCs [58, 59]. While mobile ions
can lead to current-voltage hysteresis and cause stability issues, they are
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also able to passivate defects and interfaces in HaPSCs, leading to improved
carrier transport and collection [60] which can improve performance under
illumination [61].

Lattice dynamics are also connected to the significant anharmonic effects
which occur in HaPs at room temperature [62-65]. This has led to strong
electron-phonon interactions being proposed as the origin of the unique opto-
electronic properties of HaPs [66]. Electron-phonon interactions can result in
the formation of polarons, in which charge carriers are dressed with phonon
clouds [67]. The formation of polarons can have wide-ranging effects, includ-
ing modification of carrier mobilities [68], band-edge optical spectra [53], and
carrier cooling [69] in HaPs.

The weak-bonds found in HaPs mean that HaP crystals tend to reach
an equilibrium with their environment rather quickly. This results in a set
of “self-healable” defects which improve processability via solution-based
methods [70-73]. On the other hand, it is also at the heart of the short
operational lifespans of HaPSCs, since weak-bonds provide small energy
barriers to HaP phase decomposition.

These phenomena have led to a veritable research frenzy into the use of
HaPs as emittors [51, 74], LEDs [75-77], photodetectors [78-80], and neu-
romorphic devices [81-83]. Another particularly promising application is
their use as absorber layers in photovoltaic devices, where they have already
established themselves as the fastest growing solar technology in terms of
efficiency [26]. Simultaneously, they offer an unparalleled level of process-
ability which promises to slash current production costs [27].

1.2.2 Solar cell architecture

The first perovskite-based photovoltaic device was reported in 2009 [84].
These initial perovskite solar cells were liquid-electrolyte-based dye sensitive
solar cells, where the perovskite acted as an iodine redox couple. Using this
structure, the power conversion efficiencies reached up to 6.5% [85] however
they suffered poor device stability. It was the discovery of “mesoscopic”
cells, in 2012 [86, 87|, which provided the groundwork for modern high-
performance devices. These devices did away with liquid electrolytes and
adopted a mesoporous electron transport layer which offered both higher de-
vice stability and improved performance. Soon after this, the first planar ar-
chitectures were developed in which no mesoporous scaffold was used [88, 89].
These devices had simpler structures, which led to the cost and complexity
of HaPSC production falling steeply [27].
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Figure 4: Evolution of HaPSCs. (a) Meso-structured devices inspired by
dye-sensitized solar cells. Perovskite acts as the electron conductor. (b)
Meso-scopic devices where TiOso scaffold is infiltrated by the perovskite,
which acts as an electron and hole conductor. (c) Planar hetero-junction
devices. [90].

In planar configurations a thin transparent conductive oxide (TCO), de-
posited on glass, is used a substrate. Upon this, an intrinsic layer of semicon-
ducting HaP (7) is placed, sandwiched between an n-type electron transport
layer (ETL) and a p-type hole transporting layer (HTL). Depending on the
polarity of the front-facing charge transport layer, a device is called regular
or n —1 — p, if the HaP is deposited onto the ETL, or inverted, or p — ¢ — n,
if it is deposited on the HTL. For regular architectures, the purpose of the
ETL is to act as a selective contact by extracting electrons from the HaP
absorber while providing an energy barrier to block hole transport. The
ETL also improves contact between the HaP and the electrode and acts as a

8
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nucleation site for perovskite crystal growth [91]. Similarly, the HTL serves
as an energy barrier to block electron transport, preventing photo-excited
electrons in the HaP recombining with holes in the metal contact. It also
improves the contact between the HaP and the electrode, and can serve as a
moisture-resistant layer or metal ion diffusion barrier, leading to improved
device stability [92].

Regular configuration (n-i-p) Inverted configuration (p-i-n
P P
[ Contacts | [ Contacts |
Compatible HTL : Contacts: Compatible ETL :
+  Spiro-OMeTAD + Gold + PCBM
+ Cul + Silver v Cg
* CuSCN * Carbon + CrO,
Compatible ETL : ICO: Compatible HTL :
. TiO, + Indium tin oxide + N0,
+ $n0, . F.}uorir.le-doped « Cu,0
« ZnO tin oxide « PEDOTPSS
(Glass (>2mm) (Glass (>2mm)
; ¢
hv ¢ hv ¢

Figure 5: HaPSC stucture and components, with approximate thickness
given. The contacts and TCOs used in both architectures are the same,
however only some HTLs and ETLs are compatible with certain device con-
figurations.

The heart of the HaPSC is the HaP layer itself, which is where the
photo-excited carriers are generated. In planar structures, the HaP layer
plays the role of both electron and hole transport material due to its am-
bipolar semiconducting nature [90]. Initially, all HaPSCs were based on
methylamonium lead triiodide CH3NH3Pbl3 [84], also known as MAPDI;,
where MAT=CH3NH;3. However, in the search for HaPSCs with better per-
formance and durability, other compositions have now been explored. The
main constraints placed on these efforts is that the constituent parts of the
HaP composition should be compatible in terms of electronic configuration
and ionic radii. So far, two other cations which are able to form cubic
perovskite structures at room temperature have been discovered, namely
caesium Cs' and formamidinium FAT= CH(NHj)y".

Spin-coating is the most common way of producing HaPSCs in labo-
ratory environments due to its versatility, ease of use and the high con-
trollability it offers over film thickness and crystal growth. An overview of
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the spin coating technique is provided in “Methods”, Section 1.3. While
it is often used for deposition of the HaP film, it is also capable of pro-
ducing high quality ETLs, such as TiOy and SnO2, and HTLs, including
spiro-OMeTAD, PEDOT:PSS and PCBM. This means that apart from the
deposition of electrical contacts, which is usually carried out using a ther-
mal evaporation process, HaPSC devices can be made entirely using spin
coating.

1.2.3 Open questions

Research efforts into HaPSCs have culminated in some of the most efficient
single junction devices ever produced [26] which, combined with their low
production costs [27, 95, 96], is piquing the interests of entrepreneurs around
the world and driving HaPSCs towards large-scale commercialisation. How-
ever, there are several points of contention that ought to be resolved before
large-scale deployment can take place. These include questions about de-
vice stability and toxicity, as well as the means of producing HaPSCs at an
industrial scale.

Upscaling technologies

Currently, the upscaling of HaPSCs from small cells to large modules is
one of the biggest bottlenecks in large-scale deployment efforts [97]. His-
torically, all record-breaking efficiency devices have had small active areas
of < 0.1cm? [26], which reflects the fact that it has become standard prac-
tice in most research labs to use small cells and measurement conditions
which may not accurately represent deployment conditions. The PCE of
large devices, with active areas > 10cm?, tends to lag behind record effi-
ciencies by up to 10% [98, 99], although significant progress has been made
recently [100]. This is largely due to the widespread use of spin coating which
while valuable as a platform for investigating the chemistry and physics of
HaP thin films, is unsuitable for producing large substrates [101]. For this
reason, in recent years a large effort has been made to develop other de-
position techniques such as spray coating [102], blade-coating [103], ink jet
printing [104], vacuum flash-assisted methods [105], chemical vapour deposi-
tion [106], co-evaporation [107] and slot die coating [108]. Moreover, several
of these methods have been shown to be compatible with roll-to-roll pro-
duction [109-111]. This combined with competitive device performance has
led to cost analysis suggesting that HaPSC manufacturing may already be
economically feasible using current technologies [95, 96].

Toxicity

Another subject of concern is the toxicity of HaPSCs and their potential
impact on humans and ecosystems. High-performance devices tend to be
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lead-based [46, 112-114] which is highly toxic to most living creatures [115].
Upon contact with water, hybrid-perovskites convert to Pbly, a carcinogen,
which is banned in many countries [90]. Occupational and environmental
exposure to lead can cause neurological deficiencies, reproductive defects,
genotoxicity, seizures, and death [116, 117]. The main solution proposed
by the scientific community has been to try to replace lead in HaPSCs with
other elements [118-122]. However, until now, lead-free devices tend to yield
unsatisfactory performances, with the best results coming from tin-based
HaPSCs [123-125].

While the biological half-life of tin is lower than lead [126], tin’s nontox-
icity is far from proven. This was highlighted by the World Health Organ-
isation in 2005 when they published a chemical assessment of tin and inor-
ganic tin compounds [127]. More recently, Babayigit and coworkers found
that degradation by-products of tin-based HaPSCs were more lethal to ze-
bra fish than lead-based ones, which they attributed to a higher propensity
for Snls to decompose to HI, leading to acidification of the marine environ-
ment [128]. Some authors argue that producing non-toxic HaPSCs is a com-
plex problem, and that fail-safe encapsulation of devices will be critical in
initial commercialisation efforts [129]. This argument can be seen yet again
when considering that attempts to create lead-free HaPSCs with efficiencies
comparable to record devices has until now been unsuccessful [130, 131].
The propensity of Sn?* to oxidise [45, 132, 133] also aggravates the already
difficult problem of making stable HaPSCs.

Long-term stability

The inherent instability of HaPSCs under operating conditions remains a
major obstacle to their widespread commercialisation [134-136]. Although
an increasing number of devices are reported to take more than 1000 hours
for cells to drop to 95% of their original power conversion efficiency [137—
141], lifespans of HaPSCs remain short, especially when compared to con-
ventional c-Si solar cells [142].

The instability of HaP-based devices is widely accepted to originate
in the HaP layer itself [137, 143, 144]. For PV applications, the desired
perovskite phases are either volatile or metastable at room temperature,
meaning that they are in a constant process of degradation. The rate of
degradation depends on a range of factors, including ion and cation diffu-
sion coefficients, lattice strain, defect type and density, material composi-
tion, as well as environmental conditions. HaP films are especially sensitive
to the latter, some of which can rapidly induce or catalyse degradation,
and include the presence of moisture, oxygen, UV light, elevated tempera-
tures [135-137, 143-145].

In this section, the primary degradation mechanisms occurring in the
prototypical HaP, MAPDbI3 are reviewed and compared with analogous pro-
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cesses in other HaP compositions. This decision was taken, in spite of
the fact that the publications making up Chapter 2 are centred on mix-
halide caesium-based HaPs, due to the extensive literature available on
MAPDI3. This means the well-established degradation mechanisms occur-
ring in MAPDbI3 can be used to provide context to those occurring in caesium-
based HaPs which have been less studied. It also highlights the superior in-
trinsic stability of bromine-heavy caesium-based HaPs which was important
in their identification as subject of investigation in Chapter 2.
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Figure 6: Degradation mechanisms that occur in methylamonium lead tri-
iodide upon exposure to different external stimuli [134].

HaP films are known to become Pbls in the presence of humidity and this
becomes increasingly problematic when considering the hydroscopic nature
of the constituent cations [146]. Furthermore, Pbly can decompose leading to
a loss of halides. MAPDI; is thought to degrade to its precursor components
via the following chemical reactions [147]

CH3NH3PbIg -~ Pb[Q(S) + CHgNHgI(aq) (1.2)
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CH3NH;I(aq) < CHsN Hy(aq) + HI(aq) (1.3)
4HI(aq) + O2(g) < 215(s) + 2H20 (1.4)
2HI(aq) & Hy + Iy (1.5)

Leading to the production of hydrogen and iodine which can go on to
initiate further degradation pathways [148, 149]. Alternatively, if the de-
vice is poorly encapsulated, these gases can escape making the process irre-
versible. Similar degradation products are thought to result from an alterna-
tive moisture-induced degradation pathway [150]. While similar degradation
processes are thought to occur in MAPbBrs [151] and formamidinium-based
perovskites [152], moisture induced-degradation appears to be reversible for
inorganic caesium-based HaPs [153]. In fact, exposure to low levels of humid-
ity can even improve the crystalline quality of CsPbBrj [154]. The improved
moisture-tolerance provided by caesium may be related to water lowering
the free-energy barrier to phase nucleation in these systems [155].

In the presence of oxygen, moisture can result in rapid degradation of
organic-inorganic HaPs. Equation 1.4 shows how the reaction of HI with
O2 results in the release of water, triggering a chain reaction of further
degradation. While this process cannot occur in caesium-based HaPs, since
they do not dissociate into HI, there is both experimental [156, 157] and
theoretical [158] evidence to suggest that HaPs may be unstable in dry
environments when exposed to oxygen. To model this the following oxygen-
induced degradation process has been proposed for MAPbI3 [159]

1 1 1
CH3NH3PbIg+ZOQ(g) = §HQO+CH3NH2(GQ)+Pb[2(s)+§fg(s) (1.6)

This leads to the release of water, methylamine, and the formation of
Pbls and iodine. As in the case of moisture degradation, iodine may initiate
further degradation [148, 149] and these volatile species may irreversibly
escape if there are leakages in the device encapsulation. Simultaneously,
Pbly may be able to further react with oxygen and form PbO [158]. The
release of water also induces degradation via equation 1.2. These oxygen-
induced degradation pathways also appear to be present in other HaPs,
however at a slower rate [160]. That said, these reactions may only be
kinetically favourable under illumination where phase degradation is thought
to involve reactive intermediate superoxide species [160].

Photo-stability is understandably a key property for materials aiming to
harness energy from the Sun. While HaP films tend to be relatively stable
under illumination in the glove box, photo-induced degradation has been
shown to be unavoidable under operating conditions [161]. Although there
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have been numerous reports of HaPs degrading under illumination [162-164],
the atomistic origin of this behaviour has not yet been fully understood. One
possibility is that illumination results in an enhanced chemical potential of
the halogen, resulting in a driving force for iodine flux towards the outer gas
phase or to a sink [165]. Others have suggested that photo-induced degra-
dation of HaPSC is mainly caused by the interface between the contacts and
the transport layers [166]. There is also evidence that high-energy radiation
can drive the dissociation of organic cations into mobile species which can
diffuse out of the film [167].

Due to the volatile nature of some HaP components, elevated tempera-
tures can also exacerbate film instability. While the volatility of iodine can
be problematic for all HaPs, the intrinsic instability of MAPbI3 is primarily
related to volatility of the organic cation at operating temperatures [158].
On the other hand, as a consequence of both the low volatility of caesium
and its inability to dissociate into other species, caesium-based perovskites
show exceptional temperature stability [137, 168].

1.2.4 Outlook

Device lifespan, toxicity, and production methods are some of the most
prominent factors on which HaPSC commercialisation depends. Recently,
the latter has become less prominent due to steady progress and the de-
velopment of new deposition methods [169-171]. That said, stability and
toxicity remain key issues to be addressed. The development of high-quality
fail-safe encapsulation appears to be one of the most promising solutions to
date, since it simultaneously protects devices from ambient conditions [172]
and contains possible leakages [173]. Aside from proper device encapsula-
tion [174], the implementation of protective [175] and 2D perovskite capping
layers [176] has also shown to be effective in combating against moisture-
induced degradation. That said, there are some shortcomings with respect
to relying on encapsulation only since it cannot offer protection against el-
evated temperatures, UV radiation or the thermodynamic instability of the
HaP layers. To counter these, the intrinsic stability of HaPs must be im-
proved.

A range of prominent experimental strategies have been developed for
passivating harmful defects in HaP films, including antisolvent engineer-
ing, additive engineering, compositional engineering, and interface engineer-
ing, as well as the optimisation of the solvent type or the inclusion of co-
solvents [177]. All these techniques fall under the umbrella term of “solvent
engineering”, which refers to the set of processing techniques that are used
to improve HaP film quality during solution-based deposition [101]. Optimi-
sation of these parameters is critical since they affect the deposition process,
modify the drying of the film, and can impact crystallisation and nucleation
processes.
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In this section, three subjects are treated which are related to the pub-
lications that make up this thesis. Two of these, namely compositional
and antisolvent engineering, were used to modulate the crystal growth of
CsPblBrs during a one-step spin coating process. The third section gives an
overview of intrinsic defect states in HaPs which govern device stability and
performance. This lays the groundwork for simulation-based investigations
into these systems which are presented in Chapter 2.

Compositional Engineering

Compositional engineering has become one of the primary techniques for
improving HaPSCs. This is due to the range of properties found in HaPs and
the ease with which different compositions can be alloyed together, making it
possible for traits to be selectively engineered [101]. In this section, possible
candidates for each site in the ABX3 HaP chemical formula are presented,
as well as the traits which can be tuned.

Organic Cation A

(Band gap tuning,
ility and

Halide Anion X
Stability, Absorption
coefficient and
Toxicity)

(Band gap tuning,

Al ption

coefficient )

Figure 7: Properties that can be compositionally engineered into ABXj3
perovskites by site [178].

HaPs tend to have low-, room- and high-temperature phase transitions
corresponding to an orthorhombic, tetragonal, cubic structure respectively
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[179]. The cubic phase, which is usually desired for photovoltaic appli-
cations, is normally formed at elevated temperatures, meaning that many
HaPs are metastable under operation conditions. One strategy to mitigate
this metastability is to alloy HaPs, since phase transition temperatures are
known to be a function of composition. For example, the phase transition
temperature of cubic CsPblz can be reduced from 310°C [180] to 130°C [181],
when iodine is replaced by bromine.

In general, inclusion of smaller halides in the X-site results in increases in
thermodynamic stability [158]. In fact, many bromide based compositions
are stable at room temperature [154, 182]. While this does not appear to be
the case for small additions of bromine, mixed halide compositions can suffer
from light-induced phase segregation [183]. In general though, the increase
in bandgap energy that occurs as iodine is replaced with smaller halides [155]
makes it more attractive, in most cases, to substitute the cation sites instead.
This is because the ideal bandgap, which maximises PCE, tends to be more
easily reached using iodine-based compositions [184]. The exceptions to this
are the HaPs used for top cells in tandem devices, in which bromine-heavy
compositions are often used in order to reach higher bandgap values.

Compositionally engineering the B-site cation is currently an active area
of research due to the toxicity of lead [124, 173]. Substituting lead for
another cation has proven difficult though since it tends to lower both device
performance and stability [173]. This may be due to the unusual defect
chemistries in lead-based HaPs being difficult to replicate with other cations
[185]. The main candidates for substituting lead in HaPs are bismuth [118-
120], germanium [121], and tin [123-125]. That said, it should be noted
that only the latter is able to form HaP structures which are suitable for
photovoltaic applications by itself, whereas the former two can be used to
make partial substitutions of lead. DFT calculations suggest that other lead-
free alternatives have indirect bandgaps and therefore exhibit inferior optical
absorption [122]. The exception to this are indium-based double-perovskite
compositions which may have optoelectronic properties which are suitable
for photovoltaic applications [122]. However, work has suggested that they
may be difficult to realise experimentally due to oxidation-reduction related
instabilities [186].

Of all the sites, the A-site cation tends to be the most flexible in terms of
compositional engineering. However, it follows from equation 1.1 that only
a subset of A-site cations can form cubic structures for a given X-site and
B-site composition. For lead-iodide based systems the tolerance factor
predicts that the Cs™ cation is too small, and the FA™ cation too large, for
the formation of a cubic structure. Although it is possible to form black cubic
CsPbls and FAPbI3 phases at room temperature [112, 137], these structures
are metastable and have a propensity to spontaneously degrade because of
their low thermodynamic stability [152, 187]. This drove the discovery of
multi-cation devices [188, 189] which are so prevalent now. Figure 8 shows
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how the alloying of FAPbIs and CsPbls, which tend to arrange themselves
in non-cubic structures at room temperature, can lead to the formation of
a stable and cubic mix-cation composition [190]. The alloying of different
cations also makes it possible to selectively engineer specific properties such
as band structure, defect chemistry or optoelectronic behaviour.

Nowadays, high performance single-junction devices tend to be based
on mixed-cation mixed-halide perovskites [113, 114], although impressive
performances have also been obtained for pure FAPbI3 [46, 112]. Important
reductions in trap density have also been obtained by alloying FAPbIs with
small quantities of Cs™ [191] or MA™ [192]. Compositional engineering of
the A-site cation has also been suggested as a way of improving stability in
the presence of oxygen.
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Figure 8: The tolerance factor a of CsPbls and FAPbI3 fall slightly outside
the optimal values for the formation of a cubic perovskite structure, but by
alloying them together it is possible to produce a cubic structure at room
temperature with superior stability [190].

Wide-bandgap perovskites, based on CsPbBrs, are some of the most
stable HaP compositions and they are gaining attention for application as
top cells in tandem devices. Unlike other HaPs, both the orthorhombic and
tetragonal phases of CsPbBrj3 are suitable for photovoltaics, as well as the
usual cubic structure [182]. This combined with the superior operational
stability of CsPbBrs [168, 193], outlined in the previous section “Long-term
stability”, has led some to question the future of organic cations [194]. The
main factor limiting CsPbBrs-based HaPSCs is their rather poor perfor-
mance which is a consequence of their large bandgaps [195]. Fortunately,
this bandgap value can be reduced through substitution of either the A- or
B-site cations, or through inclusion of iodine in the X-site. For this reason,
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mixed-halide caesium-lead perovskites have been identified as particularly
promising compositions for photovoltaic applications, and their improve-
ment is the subject of two of the articles that make up this thesis.

Before the investigations that were carried out as part of this thesis,
there were only a handful of reports focused on CsPbIBry (in contrast with
the thousands centred on MAPbI3). This, combined with its attractive in-
trinsic stability, led to the improvement of this underdeveloped composition
becoming a key objective of this doctoral thesis. The first article presented
in Chapter 2 consists of compositionally engineering CsPbIBrs by substi-
tuting small amounts of caesium with rubidium. This was based on the
fact that while rubidium has been shown to provide benefits to other HaP
systems [189, 196, 197], equivalent investigations for CsPbIBry were miss-
ing. On the other hand, the second article presented in Chapter 2 focuses
on improving CsPbIBrs film quality by developing an antisolvent quenching
technique.

Antisolvent engineering

When HaPSCs were first discovered, the deposition of uniform, compact and
pinhole-free perovskite films was a challenge [198]. Antisolvent engineering
quickly emerged as a successful technique for tackling these problems when
Jeon and co-workers demonstrated the first anti-solvent quenching technique
in 2014 [177]. Since then, antisolvent quenching has flourished as a technique
for inducing rapid and dense nucleation in spin coated perovskite films [94],
with numerous studies aiming to improve surface morphology and coverage,
enlarge grains, provide highly crystalline films, or increase phase purity.

The antisolvent quenching method consists of dynamically spin coating
an antisolvent on top of the already spinning precursor solution during the
spin coating process. The spin coating procedure is discussed in the follow-
ing “Methods” section where a schematic of the process can be found in
Figure 11. The purpose of this antisolvent, which should be a nonsolvent
to the chemical precursor, is to remove the precursor solvent and induce
rapid HaP crystallisation [199]. This is achieved by an antisolvent-solvent
interaction which creates locally supersaturated regions, resulting in crystal
precipitation. In many cases, the gradient in concentration of the solvent-
antisolvent mixture is enough to drive this process [94]. A schematic of the
process can be seen in Figure 9.

Antisolvent quenching is notoriously difficult to carry out reproducibly
due to the large number of variables which must be controlled, including
ambient conditions, material sources and apparatus used. It is also usually
done by hand, with many operators having their own technical interpretation
of what the optimal height and angle the pipette should have when the
antisolvent is ejected, as well as the force applied and the volume used.
Furthermore, the antisolvent quenching process is made more challenging by
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the small processing window (of a few seconds) for applying the antisolvent
during the spin coating programme [94].
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Figure 9: (a) Schematic representation of the antisolvent quenching method.
Addition of the antisolvent to the precursor solution results in the creation
of locally supersaturated regions leading to precipitation of the HaP. (b)
Comparison of HaP film growth between films grown conventionally, without
an antisolvent, and using the antisolvent quenching method [94].

Although antisolvent quenching is now one of the most widely used tech-
niques for producing HaP films, most reports focus on establishing empirical
links between deposition conditions and film properties. These findings have
been succinctly summarised in several reviews [94, 200, 201]. Although an-
tisolvent engineering continues to be carried out predominantly on the basis
of trial and error, a few “rules of thumb” are now known and they can be
helpful when developing an antisolvent quenching method.
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Antisolvents can be categorised into three types depending on their mis-
cibility with the precursor solvents and the solubility of the precursor compo-
nents [202]. The easiest antisolvents to work with tend to be both miscible
with the precursor solvent and unable to dissolve the perovskite precur-
sors. If the antisolvent is not miscible with the host solvent, a large quan-
tity should be applied slowly. Conversely, an antisolvent should be applied
quickly if it can dissolve the organic precursors, in order to minimize damage
to the film. These principles can be helpful when optimising the volume of,
or speed with which, the antisolvent is applied, as well as during the initial
phase of development when different antisolvents are “screened”.

Defects

The nature of solution-processed HaP films results in rapid crystal growth
at elevated temperatures, which can lead to the formation of a wide range
of defects [203]. Structural defects play a central role in determining HaP
performance and durability, since they can form initiation sites for degra-
dation [148, 149, 204] and affect key processes such as charge transport and
recombination [185, 205, 206]. Some defects also result in electronically ac-
tive trap states [207-210] whose populations depend on how the HaP crystal
is grown [185, 205]. Although passivation strategies can result in important
reductions in harmful defect densities there is a fundamental limit, imposed
by thermodynamics, on the minimum achievable defect densities in halide
perovskites — and it is non-zero. For this reason, a complete understanding of
defect chemistries and the role they play in determining device performance
and stability is crucial.

Many defect types have now been identified in HaPs, some of which can
act as p-type or n-type dopants [185, 192, 207, 211-214] leading to changes
in the doping level of HaP films [45, 132, 133, 160, 209, 215-232]. The
doping level in the HaP films is critical in determining HaPSC performance.
Electronic doping influences the electric field inside devices which can affect
key processes such as charge transportation and recombination. Moreover,
non-radiative recombination mechanisms are a function of free electron and
hole populations.

While the defect structure of MAPDbI3 has been widely studied, defect
chemistries in other compositions appear to be more complicated and fur-
ther investigations are needed. Early studies identified twelve intrinsic point
defects in the MAPbDI3 crystal structures, shown in Figure 10 (a), includ-
ing three types of vacancies (Vya, Vpp and Vi), three types of interstitials
(MA;, Pb; and L;) and six types of substitutions (MApy,, Pbya,MA;, Pby,
Inia and Ipp) [203]. More recent theoretical investigations have found sim-
ilar defect structures in other HaP compositions [192, 211, 212]. Although
DFT calculations suggest that Pb dimmers and I trimmers can give rise
to deep transitional levels within the bandgap [206], defect formation en-
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ergies suggest that the most abundant source of defects are shallow level
traps [185, 233]. This is consistent with experimental results including the
observed defect tolerance of HaPs [234] and the ability to electronically dope
them by altering growth conditions [209, 215, 217, 232]. That said, while
the dominant intrinsic dopants in organic-inorganic lead-iodide based sys-
tems depend on synthesis route [185, 192], bromine- and tin-based systems
tend towards being more p-type due to the stability of p-type defects and
self-doping mechanisms [211, 212].

Defects are often classified as either shallow or deep depending on whether
the difference 0 F between the defect’s ground state energy and the band
edges is comparable to, or larger than, the thermal energy KgT (Kg is the
Boltzmann constant and T is temperature) under operating conditions [235].
For deep level states, §E >>KgT, meaning that electrons or holes can
be trapped resulting in a decrease in carrier extraction or transport effi-
ciency [236]. On the other hand, work carried out as part of this the-
sis has shown that proper control over electronically active shallow defects
(dopants) can result in important increases in device performance [237].
These results are presented in the third article that makes up Chapter 2.
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Figure 10: Intrinsic defect diagram of MAPDI3 calculated using density
functional theory (p-type defects are shown on the left, n-type dopants on
the right) [203].

While initially p-type Vpp, and n-type MA; were expected to be the dom-
inant electronic dopants [185] in MAPbI3, experimental and theoretical work
has also highlighted the importance of p-type iodine defects [216, 238]. Re-
cent studies have found that less abundant iodine defects can act as a source
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of photochemically active deep electron and hole traps [239]. Activation
energies for ionic migration also suggest vacancy-assisted migration of io-
dide ions may be central to the observed current-voltage hysteresis and low-
frequency giant dielectric response in HaP systems [240]. Critically, these
highly mobile ions can result from moisture- and oxygen-induced degrada-
tion (equations 1.5 and 1.6) where they can subsequently go on to initiate
further degradation mechanisms [148, 149].

The decomposition of HaPs in the presence of moisture (equation 1.2)
and oxygen (equation 1.6) can also lead to the creation of intrinsic structural
defects. Volatile species can diffuse out of the films in the absence of proper
encapsulation, leading to doping of the HaP film [218]. The creation of
under-coordinated species, such as halides and Pb?*, Pb clusters or antiside
defects, such as Pbls™, can cause deep level traps [203].

While on one hand, the existence of electronically active shallow traps
has been widely reported [45, 132, 133, 160, 209, 215-232], there have
been relatively few investigations into the physics occurring in these sys-
tems [241, 242]. This is especially prudent when considering the fact that
defect densities in polycrystalline HaP films tend to be several orders of
magnitude higher than in single crystals [49, 60]. This is due to the large
number of defects found at grain boundaries which play an important role
in phase stability and optoelectronic performance [243]. As opposed to co-
valent bond-based semicondutors, such as c-Si, the ionic nature of HaPs
enables unique passivation methods of charged defects to be carried out via
coordinate or ionic bonding [203]. Work has shown that the successful im-
plementation of passivation strategies can result in significant improvements
in intrinsic stability [203, 236, 244] and changes in doping level [245]. These
results highlight the importance of defects occurring in these systems and
their associated chemistries, and why theoretical and experimental develop-
ments to control them will be central to large-scale deployment efforts.

1.3 Methods

In this section, the methods used in this thesis will be presented. These have
been split into experimental techniques and computational simulations.

1.3.1 Experimental techniques

Several routine experimental techniques were used in this thesis and are
briefly outlined here. Two of the three articles that make up this thesis were
centred on the optimisation of thin film deposition processes. To evaluate
the effectiveness of different treatments, several equipments were used to
characterise film quality, including optical characterisation, x-ray diffraction
(XRD) and scanning electron microscope (SEM).
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Film synthesis

The HaP thin films produced as a part of this thesis were made using a spin
coating method. A schematic of the spin coating process can be seen in Fig-
ure 11. Spin coating involves rotating a substrate and using the centrifugal
forces to apply a thin and homogenous layer of precursor solution.
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Figure 11: Schematic of the spin coating process [93].

A spin programme consists of at least one step carried out at a constant
angular velocity, usually between 2000RPM and 4000RPM, with options for
controlling the acceleration rate and the step duration. Solutions can be
statically or dynamically spin coated, which describes whether the solution
is either applied before or during the spinning of the substrate, respectively.
In the one-step spin coating method, all the precursors are spun at once,
whereas in the two-step method they are sequentially spun onto the sub-
strate. The latter can be useful when it is desirable to use a set of solvents
for different precursors.

Another common practice, an overview of which is presented in the pre-
vious section, is to carry out an antisolvent quenching step. This step, which
involves dynamically applying a solvent to the spinning precursor solution,
results in crystal precipitation, nucleation and growth. This can be used
to produce highly compact and pin-hole free films [94]. HaP films prepared
using spin coating are always annealed on a hotplate after thin film depo-
sition has been carried out. This step removes any remaining solvent from
the film and provides the optimal temperature for formation of the desired
crystal structure.

In this doctoral thesis, HaP films were deposited using a static one-step
spin coating method. Substrates were sequentially sonicated using ethanol,
acetone, and isopropanol for 15 minutes before further treatment using the
UV-ozone cleaner. Processed substrates were then transported into the glove
box where all other steps were carried out, including precursor solution
preparation, deposition, and film annealing.
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Characterisation techniques

The SEM is a useful tool for characterising HaP films since it is non-
destructive and can be used to quickly evaluate the morphology and topog-
raphy of surface level crystal structures at high resolutions. This is achieved
by focusing an electron beam on the target and using a range of detectors
to measure electrons scattered from the sample caused by the beam-surface
interaction.

Figure 12: Photograph of the Zeiss Auriga Compact FESEM used as part
of this doctoral thesis [246].

XRD has become a routine method for characterising the crystal struc-
ture of HaP films, with most HaP compositions having well-established
diffraction patterns. Since the interplanar distance is also a function of
crystalline phase, it can also be used to identify unconverted or degraded
regions. Some degradation products, such as Pbly, can be clearly seen using
XRD. There are also a range of properties, such as crystallite size, chem-
ical bonds and crystallographic disorder, that can be inferred from XRD
patterns.

Optical characterisation of HaP films using methods such as absorbance
or PL spectroscopy, can be a powerful tool for evaluating film quality and
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inferring HaPSC performance. Moreover, these techniques tend to be non-
destructive, quick to carry out and provide insights into key processes.

The absorption coefficient, which is related to the energy-band structure
of a semiconducting material, is critical in determining its suitability for
photovoltaics. The quantity of incident radiation absorbed by the HaP film
is directly related to the number of photogenerated carriers present, and in
turn the current density produced by solar devices. Assuming a defect-free
semiconductor, the bandgap energy can be modelled from the absorption on-
set using the Tauc Plot [247]. The absorption profile can also provide useful
information about the density and energetic location of defects. Absorption
below the bandgap is reflective of the static and dynamic disorder in the
lattice, including dopants, deep trap states and carrier-phonon interactions.
The energetic disorder can be modelled by fitting the exponential tail of the
absorption coefficient with the Urbach Energy [248]. Below the exponential
tail, external quantum efficiency measurements allow for the identification
of deep trap states [249].

Figure 13: Photograph of the CW laser-driven PL set-up used as part of
this doctoral thesis. The laser is guided to the sample holder via a series of
mirrors. A high-pass filter and lens are placed perpendicular to the sample
holder to capture the PL and guide it to the spectrometer using an optical
fibre.

Spectrally resolved PL emission of HaP films can provide a range of
useful information about their suitability for PV applications. As a first
approximation, the PL emission maximum of a HaP film is a consequence
of band-to-band recombination occurring at the band gap energy [250]. The
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width of the emission is related to temperature effects, lattice strain and
disorder, and Froehlich interactions [251, 252]. Given a calibrated set-up,
the PL quantum efficiency can be calculated using a sample’s PL flux density.
This allows for an estimation of the quasi-Fermi level splitting and in turn
the open circuit voltage of HaPSCs based on this film [253, 254]. This allows
an estimation of device performance to be made, with a lower material and
temporal investment than would be needed to make a real device.

1.3.2 Computational simulations

Computational simulations are a powerful tool for investigating the physics
occurring in HaPSCs because they allow for precise control over a range of
independent variables, some of which may be difficult or even impossible to
precisely control experimentally. Simulations can also return data in a form
that can be modelled and analysed using computational tools and automa-
tion techniques. This allows for a strong link to be established between a
variety of dependent and independent variables. On the other hand, com-
puter simulations often rely on simplified models of reality, which in turn
are built upon current understandings of a field, meaning that in some cases
they may fail to correctly reproduce experimental results or “overlook” be-
haviours that have not yet been fully understood.

There are several software options available for modelling the physics of
solar cell devices including SETFOS [255], Advanced Semiconductor Analy-
sis Software [256], SILVACO [257], IonMonger [258], and SCAPS [259, 260].
In this thesis, the latter was chosen for both its simplicity and reliability
in reproducing experimental results [242, 261, 262], its low cost, and the
ease with which simulations could be automated using external software.
For the latter, MATLAB was used to automate the production of SCAPS
scripts and execute them in the SCAPS environment. This led to improved
productivity and throughput when studying the impact of varying mate-
rial parameters. Depending on the content of the MATLAB-built SCAPS
scripts, the format and content of the results returned by SCAPS could be
controlled. These results were then processed and analysed using powerful
in-built functions in MATLAB.

SCAPS (Solar Cell Capacitance Simulator) is a one-dimensional solar
cell simulation developed by Burgelman and coworkers [259, 260]. SCAPS
is designed to describe a one-dimensional structure of semiconducting layers
which it achieves by solving the drift diffusion equations using the Newton-
Raphson method. The drift diffusion equations are a set of five equations
accounting for both electronic drift and diffusion phenomena. The applica-
tion of boundary conditions to Poisson’s equation and the Continuity and
Constitutive relations results in a system of coupled differential equations
that can, usually, be solved numerically by SCAPS. Defects and recombi-
nation centres can also be implemented in the bulk of the layers or at their
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interfaces. As a result, both radiative and non-radiative recombination pro-
cesses are considered.

This allows for an opto-electrical simulation of simplified one-dimensional
devices to be made under a range of different bias voltages, temperatures,
and illumination conditions. As a result, important solar cell performance
indicators, such as a current voltage characteristics and band diagrams, can
be simulated.

1.4 Thesis Motivation and Objectives

This thesis presents the results of investigations whose aim was to assist
in the development of HaPSCs for their large-scale commercialisation and
deployment. To achieve this, the following objectives were addressed:

e Improve the stability of HaP films — As mentioned previously,
the instability of HaP films is the biggest barrier to their widespread
commercialisation. In this thesis, a specific HaP composition was tar-
geted, namely CsPbIBrs. It was felt that the large bandgap of mixed
halide inorganic perovskites makes them particularly useful for tan-
dem solar cells, which are expected to be one of the most impactful
perovskite-based technologies to first reach the market.

e Improve HaPSC efficiency — Although the bulk of research efforts
are now focused on improving HaP stability, improvements in HaPSC
PCE will also play an important role in determining the prospects
for commercialisation. This is because the higher the efficiency of
the device, the lower the levelized cost of electricity becomes, which
is related to the cost per watt produced over a device’s operational
lifespan.

e Investigate the fundamental physics and chemistry of HaPs —
A comprehensive understanding of the underlying mechanisms occur-
ring in HaPs will be central to large-scale deployment. This is because
it is likely to lead to novel applications, the development of new tech-
niques for improving stability and performance, as well as the creation
of tools and metrics for predicting their performance.

These objectives, which are rather broad in scope, were tackled by tar-
getting specific gaps in the literature. The scientific questions targetted in
this work, along with the strategies used to address them, are presented
here:

1. Investigate how compositional engineering can be used to
improve CsPbIBr;. While rubidium has been shown to improve
certain HaP systems, equivalent studies were lacking for CsPbIBry. In
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this thesis, the effect of compositionally engineering CsPbIBry with
rubidium is systematically investigated.

2. Improvement of the one-step spin coating method used to
produce CsPblIBrs. Although antisolvent quenching has been key in
producing many high quality HaP systems, before this thesis, CsPbIBry
was made almost exclusively without the use of an antisolvent. In this
thesis, the one-step spin coating process for producing CsPbIBrs is
improved by developing and implementing an antisolvent quenching
step.

3. Investigate the role of electronically active defects. Defects are
known to be critical in determining device stability and performance,
however there are few studies investigating the relationship between
processing conditions and the physics occurring in devices. In this
thesis, the origin of optimal doping levels in HaP devices is investi-
gated, resulting in guiding principles and experimental tools for the
development of high-performance devices.

The research undertaken to accomplish these objectives has resulted in
three publications in index journals. These publications make up the sec-
tions of Chapter 2 and are presented in the following order:

1. Stewart, A. W., Bouich, A. & Mari, B. “Inorganic perovskites
improved film and crystal quality of CsPbIBrs when doped
with rubidium”. Journal of Materials Science: Materials in Elec-
tronics 1-9 (2021).

These results were presented at as an oral presentation, titled “Improv-
ing the Stability of CsPbIBry through Solvent Engineering”, at The 8th
World Conference on Photovoltaic Energy Conversion (Milan, Italy.
26th to 20th September 2022).

2. Stewart, A. W., Bouich, A. & Mari Soucase, B. “Enhancing the
stability and crystallinity of CsPblIBrs through antisolvent
engineering”. Journal of Materials Science (2021).

These results were presented as an oral presentation, titled “Antisol-
vent quenched CsPbIBry for stable tandem devices”, at the E-MRS
Fall Meeting (Online. 20th to 23rd September 2021) and as a poster,
titled “Stable antisolvent quenched CsPbIBrs thin films”, at the PV
School 2022 (Les Houches, France. 3rd to 8th of April 2022).

3. Stewart, A. W. et al. “Shedding light on electronically doped
perovskites”. Materials Today Chemistry 29, 101380 (2023).

These results were presented as an oral presentation, titled “Electronic
doping in Halide Perovskite Solar Cells”, at the Sustainable Metal-
Halide Perovskites for Photovoltaics, Optoelectronics and Photonics
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Conference (Valencia, Spain. 12th to 13th December 2022) and as a
poster titled “FElectronic doping: Insights for highly efficient devices”

at the International Conference on Hybrid and Organic Photovoltaics
(London, United Kingdom. 12th to 14th June 2023).

After these publications are presented in Chapter 2, a discussion of this
research taking into consideration some developments in the field, subse-
quent to publication, are presented in Chater 3. Finally, Chapter 4 provides
an overall summary as well as some indication of future work to be under-
taken as a result of these investigations.
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low temperature phase, respectively [6]. Methylam-
monium-based devices catapulted perovskites into
the spotlight, having shown exceptional optoelec-
tronic properties including high absorption coeffi-
cients, long-carrier lifetimes, favourable spin-orbit

1 Introduction

The rise of perovskite solar cells (PSCs) has been
accompanied by an unprecedented increase in power

conversion efficiency (PCE) from 3.8% to 25.5%, in
just over a decade [1, 2|. Perovskites are crystal
structures of the composition ABXs. In many cases,
they can be predicted using the Goldschmidt toler-
ance and the octahedral factor [3-5]. Furthermore,
they tend to have a cubic, tetragonal, or orthorhombic
structure corresponding to a high, intermediate and
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coupling, low exciton binding energy, high propor-
tions of free carriers, high mobilities and large dif-
fusion lengths [7-11]. The combination of these
outstanding properties with perovskite’s low cost
and high scalability demonstrates why these materi-
als have gained such notoricty in the photovoltaic
community [12]l. That said, there remains one
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Abstract:

In this work CsPbIBry is doped with rubidium, where up to 12% of caesium
atoms are replaced with those of rubidium. The obtained Csi_xRbyPblIBro,
x= (0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12), films were characterized by X-ray
diffraction (XRD), the scanning electron microscope (SEM), photolumines-
cence (PL) and UV-visible spectroscopy. The integration of Rb+ ions into
the lattice leads to a detectable change in opto-electronic and morpholog-
ical structure. Substituting 6% of caesium atoms yields the best results,
eliminating pinholes, and elevating crystallite size and absorption coefficient
by 116% and 125%, respectively. Other novel observations, of particular
interest, include a slight increase in band-gap energy from 2.1eV to 2.14eV,
and a decrease in stability. Over a period of 15 days, where temperature
and relative humidity kept at 23°C and 20% respectively, a larger amount
of degradation was seen to take place as rubidium content was increased.
Therefore, the doping of CsPbIBry with rubidium is most useful in the case
where specifically film and crystal quality are desired to be targeted.

Keywords: CsPblBro, Inorganic-Perovskites, Thin Films, Morphology
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2.1.1 Introduction

The rise of perovskite solar cells (PSCs) has been accompanied by an un-
precedented increase in power conversion efficiency (PCE), from 3.8% to
25.5%, in just over a decade [1, 2]. Perovskites are crystal structures of the
composition ABX3. In many cases, they can be predicted using the Gold-
schmidt tolerance and the octahedral-factor [3-5]. Furthermore, they tend to
have a cubic, tetragonal, or orthorhombic structure corresponding to a high,
intermediate, low temperature phase, respectively [6]. Methylammonium-
based devices catapulted perovskites into the spotlight, having shown ex-
ceptional optoelectronic properties including high absorption coefficients,
long-carrier lifetimes, favourable spin-orbit coupling, low exciton binding-
energy, high proportions of free carriers, high mobilities and large diffusion
lengths [7-11]. The combination of these outstanding properties with per-
ovskite’s low-cost and high scalability, demonstrates why these materials
have gained such notoriety in the photovoltaic community [12]. That said,
there remains one fundamental property which plagues methylammonium-
devices, and that is their inherent instability. This is catalysed by moisture,
radiation and temperature, factors which the PSC will unavoidably be ex-
posed to during its working life [13—-16].

Since methylammonium-based devices degrade irreversibly back into the
precursor components, one of which is volatile, partial substitution with an
inorganic cation such as caesium arose as a way to harness the aforemen-
tioned opto-electronic properties while increasing stability [16, 17]. Simi-
larly, this idea was taken further, and completely inorganic devices were
investigated. While CsPbls-based devices showed desirable band-gaps, they
too demonstrated degradation, albeit via a reversible phase change [18]. On
the other hand, CsPbBr3 showed exceptional stability, however this came at
the cost of increasing the band-gap. For these reasons, iodine-bromine alloys
such as CsPblsBr and CsPblBry became of interest. These alloys strike a
compromise between band-gap and stability, the latter being the subject of
this work [19, 20].

To date, the highest obtained PCE for a CsPbIBry2 based device is
10.71%, which is just over half of the Shockley-Queisser limit, thus revealing
research opportunities in the field [21, 22]. For tables on device PCEs and
an overview of the field, see [22, 23]. While the relatively high band-gap of
CsPblBrs will limit its use in single-junction cells, its true potential may be
harnessed as a top-cell in a multi-junction, as highlighted by Oxford-PV’s
recent breakthrough [24, 25]. Until now, devices have been prepared via one-
step spin-coating, a gas-assisted method, spray-assisted deposition, dual-
source thermal evaporation and two-step spin-coating [20, 22, 26-30]. As it
stands, one of the biggest problems in the field is the consistent deposition of
high-quality films, with many reporting a high number of pinholes and small
grain sizes [20, 23, 26, 29]. Some of the methods investigated to improve
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films include: the use of antisolvent to improve coverage and morphology,
guanidinium iodide for surface passivation, adding a small amount of PbCl,
to the precursor solution, light soaking, intermolecular exchange, precursor
solution aging, band alignment via interface engineering and doping with
Magnesium [22, 23, 26, 30]. The latter being related most closely to this
work, where the effects of doping CsPbIBry with rubidium is investigated.
While doping with Rb+ ions has been shown to have a beneficial effect on
the sister materials CsPbIBrs and CsPbBrs, as of yet, there appears to be
a lack of equivalent research carried out on CsPbIBrsy [31-33].

2.1.2 Methodology
Materials

All chemicals were purchased from Tokyo Chemical Industry unless oth-
erwise stated in parenthesis. The precursor solution consisted of caesium
iodide (Csl), lead bromide (PbBry) and rubidium iodide (RbI, 99% from
Alfa Aesar), dissolved in dimethyl sulfoxide (DMSO 99.9%).

Thin film preparation

The Cs1.xRbyPbIBry thin films were deposited on top of fluorine-doped tin
oxide (FTO) substrates (TEC 15A) by one step spin coating technique, with
an area of 2.5cm?, purchased from XOP Glass. Substrates were cleaned
for 15 minutes in detergent, ethanol (LabKem), acetone (VWR Chemicals)
and isopropanol (VWR Chemicals) in an ultrasonic bath before a further 15
minutes in the UV-Ozone, manufactured by Ossila. The CsPbIBry precursor
solution was prepared by allowing CsI and PbBrs to dissolve completely in
DMSO (1 mL), at room temperature. To dope CsPbIBry with RbI, 0.5M
solutions with molar ratios of 100-x: x: 100 (CsI: Rbl: PbBrs) were prepared,
where x is the rubidium doping percentage. after the solution was mixed at
85 temperature and Solutions were left to heat overnight in the glovebox.
Samples were statically spin coated at 3500 RPM for 30 seconds, after which
they were annealed for 5 minutes at 50°C and then 250°C. Samples were
stored in inert N9 atmosphere until used.

Characterisation techniques

Thin films of Cs1.xRb,PbIBry, where x = 0%, 2%, 4%, 6%, 8%, 10% and
12%, were characterized by X-ray diffraction (XRD) using the RIGAKU Ul-
tima IV with Cu ka radiation (A = 1.5418 A). Morphology images were taken
using the scanning electron microscope (SEM) Quanta 200-FEI with an ap-
plied voltage of 1.5 kV. Optical properties were performed with an Ocean
Optics HR4000 spectrophotometer and photoluminescence (PL) emission
was driven by an He-Cd laser with a wavelength of A = 405 nm.
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CsPbIBr,Samples doped Rb between 0 and 12 %, in steps of 2%.
- @ &G

All freshly grown samples showed the same colour.

7~ R

X Fresh Sample
Solution Solution 250C
dropping Coating annealing

Figure 1: Schematic of the one-step spin-coating procedure for the mixed-
halide perovskite Csi.xRbyPbIBrs, where x = 0%, 2%, 4%, 6%, 8%, 10%
and 12%.

2.1.3 Results and Discussion

To characterize the X-ray diffraction (XRD) peaks, a Rietveld Refinement
was carried out. The refinement itself was found to be exceptionally precise,
with Rwp = 5.94% and Rp = 4.30% (Figure 2 (b)). These values reflect
the accordance between the predicted and measured spectra, with 0% corre-
sponding to identical curves. The crystals were found to be strongly oriented
in the (100) plane, with the bright peaks at 14.9° and 30.1°corresponding
to the (100) and (200) indices. A small peak at 22° is believed to be at-
tributed to the (110) plane. These results are in accordance with the liter-
ature22,26,33, except for one study that found an orthorhombic structure
with the primary peak at 30° belonging to the (220) plane 29. The lattice
was found to be tetragonal, and belonging to the Pm-3m space group, with
a=b=>5.93278 +0.00030 and ¢=5.88519 £ 0.00842. These results are in ac-
cordance with those found elsewhere [23, 24] (see Fig.1 in supplementary
materials).

Interestingly, it seems that the full width at half maximum (FWHM)
of the main diffraction peaks reaches its narrowest when 6% of caesium
atoms are substituted with rubidium (see Fig.2 in supplementary mate-
rials). Application of the Scherrer equation reveals that crystallite sizes
take an approximately parabolic form, with a maximum at 6% [34]. This
maximum corresponds to an increase in crystallite size of 117% and 116%,
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Figure 2: XRD results (a) XRD pattern perovskite Cs; xRbyPbIBra, where x
= 0%, 2%, 4%, 6%, 8%, 10% and 12%. (b) Rietveld Refinement of reference
sample (CsPbIBry with no doping) (¢) The location of the (100) peak as
rubidium content is increased. The error bars correspond to the resolution
of the equipment. Similar results are obtained for the (200) peak. (d)
Crystallite sizes calculated from the FWHM of the major diffraction peaks
corresponding to the (100) and (200) planes.

corresponding to the (100) and (200) peaks respectively, when compared to
the non-doped sample. As the concentration of rubidium ions in the precur-
sor solution was increased, all the peaks in the sample were systematically
shifted. This can be seen for the (200) and (100) plane (Figure 2 (d)). This
is likely attributable to the fact that Rb™ (1.52A) has a smaller ionic ra-
dius than Cs* (1.67A), therefore a shift to higher angles correspond to a
contraction of the unit cell [33]. Moreover, the contraction of the unit cell
suggests that rubidium ions are substituting caesium rather than occupying
interstitial sites.

To independently confirm the insertion of rubidium into the lattice,
energy-dispersive X-ray spectroscopy (EDS) was performed (see Fig 2 in
supplementary materials). Given that Rb* ions substitute Cs™ ions as A
site cations, it is possible to determine their population as

Rbt — Rb+(%)
population — Rb+(%) + CS+(%)

(2.1)
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Table 2.1: The grain size, the full width at half maximum (FWHM) , dislo-
cation density and lattice strain of XRD of Csi.xRbyPbIBrsy, where x = 0%,
6%, 8% and 12% thin films.

Sample ‘ Grain size (nm) ‘ FWHM (deg) ‘ Dislocation density (cm™) ‘ Lattice strain (2¢)

Pure 480 0.1833 0.50 x107 0.40
6% Rb 970 0.1572 0.39 x107° 0.65
12% Rb 420 0.1969 0.59 x107° 0.28

Where Rb™ (%) and C's* (%) are the atomic percentages measured. Plot-
ting this against precursor concentration yields a linear relationship with
Rb} opulation =~ Rbprecursor™, suggesting that all the rubidium precursor
is fully integrated into the structure (Figure 3(b)).

(a} {b) Relative Population of Rubidium Octupying A Site Cation

Relative Population of Rb (%)
= - @«
L]
\.

AN

Rb Precursor Concentration (%)

Figure 3: (a) SEM image taken during the measurement of the 6% sample’s
thickness (b) Measured dopant percentage as a function of dopant precursor
percentage. Error bars show one standard deviation in the measurement.

Using the focused ion beam (FIB) it was possible to design a cut in the
sample, allowing the thickness of the sample to be measured (Figure 3 (a)).
Carrying out this process for all samples, an average thickness of 195nm was
found, with a standard deviation of 13nm.

Observations carried out using the scanning electron microscope (SEM)
revealed that the sample doped with 6% rubidium had the best quality
overall, with no pinholes and uniform coverage (see Figure 4). The reference
sample showed an abundance of pinholes, however increasing the rubidium
content caused a decrease in the density of pinholes. Once the rubidium
concentration was increased past 6%, the film quality decreased. This can
be seen in the 8% sample (Figure 4 (d)) where small pinholes are beginning
to form once more. It is believed that these pinholes form when pockets of
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solvent remain within the material during the crystallization process [23].
Measuring the absorbance of the freshly prepared samples, it was possible
to calculate their absorption spectrum using the thickness values (Figure
5 (a)). All samples have an absorption coefficient of around 2x10* cm™
above 2.2eV and show the onset of the optical band edge around 2.07eV
(~600nm), which agrees with values found elsewhere [20, 29]. Whilst most
samples had a comparable absorption coefficient to the non-doped sample,
the 6% sample increased by 125%. Intuitively, this makes sense, since the
6% sample showed no pinholes in SEM (Figure 4 (c)) and larger crystallite
sizes (Figure 2(d)), suggesting it would be a more effective absorber. It
should be noted, however, that the absorption coefficient scales inversely
with layer thickness and as such the precision of these values are limited by
the methods employed previously (Figure 3(a)) [20, 29]. Employing the Tauc
plot to estimate the band-gap, band-gap values increased slightly, from 2.1
to 2.14eV, as rubidium content was increased. Similar parts of the spectra
were taken for the linear fit, to minimize any random errors (Figure 5(b)).

(a): 0% Rb

(b): 2% Rbf

Pl
’
¢

(cy: 6% Rb

.

Figure 4: SEM images, at 20,000 times magnification, of CsPbIBry doped
with (a) no rubidium (reference sample), where large pinholes can be seen
(b) 2% rubidium, where pinhole size and density are seen to decrease with
respect to the reference sample (c¢) 6% rubidium, no pinholes (d) 8% rubid-
ium, were small pinholes are formed.

To model the photoluminescence (PL) spectra taken, a predicted spec-
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trum was constructed by summing two Gaussian functions of the form

+ A _2(3?—;90)2 (2 2)
= —€ w .
y=wt——— B

Where yg, A, . and w are constants. Using this method, it was possi-
ble to discern a primary and secondary component of a given PL spectrum
(Figure 5(c)). The Ry value is a statistical measure of the similarity between
curves, in the case that they are identical it is equal to 1. For these models,
all Ry values lay above 0.996, except for the 4% sample which had signifi-
cantly more background noise. It is thought that the secondary components
of the PL spectra arise, under illumination, due to the formation of iodine
rich phases [28] (see Table 1 in supplementary materials).
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Figure 5: (a) Absorption coefficients of the freshly prepared samples (b)
Bandgap estimation using the Tauc plot (¢) Decomposition of the reference
sample’s PL spectrum into components (d) band-gap values calculated from
PL and the Tauc plot.

Combining the results from PL measurements with those from the ab-
sorption coefficient, it can be said that an increase in band-gap is almost
certainly taking place as elevated quantities of rubidium are incorporated
into the lattice (Figure 5 (d)). Given the limitations of the Tauc plot,
band-gap values are almost perfectly in accordance with those taken from
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the primary PL component. Moreover, both techniques yield the desired
band-gap value for the reference sample [20, 23, 26, 29]. To investigate the
effect of rubidium incorporation on the stability CsPbIBro, the absorption
coeflicients were measured after the samples had been stored in ambient con-
ditions (Figure 6 (a)). A batch of newly synthesized samples were kept in
the laboratory for 15 days, during which temperature and relative humidity
kept constant, at 23°C and 20% respectively.

{al |:b) Freshly prepared
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Figure 6: (a) Absorption coefficients of CsPbIBrs doped with varying
amounts of rubidium (b) Photos where degradation can be seen to be taking
place in the samples over the study.

In general, higher rubidium content is shown to correlate with acceler-
ated degradation, demonstrated by films with larger quantities of Rb experi-
encing larger shifts in energy (Figure 6 (a)). Most likely, the absorption coef-
ficient curves shifting to higher energies corresponds to a progressive change
from the meta-stable high-temperature a-phase towards the intermediate-
temperature d-phase, which is stable at room temperature. The shift is
especially pronounced for the 12% sample, which had changed phase within
one day (Figure 6 (b)). It is possible that due to the decreased ionic radius
of rubidium, the volumetric ratio between the PbXg octahedra and A-site
cations decreases, aggravating its thermodynamic instability [18].

2.1.4 Conclusion

In this study, the effect of rubidium incorporation in the CsPbIBry lattice
is investigated via XRD, SEM, EDS and optical measurements. The correct
incorporation of rubidium is independently confirmed from XRD peak shifts
and EDS results. Grain size is shown to be a function of dopant content,
taking its maximum value when 6% of caesium atoms are replaced with
rubidium. SEM measurements reveal that the methodology yields layers
with an average thickness of 195nm (¢ = 13nm). In terms of morphology,
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the incorporation of rubidium, up to 6%, seems to favourably affect film
coverage by decreasing pinholes. Optical measurements reveal that samples
have an absorption coefficient around 2x10* cm™ above 2.2eV, with the 6%
sample having a superior absorption coefficient. Absorption coefficient and
PL measurements both suggest a slight increase in band-gap as rubidium
content is increased. Overall, the sample with 6% rubidium showed the best
results. Investigation into the stability of the prepared samples reveals that
rubidium incorporation has an adverse effect on stability. While doping
CsPblBry with rubidium seems to decrease stability, the technique brings a
myriad of improvements to the crystal and film quality. As such it should
be considered as a useful tool when developing high quality thin films.

2.1.5 Acknowledgments

This work was supported by Ministerio de Economia y Competitividad
(Grant Number PID2019-107137RB-C21). One of the authors A.W.S. ac-
knowledges the Generalitat Valenciana and the EU for financial support
(ACIF/2020/286).

69



CHAPTER 2. PUBLICATIONS

Bibliography

1]

[10]

A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, “Organometal
halide perovskites as visible-light sensitizers for photovoltaic cells,”
Journal of the American Chemical Society, vol. 131, pp. 6050-6051,
2009. First perovskite solar cell.

National Renewable Energy Laboratory, “Best research-cell efficiency
chart — photovoltaic research,” 2023.

V. M. Goldschmidt, “Die gesetze der krystallochemie,” Die Naturwis-
senschaften, vol. 14, pp. 477-485, 5 1926.

C. J. Bartel, C. Sutton, B. R. Goldsmith, R. Ouyang, C. B. Musgrave,
L. M. Ghiringhelli, and M. Scheffler, “New tolerance factor to predict
the stability of perovskite oxides and halides,” Science Advances, vol. 5,
p- eaav0693, 2 2019.

C. Li, X. Lu, W. Ding, L. Feng, Y. Gao, and Z. Guo, “Formability
of abx 3 (x = {, cl, br, i) halide perovskites,” Acta Crystallographica
Section B: Structural Science, vol. 64, pp. 702-707, 2008.

A. Miyata, A. Mitioglu, P. Plochocka, O. Portugall, J. T. W. Wang,
S. D. Stranks, H. J. Snaith, and R. J. Nicholas, “Direct measurement
of the exciton binding energy and effective masses for charge carriers
in organic-inorganic tri-halide perovskites,” Nature Physics, vol. 11,
pp. 582-587, 2015.

T. Wang, B. Daiber, J. M. Frost, S. A. Mann, E. C. Garnett, A. Walsh,
and B. Ehrler, “Indirect to direct bandgap transition in methylam-
monium lead halide perovskite,” FEnergy and Environmental Science,
vol. 10, pp. 509-515, 2017.

V. D’Innocenzo, G. Grancini, M. J. Alcocer, A. R. S. Kandada, S. D.
Stranks, M. M. Lee, G. Lanzani, H. J. Snaith, and A. Petrozza, “Exci-
tons versus free charges in organo-lead tri-halide perovskites,” Nature
Communications, vol. 5, 4 2014.

L. M. Herz, “Charge-carrier mobilities in metal halide perovskites:
Fundamental mechanisms and limits,” ACS Energy Letters, vol. 2,
pp. 1539-1548, 7 2017.

M. J. P. Alcocer, T. Leijtens, L. M. Herz, A. Petrozza, and H. J.
Snaith, “Electron-hole diffusion lengths exceeding trihalide perovskite
absorber,” Science, vol. 342, pp. 341-344, 2013.

70



CHAPTER 2. PUBLICATIONS

[11]

[12]

[13]

[16]

[17]

[19]

G. Xing, N. Mathews, S. S. Lim, N. Yantara, X. Liu, D. Sabba,
M. Gratzel, S. Mhaisalkar, and T. C. Sum, “Low-temperature solution-
processed wavelength-tunable perovskites for lasing,” Nature Materials
2014 13:5, vol. 13, pp. 476-480, 3 2014.

H. J. Snaith, “Perovskites: The emergence of a new era for low-
cost, high-efficiency solar cells,” Journal of Physical Chemistry Letters,
vol. 4, pp. 3623-3630, 11 2013.

Y. Han, S. Meyer, Y. Dkhissi, K. Weber, J. M. Pringle, U. Bach, L. Spic-
cia, and Y. B. Cheng, “Degradation observations of encapsulated planar
ch3nh3pbi3 perovskite solar cells at high temperatures and humidity,”
Journal of Materials Chemistry A, vol. 3, pp. 8139-8147, 2015.

G. Divitini, S. Cacovich, F. Matteocci, L. Cina, A. D. Carlo, and
C. Ducati, “In situ observation of heat-induced degradation of per-
ovskite solar cells,” Nature Energy, vol. 1, 2016.

S. W. Lee, S. Kim, S. Bae, K. Cho, T. Chung, L. E. Mundt, S. Lee,
S. Park, H. Park, M. C. Schubert, S. W. Glunz, Y. Ko, Y. Jun, Y. Kang,
H. S. Lee, and D. Kim, “Uv degradation and recovery of perovskite solar
cells,” Scientific Reports, vol. 6, pp. 1-10, 2016.

D. Wang, M. Wright, N. K. Elumalai, and A. Uddin, “Stability of
perovskite solar cells,” Solar Energy Materials and Solar Cells, vol. 147,
pp- 255-275, 2016.

M. Saliba, T. Matsui, J. Y. Seo, K. Domanski, J. P. Correa-
Baena, M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate,
A. Hagfeldt, and M. Grétzel, “Cesium-containing triple cation per-
ovskite solar cells: Improved stability, reproducibility and high ef-
ficiency,” Energy and Environmental Science, vol. 9, pp. 1989-1997,
2016.

D. B. Straus, S. Guo, A. M. Abeykoon, and R. J. Cava, “Understanding
the instability of the halide perovskite cspbid through temperature-
dependent structural analysis,” Advanced Materials, vol. 32, pp. 1-8,
2020.

S. Mariotti, O. S. Hutter, L. J. Phillips, P. J. Yates, B. Kundu, and
K. Durose, “Stability and performance of cspbi2br thin films and solar
cell devices,” ACS Applied Materials and Interfaces, vol. 10, pp. 3750
3760, 2018.

Q. Ma, S. Huang, X. Wen, M. A. Green, and A. W. Ho-Baillie, “Hole
transport layer free inorganic cspbibr2 perovskite solar cell by dual
source thermal evaporation,” Advanced Energy Materials, vol. 6, pp. 2—
6, 2016.

71



CHAPTER 2. PUBLICATIONS

[21]

22]

[23]

[24]

[25]

[26]

[29]

W. Shockley and H. J. Queisser, “Detailed balance limit of efficiency of
p-n junction solar cells,” Journal of Applied Physics, vol. 32, pp. 510—
519, 3 1961.

W. Zhu, Z. Zhang, W. Chai, Q. Zhang, D. Chen, Z. Lin, J. Chang,
J. Zhang, C. Zhang, and Y. Hao, “Band alignment engineering towards
high efficiency carbon-based inorganic planar cspbibr2 perovskite solar
cells,” ChemSusChem, vol. 12, pp. 2318-2325, 2019.

Y. Guo, X. Yin, J. Liu, S. Wen, Y. Wu, and W. Que, “Inorganic
cspbibr2-based perovskite solar cells: Fabrication technique modifica-
tion and efficiency improvement,” Solar RRL, vol. 3, pp. 1-13, 2019.

M. Jost, L. Kegelmann, L. Korte, and S. Albrecht, “Monolithic per-
ovskite tandem solar cells: A review of the present status and advanced

characterization methods toward 30% efficiency,” Advanced Energy Ma-
terials, vol. 10, 2020.

PV Magazine, “Oxford pv retakes tandem cell efficiency record,” 2020.

B. Zhang, W. Bi, Y. Wu, C. Chen, H. Li, Z. Song, Q. Dai, L. Xu, and
H. Song, “High-performance cspbibr2 perovskite solar cells: Effectively
promoted crystal growth by antisolvent and organic ion strategies,”
ACS Applied Materials and Interfaces, vol. 11, pp. 33868-33878, 2019.

W. Zhang, 7. Zhang, Q. Jiang, Z. Wei, Y. Zhang, and H. You, “Charge-
transporting-layer-free, all-inorganic cspbibr 2 perovskite solar cells via
dipoles-adjusted interface,” Nanomaterials, 2020.

W. Li, M. U. Rothmann, A. Liu, Z. Wang, Y. Zhang, A. R. Pascoe,
J. Lu, L. Jiang, Y. Chen, F. Huang, Y. Peng, Q. Bao, J. Etheridge,
U. Bach, and Y. B. Cheng, “Phase segregation enhanced ion movement
in efficient inorganic cspbibr2 solar cells,” Advanced Energy Materials,
vol. 7, pp. 1-8, 2017.

C. F. J. Lau, X. Deng, Q. Ma, J. Zheng, J. S. Yun, M. A. Green,
S. Huang, and A. W. Ho-Baillie, “Cspbibr2 perovskite solar cell by
spray-assisted deposition,” ACS Energy Letters, vol. 1, pp. 573-577, 9
2016.

J. Liang, Z. Liu, L. Qiu, Z. Hawash, L. Meng, Z. Wu, Y. Jiang, L. K.
Ono, and Y. Qi, “Enhancing optical, electronic, crystalline, and mor-
phological properties of cesium lead halide by mn substitution for high-
stability all-inorganic perovskite solar cells with carbon electrodes,” Ad-
vanced FEnergy Materials, vol. 8, pp. 1-7, 2018.

72



CHAPTER 2. PUBLICATIONS

[31]

32]

[33]

[34]

J. V. Patil, S. S. Mali, and C. K. Hong, “A-site rubidium cation-
incorporated cspbi2br all-inorganic perovskite solar cells exceeding
17Solar RRL, vol. 4, pp. 1-9, 2020.

Y. Guo, F. Zhao, J. Tao, J. Jiang, J. Zhang, J. Yang, Z. Hu, and
J. Chu, “Efficient and hole-transporting-layer-free cspbi 2 br planar
heterojunction perovskite solar cells through rubidium passivation,”
ChemSusChem, vol. 12, pp. 983-989, 2019.

Y. Li, J. Duan, H. Yuan, Y. Zhao, B. He, and Q. Tang, “Lattice mod-
ulation of alkali metal cations doped csj xrxpbbr3 halides for inorganic
perovskite solar cells,” Solar RRL, vol. 2, pp. 1-8, 2018.

G. E. Eperon, G. M. Paterno, R. J. Sutton, A. Zampetti, A. A. Haghigh-
irad, F. Cacialli, and H. J. Snaith, “Inorganic caesium lead iodide per-
ovskite solar cells,” Journal of Materials Chemistry A, vol. 3, pp. 19688~
19695, 2015.

73



CHAPTER 2. PUBLICATIONS

2.1.7 Supplementary Materials

74



Inorganic-Perovskites: Improved Film and Crystal
Quality of CsPbIBr, when Doped with Rubidium

Alexander W. Stewart®, Amal Bouich®”, Bernabé Mari Soucase®
& Institut de Disseny i Fabricacié, Universitat Politecnica de Valencia,
Cami de Vera, Valencia, Spain 46022

b Laboratory (LMEE), University of Ibn Tofail Av. de L'Université,
Kenitra, Morocco BP 242

Corresponding author email: Bouich.amal@gmail.com



CHAPTER 2. PUBLICATIONS

Table 1. Equations and Expressions used for figure 2 and 5 in manuscript.

Equation y =a+b*
Plot PL Primary Pe  Tauc Plot
Weight No Weighting
Intercept 2.09779 +0.0 2.09786 + 0.0
Slope 0.00261 + 5.0 0.00321 +5.7
Residual Sum of 1.44429E-4  1.85714E-4
Pearson'sr 0.91681 0.92828
R-Square (COD 0.84054 0.8617
Adj. R-Square 0.80864 0.83404
a) (100) peak as a function of concentration b) ‘ Crystallite size (200)

y = 0.5357x + 14.911
R?=0.7418

Percentage of Rb with Respect to A Cations

€)
y=1.1037x

y=-1.8298x% + 24.771x + 478.24

d’ Crystallite size (100)

L)

y =-1.9155x2 + 21.406x + 441.94

Figure S1: (a) (100) peak as a function of concentration with fitting equation
(b) Crystallite size (200) with fitting equation (c) Percentage of Rubidium
with respect to Cesium (d) Crystallite size (100) with fitting equation.
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Figure S2: FWHM of the characteristic peak (100) for Cs; xRbxPbIBry,
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2.2 Enhancing the stability and crystallinity of CsPbIBr,
through antisolvent engineering
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ABSTRACT

All inorganic lead-based perovskites containing bromine-iodine alloys, such as
CsPblIBr,, have arisen as one of the most attractive candidates for absorber layers
in solar cells. That said, there remains a large gap when it comes to film and
crystal quality between the inorganic and hybrid perovskites. In this work,
antisolvent engineering is employed as a simple and reproducible method for
improving CsPblIBr; thin films. We found that both the antisolvent used and the
conditions under which it was applied have a measurable impact on both the
quality and stability of the final product. We arrived at this conclusion by
characterising the samples using scanning electron microscopy, X-ray diffrac-
tion, UV-visible and photoluminescence measurements, as well as employing a
novel system to quantify stability. Our findings, and the application of our novel
method for quantifying stability, demonstrate the ability to significantly enhance
CsPblBr, samples, produced via a static one-step spin coating method, by
applying isopropanol 10 s after commencing the spin programme. The anti-
solvent quenched CsPblBr; films demonstrate both improved crystallinity and
an extended lifespan.
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Abstract:

All inorganic lead-based perovskites containing bromine-iodine alloys, such
as CsPbIBrsy, have arisen as one of the most attractive candidates for ab-
sorber layers in solar cells. That said, there remains a large gap when it
comes to film and crystal quality between the inorganic and hybrid per-
ovskites. In this work, antisolvent engineering is employed as a simple and
reproducible method for improving CsPbIBrs thin films. We found that both
the antisolvent used and the conditions under which it was applied have a
measurable impact on both the quality and stability of the final product. We
arrived at this conclusion by characterising the samples using scanning elec-
tron microscopy, x-ray diffraction, UV-visible and photo-luminescence mea-
surements, as well as employing a novel system to quantify stability. Carry-
ing out a simulation using the measured experimental values, we obtained
a power conversion efficiency of 13.7% for a single junction CsPbIBro-based
solar cell. Our findings, and the application of our novel method for quan-
tifying stability, demonstrates the ability to significantly enhance CsPbIBr,
samples, produced via a static one-step spin coating method, by applying
isopropanol 10 seconds after commencing the spin programme. The antisol-
vent quenched CsPbIBrs films demonstrate both improved crystallinity and
an extended life-span.

Keywords: CsPbIBry, Antisolvent, stability, thin-films, solar cells
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2.2.1 Introduction

The Paris Agreement identified the development of solar power as key to
tackling climate change. Perovskites have emerged as a prime candidate for
solar cells due to their low cost [1], impressive rise in power conversion effi-
ciency (PCE) [2], and excellent optoelectronic properties [3-8]. Perovskites
are crystal structures with the composition ABX3, where A and B are cations
and X is an anion. The A site can be occupied by organic molecules, such
as MA [9], FA [10], and GA [11], or inorganic ones, such as caesium, giving
rise to hybrid- and all inorganic perovskites, respectively. The B site cation
is most often occupied by lead, however due to its toxic nature tin based
perovskites have also been explored [12]. The anion site is occupied by a
halide such as iodine, bromine or chlorine. Since several different elements or
molecules can occupy a given cation [10, 11, 13] or halide site [14, 15], many
combinations are known to exist. Perovskites have low stability when com-
pared to silicon, notably in the presence of humidity [9], but other factors
have been shown to cause or catalyse degradation [16-20]. While inorganic
perovskites have shown superior levels of stability [15, 21-24], there is still a
need to extend their lifespans if they are to compete with silicon-based solar
cells.

Of the inorganic mixed halide perovskites, CsPbIBry offers the optimum
trade-off between stability and bandgap since bromine content is propor-
tional to both. CsPblBry is especially well suited for use in tandem or
multilayer devices due to it relatively wide bandgap of 2.05eV [25, 26]. One
of the limitations of CsPbIBrs-based devices is that their maximum PCE is
just over 11% [27], which is around half of the materials Shockley-Quessier
limit, and at a more fundamental level, some of the best CsPblBrs films re-
ported in the literature have a high number of pin-holes [22, 23, 25, 28, 29].
These limitations highlight the existence of a research gap. To date, the solu-
tions explored include: surface passivation [30], CI" doping [31], antisolvent-
quenching [30], light soaking [28], intermolecular exchange [23], precursor
solution ageing [32], bandgap alignment [31], and doping with Rb* and
Mn?* [21, 33]. Moreover, CsPbIBry films have been deposited via: one-
step spin-coating [30, 32, 34], a gas-assisted method [35], a spray-assisted
method [25], a two-step spin coating method [21] and by dual-source ther-
mal evaporation [15]. While antisolvent-quenching has been shown to signif-
icantly improve a range of perovskite materials [36-39], we were surprised
to note a lack of literature reporting its use with CsPblIBry, with Liu et
al. reporting its use in a vapour-assisted deposition [40] and only Zhang et
al. reporting the use of antisolvents with a one-step spin coating procedure.
In their paper, they applied six different antisolvents 20 seconds after com-
mencing the spin-programme, finding diethyl ether to give the best results.
Therefore, it is essential not only to confirm the results of Zhang et al.’s
study and to expand upon them, but also to establish antisolvent quenching
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as a trusted and simple method for improving CsPbIBra.

Here, an antisolvent quenching method is reported which improves both
crystal quality and extends the lifespan of CsPbIBrs thin films. An antisol-
vent is a solvent which cannot dissolve the components of a solution, in our
case, the perovskite. The application of the antisolvent creates local regions
of supersaturation, leading to accelerated heterogeneous nucleation [38]. It
is by optimizing the rate of nucleation and crystal growth that a higher
quality film is obtained. In general, when antisolvents are used, the concen-
tration is kept within the “seeding zone” which is above the solubility curve
but below the metastable limit. Concentrations in these ranges lead to the
growth of already existent nuclei, or “seeds”, but do not cause the creation
of new ones.

During our review of the literature, we found ourselves asking: could
there be more factors that contribute to the quality of anti-solvent quenched
CsPblIBry? If so, to what extent do different factors affect the measurable
properties of CsPbIBro? We identified two variables that likely affect the
antisolvent quenching method: the antisolvent used and the time at which
the antisolvent is applied during the programme (sometimes called dripping
time). Following this, we formed the hypothesis that both antisolvent selec-
tion and application conditions would have an impact on the final sample.
To test this, an experiment was designed where both antisolvent and drip-
ping time were varied, and then the impact that it had on the properties
and stability of CsPbIBry was measured. We expected, due to Zhang et al.’s
paper, that we would find diethyl ether to be the best antisolvent, however
this turned out not to be the case. Moreover, we found the optimization of
the dripping time to be a necessary step to maximize the effectiveness of the
method.

2.2.2 Methodology
Materials

The precursor chemicals, namely caesium iodide (CsI) and lead bromide
(PbBry), were purchased from Tokyo Chemical Industry. The solvents
dimethyl sulfoxide (DMSO 99.9%), isopropanol (IPA), diethyl ether (DEE),
toluene (T1) and chlorobenzene (C1Bn) were all purchased from Sigma Aldrich
and were used as received. Film synthesis

First, fluorine-doped tin oxide (FTO) glass substrates were cleaned for 15
minutes in detergent, ethanol, acetone, and isopropanol, before being dried
in a stream of compressed air. The substrates were treated by UV-Ozone for
15 minutes to remove any further impurities and to improve the surface wet-
ness. The substrates were then transported into an inert argon-atmosphere,
where the samples were prepared and stored until use. A 1M solution of
CsPblBrs was prepared by dissolving equimolar ratios of Csl and PbBrs in
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DMSO at 85°C for 90 minutes. Once the solution was ready, 50uL of yellow
perovskite solution was statically spin-coated at 4000RPM for 50 seconds.
100pL of antisolvent was applied after a given time had elapsed from the
initiation of the spin programme (referred to as the dripping time). Sam-
ples were annealed for 5 minutes at 50°C, during the course of which they
changed to an orange-red. This initial colour change, signalling the forma-
tion of the perovskite structure occurring, happens because relatively little
energy is required for caesium to begin intercalating between the PbBrs,
due to its small ionic radius of 1.81 A [41]. Samples are then heated slowly,
avoiding thermal shocks, to 250°C and held at this temperature for 5 min-
utes, removing any remaining solvent. During this stage of the annealing the
samples take on a dark-red appearance, confirming the complete formation
of the desired perovskite phase. Fig. 1 shows the procedure for synthesizing
the CsPblBr; films.

Spin coating

Solution Antisolvent |
application Programinmee application Anngaling
started
|'. i
| |
([

f
_
| |

== <= &l

Figure 1: The CsPbIBry solution that is applied to the substrate is yellow
to begin with. The solution is spin-coated whilst the antisolvent is applied.
The samples are then annealed during which a significant colour change
takes place as the solution dries and the perovskite structure is formed.

Characterization techniques

Thin films of CsPbIBrs were characterized by X-ray diffraction (XRD) us-
ing the RIGAKU Ultima IV with Cu ke radiation (A = 1.5418 A). Surface
morphology was studied using the field emission scanning electron micro-
scope (FESEM) within the Zeiss Auriga Compact with an applied voltage
of 1.5 kV. The FESEM was equipped with a focused ion beam (FIB) which
was used to make an incision in the surface and measure the film thickness.
The Zeiss Auriga Compact was also equipped with the apparatus necessary
to carry out electron dispersive spectroscopy (EDS), allowing the atomic
proportions of the films to be determined. Optical properties were analysed
with an Ocean Optics HR4000 spectrophotometer and photoluminescence
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(PL) emission was driven by a semiconductor laser with a wavelength of A
= 405 nm.

Experiment structure

A reference sample with no antisolvent was made along with four other
samples where T1, IPA, DEE and CIBn was used. The dripping time for all
samples was 8 seconds. These samples were characterized by XRD, UV-vis,
PL, FESEM and EDS. In the second stage of the experiment, the dripping
time of the best sample, IPA, was changed to 5, 10, 15 and 20 seconds,
respectively. The samples were then characterised by XRD, UV-vis, PL,
and FESEM. In the final stage of the experiment, stability was quantified in
terms of XRD and UV-vis spectra when the samples were 5 weeks old. For
this degradation study, all the samples used in the antisolvent selection and
dripping time investigation were stored in the laboratory, at 23°C and with
a relative humidity of 20%, for 5 weeks. These conditions were measured
daily and only small fluctuations in temperature +2°C were seen to take
place. The relative humidity remained constant throughout the experiment
except for a few days when it increased to 40% due to heavy precipitation
outside. All samples where exposed to the same conditions allowing for a
fair comparison between them.

2.2.3 Results

The results section is broken down into four parts: the antisolvent selection,
the effect of dripping time, the impact on stability, and then several solar
cells are simulated using the parameters of the optimized CsPbIBry film.

Antisolvent selection

To determine the effect of antisolvent selection on samples of CsPbIBry, four
different antisolvents were applied under identical conditions, as described in
the previous section. These samples were compared with a reference sample
that had no antisolvent applied.

Once the XRD spectra of the fresh samples had been collected, a Rietveld
refinement was carried out to determine the crystal structure. We found the
same parameters as other authors, namely a cubic structure, pertaining
to the PM-3M space group, with a lattice constant of 5.93423 4+ 0.00034
A [42, 43]4. All samples showed two major diffraction peaks, corresponding
to the (100) and (200) planes, at 15° and 30° respectively. Smaller peaks
found at 21°, 26° and 37° correspond to the (110), (111) and (211) planes.
The calculated Miller indices can be found below in Table 2. These results
are based upon an analysis of the reference sample, in which the fit obtained
with the refinement was highly precise with the RWP and RP values being
7.1% and 4.72%, respectively. Rietveld refinements were not carried out
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for all the samples since their spectra were highly similar, differing only in
intensity, meaning that they were unlikely to generate different results.

Table 2.2: Reported experimental values for PSCs  with
TiOg/perovskite/spiro-OMeTAD architectures. ~ The PCE of cells in
this work correspond to those where the optimal doping level was imple-
mented in the perovskite.

h | k|1 20 Intensity (%)
11010 | 14.9108 47.834
1111]0|21.1475 2.226
1111259754 0.026
21001 30.0819 100
211101337327 0.135
211111370638 3.907
212|0]43.0617 3.223

When comparing the diffraction intensity, the sample in which ITPA was
used showed an almost two-fold increase when compared to the reference
sample, shown in Fig. 2 (a) and (b), implying a major increase in the diffrac-
tion planes associated with the perovskite structure. The area under the
diffraction peaks, which corresponds roughly to the quantity of perovskite
material present, gave similar results. The rest of the samples showed a
decrease in peak intensity, implying a worsening of the crystal structure as
a result of the antisolvent application.

The broadening of diffraction peaks is known to be related to the size
of the diffraction regions in crystals. Employing the Scherrer equation, it
is possible to calculate the crystallite size based on the full-width at half-
maximum (FWHM). It should be noted that although the terms “crystallite”
and “grain” are often used interchangeably, there are several definitions for
the term crystallite. In our case, we define a crystallite as a region in which
all the material is orientated in a particular diffractive direction. This is
important because it means that a grain can be composed of several crystal-
lites. For this reason, the grains observed using the FESEM may not always
coincide with the crystallite sizes calculated from XRD measurements.

In Fig. 2 (c) it is possible to see that the application of IPA leads to
a significant increase in crystallite sizes from around 45nm in the reference
sample to around 55nm which could be due to an increased period within
the metastable zone and in turn a prolonged period of crystal growth. This
increase in crystallite size is important because crystallite and grain bound-
aries can contribute to charge recombinations. Since an increase in size
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Figure 2: A summary of the results collected for the antisolvent selection.
The antisolvents used were IPA, DEE, T1 and ClBn. These results are com-
pared with a reference sample with no antisolvent. (a) XRD spectra of the
samples (b) peak intensity corresponding to the two main diffraction planes
(c) crystallite size (d) absorbance spectra (e) photoluminescence spectra
with an integration time of 16 seconds (f) time evolution of the PL spectra
of the reference sample.

implies a reduction in the number of these boundaries, this film should yield
a higher PCE. Interestingly, while the IPA, the reference, and the CIBn sam-
ples had comparable crystallite sizes for both the (100) and (200) diffraction
peaks, the other samples showed a divergence, meaning that crystallite sizes
in the material were non-uniform.

To characterise the optical properties of the samples, measurements of
absorbance and photoluminescence were made. The absorption onset of the
samples took place around 600nm, which agrees with the accepted bandgap
value [15, 25, 31, 43]. All samples showed a higher absorbance than the
reference sample, with the IPA and DEE samples giving similar results.
While CIBn and T1 seems to have increased the absorbance of the samples,
they also demonstrate a shallower climb in absorbance, potentially signalling
the existence of interband defects. While absorbance measurements are a
key tool for understanding the band structure and crystal quality, it should
also be noted that the absorption coefficient gives more information, since
it is also a function of thickness and reflectivity. Any deviations in thickness
will create an associated error in the absorbance measurement. This limits
our ability to identify the superior sample based solely on its absorbance
spectrum. On the other hand, all samples show an increase in absorbance
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at the accepted wavelength value for the CsPbIBry bandgap signalling that
the material has been correctly formed.

As can be seen in Fig. 2 (f), measurement of the PL spectra revealed
that all samples showed a time dependent spectrum when under illumina-
tion, leading to the apparition of a lower energy peak. Moreover, a given
spectrum would “reset” if the sample were stored in dark conditions. These
observations are consistent with observations made by other authors and
with the so called “Hoke Effect” [44-46]. While more detailed explanations
can be found in the paper by Hoke et al., the evolution of a PL spectra in
a mixed halide perovskite under illumination can be explained by the seg-
regation of different halide phases causing iodine rich regions to be formed,
which in turn are responsible for the lower energy emission.

PL measurements carried out when the sample is initially illuminated,
shown in Fig. 2 (e), give a peak in emission at around 610nm, which agrees
with the established bandgap value of CsPbIBr; [15, 25, 31, 43]. All samples
show a low energy tail, probably the initial signs of the Hoke Effect. The
sample in which T1 was applied gave the highest emission, which is the same
result as was found by Zhang et al. The TPA and the reference sample gave
very similar PL spectra, suggesting that the antisolvent had a small effect
on the band structure.

Fig. 3 shows the FESEM images that were taken of the surface. Both the
C1Bn and TI1 samples were non-uniform and had large-scale defects compared
with the DEE, IPA and reference samples which showed smooth and uniform
surfaces. When magnified 20,000 times, all samples showed pin-hole free
regions, demonstrating that film coverage at higher magnifications can be
misleading. In general, the DEE, IPA and reference samples were difficult to
distinguish, however the reference sample had slightly fewer defined grains.
From the FESEM images alone, it was difficult to distinguish the best sample
however CIBn and TI clearly had a negative effect on surface homogeneity.

Reference

Figure 3: FESEM images taken of CsPblBrg, with different antisolvents
applied, at magnifications of 2,000- and 20,000-times with an accelerating
potential of 1.5keV. Each sample has a large-scale image (above) and a
magnified image (below) to see the grain structure.
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EDS was carried out in the FESEM by increasing the accelerating po-
tential to 15keV. Table 1 summarises the results. All the EDS spectra gave
the correct atomic percentages for the composition CsPbIBry. The samples
showed a slight surplus of iodine and a deficit of bromine; this is benefi-
cial since a higher iodine content will lower the bandgap and lead to an
increased Shockley-Quessier limit. Using the FIB inside the FESEM cham-
ber, an incision was made in the surface of the samples and their thickness
was measured. The mean value for thickness was 296nm with a standard
deviation of 28nm.

Table 2.3: The atomic percentages of the freshly deposited CsPbIBry sam-
ples using no antisolvent, IPA, DEE, CIBn and TI.
Element at. (%) | Reference | IPA | DEE | C1Bn | TI

Br 37.7 37.6 | 38.5 374 | 37.5

I 24.1 22.8 | 238 254 | 231
Cs 19.5 20.2 | 18.5 18.6 | 20.5
Pb 18.7 19.4 | 19.2 18.6 | 18.9

Dripping time

To ascertain the effect, if any, that the dripping time would have on the
finished sample, four samples of CsPbIBry were treated with IPA as an
antisolvent. IPA was chosen out of the antisolvents as it gave the best results
all-round, especially in terms of XRD. The dripping time was increased in
steps of five seconds due to the difficulty in carrying out precise time-wise
application of antisolvents by hand.

The FESEM revealed that CsPblBro samples treated with IPA over a
range of different dripping times, from 5s to 20s, were difficult to distinguish
at magnifications of around 2,000 times. However, at very low magnifications
of around 24 times, the 5 and 20 second samples showed nonuniformity.
Specifically, the 5 second sample showed a patchy structure which could
be due to the solution not having enough time to spread out before the
antisolvent application. On the other hand, the 20 seconds sample showed
large agglomerations of perovskite material sitting on top of the surface. In
Fig. 4 it is possible to see that although the 5 second sample was nonuniform,
it had regions with good grain formation at higher magnifications. This
shows that often several images are needed to characterise the nature of
the surface. The other samples showed increased film coverage, with the 10
second sample having the best-defined grains and the fewest pinholes.

90



CHAPTER 2. PUBLICATIONS

5 seconds 10 seconds 15 seconds 4 _: 20 seconds

Figure 4: FESEM images of CsPbIBrs thin films treated with IPA over
a range of different dripping times, taken at magnifications of 2,000- and
20,000-times with an accelerating potential of 1.5keV. Each sample has a
large-scale image (above) and a magnified image (below) to see the grain
structure.

In contrast to the FESEM analysis, the XRD results revealed the 10
seconds sample to the be the best one, since it had an intensity far superior
to any other. In fact, in Fig. 5 (b) we can see that there seems to be
a parabolic relationship between the dripping time and the peak intensity.
This parabola takes a maximum, for both the (100) and (200) planes, at
around 11 seconds. Also shown in this graph is the intensity given by the
reference sample. The fact that all samples where IPA was used showed
greater intensity than the reference samples supports the claim that the
method is both reproducible and effective.

In terms of optical properties, the absorbance spectra were all similar,
with the reference sample having an absorbance centred between the most
and the least absorbent samples. The sample with IPA applied after 8 sec-
onds showed the highest absorbance followed by the 10 second sample. The
samples where antisolvent was applied after 15 and 20 seconds showed the
lowest absorbance. As mentioned in the previous section, the error asso-
ciated with the sample thickness should be considered when analysing the
absorbance measurements since thicker layers will have a higher absorbance.
On the other hand, the absorption onset is independent of thickness and
agrees with those found in the literature [15, 25, 31, 43].

The PL spectra once again showed sign of the Hoke Effect taking place,
as in Fig. 2 (f), meaning that there was a generic shift to lower energies
and the apparition of a new PL peak. The effect could also explain the low
energy tail seen in Fig. 5 (d). The fact that there may be two variables
at play, the Hoke Effect and drip time, makes it difficult to confirm the
observed small displacements in the peak maxima. However, a clear trend
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Figure 5: A summary of the results collected from varying the dripping time
of IPA. (a) XRD spectra of the freshly prepared samples (b) intensity of the
(100) and (200) peaks compared with the reference sample (c) absorbance
spectra (d) PL spectra with an integration time of 16 seconds.

can be seen where samples that had a dripping time higher than 8 seconds
exhibit more than a two-fold increase in emission. This could be a result
of improved crystal structure, and an associated reduction of non-radiative
defects.

Stability study

To quantify the stability of the samples, an XRD analysis was carried out
on all the samples used in the previous sections after they were stored for
5 weeks in the laboratory in low-light conditions, at a temperature of 23°C
and relative humidity of 20%.

Since there is no generally accepted procedure for measuring the stability
of perovskites, a simple method was devised to quantify it. Since XRD
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Figure 6: Photographs taken of the freshly prepared samples and the 5-
week-old samples after they had been stored in the laboratory.

spectra generate some of the most easily quantifiable results, a method was
developed which compared values of intensity. That said, values derived
from area could also be used. Assuming significant changes do not occur in
the aged spectra compared with their corresponding fresh spectra, such as
the apparition of new peaks, it should be possible to correlate a percentage
decrease in intensity with stability, since the number of perovskite diffractive
planes is proportional to total intensity. This is because any new peaks not
found in Table 1 correspond to new phases and demonstrate the partial
degradation of the CsPbIBr; alloy.

By exploiting the correlation between XRD intensity and stability, we
can quantify the stability of a sample by calculating the percentage decrease
in its diffraction maxima. The 10 and 15 second samples showed greatly
increased stability, up to 656% for the IPA samples in comparison with the
20% that the reference sample gave. Remarkably, the intensity of the aged
10 and 15 second samples are higher than the freshly prepared reference
CsPbIBrs samples. These results suggest that IPA not only improves crystal
quality but also stability. Contrastingly, the worst performing sample in
terms of percentage decrease was the one where IPA was applied after 5
seconds. Many new diffraction peaks can also be seen to arise in Fig. 7
(b). It is likely that the solution did not have enough time to spread out
before the antisolvent was applied, leading to inhomogeneous film thickness
and crystal nucleation. Moreover, this would explain the patchy structure
observed in Fig. 4 and the spiral structure seen in Fig. 6.

Applying this method to measure the stability of the samples treated
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Figure 7: Stability measurement based on XRD spectra taken when the
samples were freshly prepared and after they were aged in the laboratory.
(a) peak intensity for all the samples mentioned in this work before and
after they were aged. The percentage decrease corresponds to the difference
between the freshly prepared samples (orange) and the aged samples (green).
(b) XRD spectra of aged samples from the dripping time investigation (c)
XRD spectra of the aged samples from the antisolvent selection.

with different antisolvents, the CsPblBry sample treated with DEE stands
out as having extraordinarily high stability in terms of percentage decrease.
However, this is misleading, since one can see the apparition of many new
peaks in the spectrum in Fig. 7 (c) showing that parts of the structure
had degraded into new phases. Similarly, C1Bn and T1 would seem to have
increased the stability of the samples, however closer inspection in Fig. 7
(c) reveals that the only sample to have not given rise to new peaks is the
reference sample. Seen in this way, not only does the application of these
antisolvents seem to adversely affect their properties when fresh, but it also
accelerates their degradation into new phases.

The sample where IPA was applied after 8 seconds showed a 20% decrease
in intensity and the apparition of new peaks. Due to this phase change
occurring, which did not take place in the reference sample, it is possible that
8 seconds is not a long enough amount of time for the solvent to spread out,
which is why all the samples carried out at with this time show accelerated
degradation.

In terms of absorbance (Fig. 8) all samples show a generic shift to lower
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Figure 8: Absorbance spectra of the fresh and 5-week-old CsPbIBry samples
stored in the laboratory at 23°C and RH=20% under low-light conditions (a)
Absorbance spectra of aged samples shown in Fig. 2 (b) absorbance spectra
of aged samples shown in Fig. 5. The dotted lines show the bandgap value
of the desired phase [25, 31, 34].

wavelengths, caused by the transformation of the desired phase, which is
metastable at room temperature, into the stable one which has a larger
bandgap value. The temperature at which this phase transition occurs in in-
organic caesium-based perovskites depends on bromine-iodine content. For
CsPbl3 and CsPbBr3 the phase transition occurs at 310°C [47] and 130°C [48]
respectively, it follows that for CsPbIBry it would fall somewhere between
the two.

Comparing the absorbance spectra of the samples where antisolvent was
applied after 8 seconds, in Fig. 8 (a), the IPA sample appears to hold up
best. If the energy barrier to the phase change has been increased, it could be
because of an increase in bond strength resulting from a decrease in defect
density, explaining their superior stability. Of all the samples, the worst
results were obtained from the sample where ClBn was applied, where a
significant decrease in absorbance is seen to take place at wavelengths below
the bandgap. This suggests that most of the film had already changed phase.

Fig. 8 (b) shows the absorbance spectra of the aged samples that were
used in the dripping time investigation. The sample in which IPA was ap-
plied after 10 seconds showed the best stability, since it had the highest
absorbance out of any of the aged samples. It even showed superior ab-
sorbance to the freshly prepared CsPbIBry sample which had no antisolvent
treatment. This supports the analysis based on the XRD spectra. The
samples where IPA was applied after 15 and 20 seconds showed remarkably
similar absorbance spectra, which was only slightly lower than the freshly
prepared sample with no antisolvent applied.
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The analysis carried out in this section supports the claim that the ap-
plication of TPA with a dripping time of 10 seconds, or higher, will yield
significant improvements in stability. This is indicated by the percentage
decrease in intensity going from 20%, with the reference sample, to over 60%
in Fig. 7 (a) and the superior absorbance spectra in Fig. 8 (b). The results
suggest that to obtain the maximum stability, IPA should be applied with
a dripping time of 10 seconds, however any period between 10-15 seconds
will also enhance the films properties. This is consistent with the parabolic
behaviour found in Fig. 5 (b) which suggests that the ideal application time
is 11 seconds.

CsPblBrs-based solar cells

Using the measured material properties, namely thickness and bandgap, a
one-dimensional solar cell capacitance simulator (SCAPS) [49] was used to
predict the short circuit currect (Jgc), the open circuit voltage (Voc), the
filling fraction (FF) and the device PCE. The parameters used in the sim-
ulation which could not be determined experimentally were taken from the
literature or in some cases a reasonable estimation was made. All the param-
eters used in the simulation can be found in the supplementary information
in Table 1.

To study the effect that the electron transport layer (ETL) and the
hole transport layer (HTL) had on device performance four different cells
were simulated. All cells had a layer of FTO as the back contact and used
CsPbIBr;y as the absorber layer. In two of the cells, zinc oxide (ZnO) was
used as an ETL and in the remaining two titanium dioxide (TiO2) was used.
For a given ETL, a simulation was made with and without the commonly
used 2,2",7,7-Tetrakis [N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(spiro-OMeTAD). The resulting J-V curves and cell properties are shown in
Fig. 9 and Table 3 respectively.

The J-V results revealed that the use of the HTL, spiro-OMeTAD, had
a major impact on the performance of the solar cell, shown by the increase
in FF from 50% to over 80%. On the other hand, Jsc remained largely
unchanged since the bandgap of spiro-OMeTAD, 3.17eV, is comparable to
that of the ETLs, 3.2 and 3.3eV, and larger than that of CsPbIBry 2.05eV.
For this reason, a similar number of photons were absorbed with or without
the HTL. Interestingly, the Vo increased in the cell where TiOy was used
when the HTL was added but the opposite took place in the cell where ZnO
was used. It is possible that this occurs because of the differences in dopant
density and therefore carrier concentration. This finding suggests that when
selecting the ETL, one should consider whether an HTL is to be included in
the device and how they will perform together. In terms of PCE, the cells in
which spiro-OMeTAD was used showed significant increases. The champion
cell, where TiO5 was used as an ETL, gave a PCE of 13.7%, which is higher
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than the record experimental value of 11.53% 44. To date, much focus has
been made on HTL-free CsPbIBro-based devices [15, 21, 31, 34] and our
findings suggest that many of the experimentally tested devices could be
significantly enhanced by the addition of an appropriate HTL.
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Figure 9: J-V curves corresponding to the different CsPblIBrs-based solar
cells with different hole- and electron-transport layers.

2.2.4 Discussion

Our findings support the hypothesis that both antisolvent selection and
application conditions have a measurable impact on the final sample. Our
results have helped clarify and quantify the effects that different factors
have on the quality of antisolvent quenched CsPbIBrs. We have shown that
the antisolvent used and the dripping time both play a major role on the
processed samples.

It is reasonable to suppose that antisolvent selection must be impor-
tant since different solvent-antisolvent combinations will behave differently
together, due to their varying properties. However, more surprisingly, we
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Table 2.4: The atomic percentages of the freshly deposited CsPbIBry sam-
ples using no antisolvent, IPA, DEE, CIBn and TI.

Solar cell structure | Voc (V) | Jsc (mA cm™) | FF (%) | PCE (%)

CsPbIBry/Zn0/FTO 1.273 12.569 48.61 7.78
Spiro/CsPbIBry/ZnO/FTO |  1.057 12.905 84.82 11.57
CsPbIBry/TiO2/FTO 1.230 12.302 53.36 6.36
Spiro/CsPbIBry/TiO2/FTO | 1.235 12.894 86.05 13.70

discovered that the dripping time, an often-ignored factor, seems to have
a large effect on the final sample and therefore should not be overlooked
when integrating antisolvent quenching into the film synthesis procedure. It
seems important that enough time be given for the solution to spread out,
however when the dripping time is too long properties of the film decrease
due to the other processes taking place during crystallisation. Although the
time needed for the solution to spread out is probably a function of viscosity,
surface wetness and surface tension of the solution, in our case, we believe
it to be somewhere between 8-10 seconds.

While our results support the claim that antisolvent quenching can im-
prove the quality of CsPbIBry samples, a possible explanation for why anti-
solvent quenching is not commonplace with CsPblBrs is because when other
researchers have tried the method, they obtained results like ours for DEE,
CIBn and T1. Namely, that the processed samples decreased in quality (Fig.
2). It might be that DMSO is not extracted as well as dimethylformamide
(DMF) by these antisolvents, so antisolvent methodologies used in hybrid
perovskites, such as methylammonium lead iodide, may not extend to inor-
ganic perovskites.

The difficulty in successfully optimizing the antisolvent quenching method
may also explain the deviation of our results from the only published method
presented by Zhang et al. A possible explanation for our different results
is that the antisolvent quenching method is sensitive to small changes in
methodology. While on paper our experiments are very similar, there may
be subtle differences in the way in which our work was carried out. These
differences may include uncontrolled variables in ambient conditions, solu-
tion components or the deposition conditions. In Zhang et al.’s paper, they
used the same antisolvents we did, namely CIBn, IPA, T1 and DEE, however
they found DEE to be the best antisolvent, which contradicts our findings
significantly. During their experimental work, Zhang et al. employed a
dripping time of 20 seconds, which they did not vary, leaving open the pos-
sibility that their method may be further optimized. We optimized this
parameter for the best antisolvent, IPA, by varying the dripping time and
studying the quality and stability of the synthesized samples as described
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in the methodology section.

Several studies into antisolvent quenching methods for the sister mate-
rials CsPbIyBr and CsPbBrs [39, 50], found, like us, that IPA was the best
antisolvent. Liu et al. reported using CIBn to carry out their antisolvent
quenching method [40], however they used DMF as a solvent, which is un-
usual in CsPbXj3 films containing bromine due to the difficulty it causes
in dissolving the bromine-containing precursors. Based on these papers,
IPA appears to be an antisolvent that lends itself well to approaches where
only DMSO is used as a solvent, however as soon as DMF is added to the
solvent, other antisolvents perform better. Since initial literature reviews
of researchers working on CsPbIBry may not include sister materials, and
the vast majority of CsPbIBrs films are made with DMSO [31, 34, 43, 51],
our findings should be taken into account by other researchers, since they
may not be aware that there is an alternative antisolvent quenching method
available to the one presented by Zhang et al.

In our experience, DEE was found to be impractical to work with be-
cause of its tendency to drop out of the pipette very quickly. It is likely that
the low-boiling point of this antisolvent significantly increases the evapora-
tion taking place within the pipette tip, lowering the pressure, resulting in
the DEE being ejected from the pipette. We overcame this dripping effect
by taking up some air at the end of the pipette and we also tried an al-
ternative method which involved saturating the interior of the pipette tip
with DEE vapour beforehand and this also seemed to work. The use of
these techniques, however, is clearly a limitation if volumetric errors need
to be minimized. Furthermore, DEE is not miscible with DMSO [38], which
could cause a nonuniform distribution of DMSO and DEE when quenched.
This would lead to a nonuniform deposition of perovskite material as well as
their different boiling points leading to inhomogeneous drying and crystal
nucleation.

Although our results allow us to claim with a high degree of certainty that
IPA quenching CsPbIBrs will result in a more stable film, we acknowledge
that the method could be improved by including other diffraction peaks
or complementing it with another easily quantifiable piece of data such as
band gap value or absorption coefficient. We have established that FESEM
analysis is problematic because it is difficult to quantify and depending on
film uniformity, a single image may not be enough to fully capture the nature
of the surface.

Our work has established some of the foundations for future studies,
where we will extend our investigation of dripping time dependence to the
other antisolvents. While considering the dripping time on sample quality
and stability, an improved understanding of the effect of the volumetric ratio
between the perovskite and antisolvent was identified as necessary to under-
standing the results. This will be addressed in a forthcoming paper. This
is necessary because, although in our methodology we state a volumetric
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ratio of 2:1 between the antisolvent and the precursor solution, as the spin
programme runs solution is thrown off, therefore changing this volumetric
ratio. The lack of information about this variable makes it difficult to ex-
plain the observed parabolic behaviour of the intensity in Fig. 5 (b). While
the increase in intensity can be attributed to the settling of the solution, the
decrease that happens after around 11 seconds is likely due to the processes
taking place when the crystal precipitates. Our hypothesis is that once the
volumetric ratio goes above a certain level, the metastable limit is passed
for an extended period, causing rapid nucleation and crystal growth, leading
to many defects at the interfaces where these zones meet. To confirm this,
more information about the metastable zone width is needed.

2.2.5 Conclusion

Improving the quality of CsPbIBry samples is vital to enable further its use
in solar cells. We believe that the results presented here make an important
contribution in understanding how to improve crystallinity and stability of
CsPblBry samples. We have conducted a preliminary analysis to discover
which variables and conditions appear to have the greatest impact. In the
absence of generally accepted tests for stability, we have developed our own
method using XRD spectra. In our method, the percentage decrease in
the intensity of diffraction peaks is compared between the samples as they
evolve allowing us to quantify the THEIR stability. Our results show that
application of the antisolvent IPA with a dripping time of 10 seconds, is a
simple and reproducible way to substantially improve sample quality.

We report CsPblBrs films, whose composition was confirmed via EDS,
with a mean thickness of 296nm (s.d. 28nm). While carrying out testing to
determine the best antisolvent, FESEM analysis revealed that the T1 and
ClBn samples showed large-scale defects. Rietveld refinement of the XRD
spectra revealed the formation of a cubic structure, pertaining to the PM-
3M space group, with a lattice constant of 5.9342340.00034 A. The samples
were highly oriented in the (100) direction, with two major diffraction peaks
occurring at 15° and 30°, corresponding to the (100) and (200) planes respec-
tively. From the FWHM, the samples applied with IPA showed an increased
crystallite size of 55nm. This should reduce the number of boundaries at
which charge recombination can occur in solar cells, thereby increasing PCE.
All samples with antisolvents applied showed an increased absorbance, and
PL spectra showed signs of the Hoke Effect taking place.

While investigating the effects of dripping time on IPA quenched sam-
ples, FESEM images revealed that dripping times of 5 and 20 seconds led
to large-scale defects. XRD spectra differed only in the intensities of the
(100) and (200) peaks. These peak intensities took a parabolic form as a
function of dripping time, with a maximum at 11 seconds. All XRD spectra
of IPA quenched CsPblIBrs showed superior intensities when compared to
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the reference sample, which had no antisolvent applied. Absorbance spectra
of the IPA quenched samples was similar to that of the reference sample,
however PL intensity showed a two-fold increase when dripping time was 10
seconds or higher.

To quantify the stability of the samples we developed and employed a
novel system based on XRD spectra and complemented this with an analy-
sis of the absorbance spectra. This was prompted by the lack of established
stability tests in the literature, and the need for a quantitative rather than
qualitative method for measuring sample stability, since qualitative infor-
mation can be more easily misinterpreted. Our method showed that the
samples with TPA applied after 10 and 15 seconds exhibited an important
increase in stability, with only a 65% reduction in the intensity of their XRD
spectra after 5 weeks stored in ambient conditions, compared to a 20% re-
duction in the reference sample. These samples gave superior XRD spectra
readings than the freshly prepared reference sample, even after they were
aged for 5 weeks in air. The sample where IPA was applied after 20 seconds
also showed a moderate increase in stability. On the other hand, the sample
where IPA was applied after 5 seconds gave poor results across the board,
leadings us to conclude that a minimum and specified amount of time is
necessary for optimum dispersal of the solution. According to XRD data,
the samples where other antisolvents were used showed accelerated degra-
dation, along with the appearance of new phases. The absorbance spectra
corresponding to the fresh and aged samples showed results that supported
all of the findings made with the aforementioned method. Namely that the
sample in which IPA was applied with a dripping time of 10 seconds showed
better results than the freshly prepared reference sample even after it had
been stored in air for 5 weeks. This increase in stability also takes place in
the samples where dripping time was higher, but to a lesser degree.

To probe the properties of devices made with the optimized CsPbIBry
films, four different devices were simulated using the programme SCAPs.
The devices were made with either ZnO or TiOs, both with and without
spiro-OMeTAD. The addition of spiro-OMeTAD was shown to make an
important increase in device performance supporting its use as a simple way
to significantly enhance device performance. The champion device was the
one which employed both spiro-OMeTAD and TiOs. This solar cell gave a
PCE of 13.7%, which is higher than the best reported single junction device
found in the literature. Moreover, it gave very competitive values for Vg,
Jsc and FF which were 1.235V, 12.894 mAcm™ and 86.05%, respectively.

We have established that the application of IPA with a dripping time
of 10 seconds is a simple and reproducible method for significantly improv-
ing sample quality. We anticipate that our method should greatly enhance
CsPbIBro sample production and contribute to the development of solar
panels as a source of renewable energy. The development of solar panels is
of utmost importance in the face of the impending climate crisis and will be
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vital in achieving the goal of transitioning to net-zero carbon emissions by
2050 as set out in the Paris Agreements.
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Table 1: The parameters of the materials used for the simulation.

Parameters Spiro CsPbIBr; TiO; ZnO FTO
Thickness (um) 0.20 2.00 0.05 0.05 0.5%
Bandgap (eV) 3.17 2.05[1.2] 32[3-5]  33[4.67]  3.5[3.5.8]
Electron affinity (eV)  2.05[3.9]  3.49[10] 3.9[3.5] 4.4[7 4.0[3,5.6.8]
Dielectric Permittivity ~ 3.00[3-5]  20.0 9.0[3.5] 9.0[4.6.7]  9.0[3-5.8]
CB Effective Density N N 20E+17[11 22E+18[6, 2.2E+18[3,
of States (1/em?) ZIEFLT - LOESIS ] 7 4]

VB Effective Density N N 6.0E+17[11 18E+19[4, 18E+19[3,
of States (1/em?) 18E#17 1.0E1S ] 6.7] 4]
Electron Thermal

Veloeity (cm/s) 1.0E+8 1.0E+7 10E+7[3] 1.0E+7 1.0E+7[3]
E“ﬂlfs;merml Velocty | ope913]  1.0E47 1.0E+7[3] 1.0E+7 1.0E+7[3]
Electron Mobility 2.0E-4[5] 100E+2  1.00E+2[4. 2.00E+1[3,
(cm?/Vs) 230E+3[12] 4 6.7] 5.13]

Hole Mobility 2.0E- , 2.50E+1[11 2.50E+1[6. 1.00E+1[3,
(cm®Vs) aBsia]  ROER2ZL 7] 413]
Donor Density ND 0.0E+0 | 0E<S LOES1T oo o 1.0E+17[4]
(1/em3) [11]

Acceptor Density NA ~ 20E+19% 1.0E+9 0.0E+0 0.0E+0 0.0E+0

(1/em3)

* Manufacturers specifications, XOP Glass
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efficiencies (PCEs) of 25.7% and long lifespans (=3000 h). Although stability has become the focus of
research efforts, a significant number of researchers are still dedicated to further increasing cell effi-
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optimal doping level. When electron and hole mobilities are comparable, and diffusion lengths are not at
least an order of magnitude larger than the perovskite film thickness. devices with the electron-transport
layer on the front side (n-i-p) perform better with a p-doped perovskite, whereas devices with the hole-
transport layer on the front side (p-i-n) perform better with an n-doped perovskite. The existence of
these four regin is espedally p ed for PSCs due to the very high absorption coefficients and
rather low carrier mobilities in halide perovskites. We model the solar cell by employing a drift-diffusion
simulation in SCAPS (a Solar Cell Capacitance Simulator) to provide a full rationale for the phenomenon
and analyse the conditions under which this effect is significant. The findings presented here are based
on the ite properties by i groups and are directed predominantly towards
experimentalists working with devices.
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1. Introduction

Since their inception, perovskite solar cells (PSCs) have experi-
enced a meteoric growth in terms of power conversion efficiency
(PCE). which now sits at a record 25.7% | 1.2]. Research efforts have
been driven by the attractive properties of tin- and lead-based
halide perovskites, including their low cost [3], ability to self-heal
|4-7]. direct bandgap, high absorption coefficient, low binding
energies [8,9), low defect densities [10], as well as large charge
carrier diffusion lengths [11.12] and high charge carrier mobilities
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[13] for semiconductors made using solution-based deposition
methods. Although research into PSCs has been booming over the
past decade, halide perovskites also show great potential for other
applications including LEDs, photodetectors, gamma-ray-detectors,
and sensors. Their unique opto-clectronic properties, which can be
finely tuned using c itional i ing, make them a
promising material for a wide range of applicarions.

Despite their elusive nature, electronically doped halide pe-
rovskites should be ible [ 14—20] and evidence of them grows
daily [21-43]. While experimentally produced halide perovskites
are usually considered intrinsic |30,44—46], it is likely that many
are not, which is why we seek to better understand them in this
paper. Indeed, a recent breakthrough in terms of PSC PCE was
directly attributed to electronic doping of the perovskite [47]. Here
we report the results of our investigations into the effect of doping
halide perovskites, including identification of the conditions under
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Abstract:

Halide perovskites solar cells (PSCs) are making true on past promises,
having reached power conversion efficiencies (PCEs) of 25.7% and long lifes-
pans (;3000h). Although stability has become the focus of research efforts, a
significant number of researchers are still dedicated to further increasing cell
efficiency. To push PCE any higher however, every element of the solar cell
must be controlled and optimized. In the context of the recent advancements
in halide perovskite doping, we analyse how and why doping can modify the
PCE of PSCs. We find that optimal doping levels are highly dependent
on carrier mobilities and device architecture, namely whether the hole- or
electron-transport layer are on the front-side (illumination-side) of the de-
vice. More precisely, there are four regimes defined by carrier mobilities
in which different physical processes are more, or less, important causing
a change to the optimal doping level. When electron and hole mobilities
are comparable, and diffusion lengths are not at least an order of magnitude
larger than the perovskite film thickness, devices with the electron-transport
layer on the front side (n-i-p) perform better with a p-doped perovskite,
whereas devices with the hole-transport layer on the front side (p-i-n) per-
form better with an n-doped perovskite. The existence of these four regimes
is especially pronounced for PSCs due to the very high absorption coeffi-
cients and rather low carrier mobilities in halide perovskites. We model the
solar cell by employing a drift-diffusion simulation in SCAPS (a Solar Cell
Capacitance Simulator) to provide a full rationale for the phenomenon and
analyse the conditions under which this effect is significant. The findings
presented here are based on the perovskite properties measured by multiple
groups and are directed predominantly towards experimentalists working
with devices.

Keywords: perovskite, electronic doping, high efficiency, solar cells
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2.3.1 Introduction

Since their inception, perovskite solar cells (PSCs) have experienced a me-
teoric growth in terms of power conversion efficiency (PCE), which now
sits at a record 25.7% [1, 2]. Research efforts have been driven by the at-
tractive properties of tin- and lead-based halide perovskites, including their
low cost [3], ability to self-heal [4-7], direct bandgap, high absorption co-
efficient, low binding energies [8, 9], low defect densities [10], as well as
large charge carrier diffusion lengths [11, 12] and high charge carrier mo-
bilities [13] for semiconductors made using solution-based deposition meth-
ods. Although research into PSCs has been booming over the past decade,
halide perovskites also show great potential for other applications includ-
ing LEDs, photodetectors, gamma-ray-detectors, and sensors. Their unique
opto-electronic properties, which can be finely tuned using compositional
engineering, make them a promising material for a wide range of applica-
tions.

Despite their elusive nature, electronically doped halide perovskites should
be possible [14-20] and evidence of them grows daily [21-43]. While ex-
perimentally produced halide perovskites are usually considered intrinsic
[38, 44-46], it is likely that many are not, which is why we seek to better
understand them in this paper. Indeed, a recent breakthrough in terms of
PSC PCE was directly attributed to electronic doping of the perovskite [47].
Here we report the results of our investigations into the effect of doping
halide perovskites, including identification of the conditions under which a
p-type or n-type perovskite layer is desirable, or not, in PSCs. Factors in-
fluencing the optimal doping level are also identified. We show that, under
conditions of fixed illumination through the substrate, typical PSCs exhibit
an optimal doping level depending on the device structure used. This effect
occurs due to the asymmetric charge generation profile throughout the bulk
of the perovskite absorber. Specifically, we find that n-i-p and p-i-n devices
perform better with a p-type or n-type perovskite absorber, respectively.
This behaviour has been observed in recent experiments [47] and this paper
sets out to propose the underlying theory. Fundamentally, the effect is a
consequence of the charge carrier diffusion lengths being on the order of the
absorber layer thickness, leading to potential charge extraction difficulties.
Moreover, there are reports of diffusion lengths being shortened further by
doping [48], which may provoke further charge recombination. Fabricating
devices with optimised doping levels is especially important in the case of
PSCs due to the high absorption coefficient of the perovskite layer, which
highly localises photogenerated carriers. Adding to the complexity, the opti-
mal doping level can be influenced by other perovskite properties, including
charge carrier mobilities, defect densities, or layer thicknesses. By exploring
the theoretical rationale for these effects, this work endeavours to establish
guiding principles for the construction of superior PSCs.
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Assuming it is possible to precisely control doping in perovskites, which
despite difficulties appears to be the case, our intention is to determine why
optimal doping levels arise, and how PCE can be maximised for common
PSC architectures. To do so, the drift-diffusion modelling program SCAPS
(a Solar Cell Capacitance Simulator) [49, 50] was employed due to its proven
track record of closely replicating experimental results [45, 51, 52]. In order
to make simulations as physically realistic as possible, the input parame-
ters used were carefully selected, by using a combination of literature val-
ues [53-63], in-house measurements and physical intuition (see table S1). To
the best of our knowledge, there is little work on understanding electronically
doped PSCs. Das et al. studied the effect of doping, photodoping and lateral
bandgap variations on device relevant metrics using the Advanced Semicon-
ductor Analysis (ASA) software [48]. Other studies have used simulations to
optimise dopant concentration, however they were limited to a small range
of values and conditions and tend not to explain the observed behaviour.
For example, Raza et al. found that PCE was monotonically increasing as
a function of acceptor concentration in p-i-n triple-cation-based PSCs [52].
Conversely, Patel et al. found that increasing the acceptor concentration
in CH3NH3SnlIs-based PSCs led to a monotonical decrease in PCE of n-i-p
devices [64]. Pena-Camargo et al. used SCAPS for one of the figures in
their paper, and they found that PCE decreases as either acceptor or donor
concentrations are increased [45]. Here we analyse a large set of dopant con-
centrations and properties, demonstrating how doping the perovskite layer
can improve, or worsen, device performance depending on cell structure and
perovskite film properties. Our results should be of significant interest to
researchers working on PSCs because they establish simple guidelines for
the improvement of devices. Following these can result in increases in PCE
that could be highly impactful for already highly efficient devices. Finally,
we provide an overview of the field, highlighting potential techniques for the
implementation of these principles as well as future avenues of research.

2.3.2 Results

To investigate PSCs with electronically doped perovskite absorbers, different
parts of devices where systematically studied. To begin, the response of PCE
to electronic doping of the perovskite absorber in realistic devices is made.
In the second section, the impact of charge transport layers is explored. The
third section is devoted to the influence of perovskite properties on optimal
doping level. This includes the impact of absorption coefficient and device
architecture, bulk and interfacial recombination rate, and carrier mobilities
on the optimal electronic doping level in the perovskite layer.
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Optimal doping levels in realistic devices

To model the electronic doping behaviour of standard lab-made devices we
simulated the common n-i-p PSC structure, shown in Figure la. Further-
more, we employed widely used electron-transport layer (ETL) and hole-
transport layer (HTL) materials, namely TiO2 and spiro-OMeTAD respec-
tively. The material parameters used in the drift-diffusion simulations were
carefully selected and can be found in Table S1. Throughout the study the
thicknesses of the perovskite and charge transport layers were fixed at 400
nm and 50 nm respectively, which are comparable to the values found in
the literature and in the high-performance devices made in our laboratory.
Furthermore, to make sure our results were applicable to a range of halide
perovskites, we used both the prototypical halide perovskite, MAPbI3, and a
triple—cation mixed-halide perovskite, (MAO.17FAO.83)0.95080.05PbBr0.5112.4g,
which is often used in modern high-performance devices. To check the valid-
ity of our simulated parameters we compared them with reported experimen-
tal values of n-i-p devices using TiO2 and spiro-OMeTAD, shown in Table
1, however without knowing the electronic doping level of the perovskite
layer in the reported cells it is not possible to make a precise comparison.
That said, the range with which PCE varies as a function of doping level
should be applicable for a device with similar thickness and defect densi-
ties. Experimentally produced MAPDbI3-based devices appear to perform
a few percentage points worse than those in our simulations. This could
be explained by several factors including the experimentally produced films
being slightly n-type and/or further loss channels in real devices such as
defect-induced recombination, geometrical factors, and layer imperfections.
On the other hand, experimentally produced triple-cation devices perform
slightly better than predicted by our results which we attribute to the fact
that we used the same bulk and interface defect densities for both halide
perovskites, however there is evidence to suggest that the formamidinium
cation promotes rapid defect self-healing [5] and cation mixing can suppress
defect formation [15]. Another important point to make is that the values
obtained in our simulations are lower than record-breaking PSCs which have
PCEs of up to 25.7%2. This is due to the fact that they all used interfa-
cial engineering to reduce non-radiative recombination and they employed
slightly different perovskite compositions, making a direct comparison more
difficult to be made [65—67]. Nevertheless, our results are applicable to these
record PSC too as tuning the values of said parameters in our simulations
still results in asymmetrical response of PCE to n-type or p-type doping (see
figure S14).

Figures 1b and 1c show PCE as a function of doping level in the per-
ovskite for MAPbI3-based and triple-cation-based devices. The stars show
carrier densities reported for these films, in some cases an arrow is used to
signal a change in the measured electronic doping level before and after a
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Table 2.5: Reported experimental values for PSCs  with
TiOg/perovskite/spiro-OMeTAD architectures. ~ The PCE of cells in
this work correspond to those where the optimal doping level was imple-
mented in the perovskite.

Perovskite composition PCE Reference
(MA(),17FA0783)0,95CSO_O5PbBI‘()_5112_49 20.7% This work
(MA()_17FAO.83)0_95CS0.05PbBr0.5112.4g 211% Saliba et al. [68]

MA().15FAO.85PbBI'0.4512_519 20.5% Li et al. [69}
(MAO.15FAO.85)0.95CS0.05PbBr0.4312.57 1976% Zhao et al. [70]

MAPI; 23.9% This work

MAPI; 20.2% | Zhang et al. [71]
MAPI; 19.7% | Ahn et al. [72]
MAPI; 19.0% | Noel et al. [73]

technique changing the doping level was used [31, 32]. However, these stud-
ies used different device structures meaning that a direct comparison of PCE
cannot be made with our results. In Figure 1b and 1c both devices show an
asymmetrical response to p-type and n-type doping and perform best when
the perovskite layer is p-doped with an acceptor density of No=10'6 cm™.
On the other hand, n-type doping appears to severely hamper performance.
Although this behaviour was conserved across a range of absorber layer
thicknesses, as thickness decreases the beneficial effect of doping becomes
less pronounced since the diffusion length becomes larger with respect to the
absorber thickness (see Figure S1). For devices based on both perovskites,
there is approximately a 6% difference in PCE between a heavily p-doped
and heavily n-doped absorber layer. Since it is not clear whether such high
doping levels are physically obtainable, this value should be taken as an
upper limit. Figures 1b and lc also show differences in doping sensitivity,
which is how quickly PCE changes as the layer is doped. For both materials,
an increase in PCE can be expected with p-doping, however in the case of
the triple cation the maximum value of PCE is reached at a lower doping
level.

These results raise several questions concerning the cause of this asym-
metric doping behaviour, and whether it can be avoided. Our data suggests
that the combination of high absorption coefficient and low carrier mobility
creates a unique situation in halide perovskites where charge carriers are
highly localised, and their diffusion lengths are comparable to the thickness
of the perovskite films. This leads to hindered charge extraction which can
be improved by electronic doping.

122



CHAPTER 2. PUBLICATIONS

(a) n-i-p configuration (b)
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Figure 1: (a) Simulated layer stack representing the structure of the n-i-p so-
lar cell, with Spiro-OMeTAD as HTL and TiO2 as ETL. Contour mappings
of PCE as a function of donor and acceptor density in the (b) MAPbI3 and
(C) (MAO.17FAO.83)0.95CS0.05PbBI‘0.5112‘49 perovskite layer. The parameters
used in these simulations can be found in Table S1. Stars show experimen-
tally measured carrier densities in MAPbI3 and triple-cation mixed-halide
perovskites. In some cases an arrow is used to represent the measured car-
rier densities before and after an electronic doping technique was used.

The impact of transport layers

To determine whether the optimal doping levels in Figure 1 stem from prop-
erties of the charge transport layers, non-physical symmetric charge trans-
port layers (see Table S2) were simulated. Both charge transport layers have
the same density of states, doping levels and carrier mobilities. Furthermore,
the same band offset is considered at the conduction and valence band at
the ETL and HTL interfaces respectively. Under these conditions, key pa-
rameters of the charge transport layers were systematically varied in the
n-i-p configuration to determine the effect on PCE doping response. Even
in the case where the charge transport layers properties were symmetric an
asymmetric doping level map, such as those in Figure 1, arose. Moreover,
this asymmetric behaviour was conserved for a range of doping concentra-
tions, density of states, mobilities, and band offsets (see Figure S2). A more
comprehensive analysis of the effect of changing the charge transport layers
parameters on PCE can be found in the supporting information (see figure
S2-S4). These findings suggest that the optimal doping level is dependent on
the nature of the perovskite layer. For this reason, and in order to simplify
the interpretation of results, symmetric charge transport layers (see Table
S2) were used in the rest of the study.

The impact of bulk perovskite properties

Absorption and photogenerated carrier profile In contrast to the
properties of the charge transport layers we found that the profile of pho-
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togenerated carriers in the bulk perovskite, which depends on device archi-
tecture and optical properties, plays a critical role in identifying an optimal
doping level. Figures 2a and 2b show how an optimal p-type or n-type dop-
ing can arise by illuminating the same device from the ETL (n-i-p) or HTL
(p-i-n) side respectively. This is in agreement with what has been observed
experimentally [47]. This asymmetric response to doping is driven mostly
by changes in fill factor (see Figure S13). Furthermore, Figure 2¢ shows how
this behaviour disappears when a non-realistic constant generation profile
is directly implemented. In this case, the generation profile is non-physical
and cannot be straightforwardly related to an incident spectrum and power.
For this reason, the total number of photogenerated carriers across the layer
was adjusted to be the same as the value obtained by combining a Beer-
Lambert Law with the AM1.5 spectrum. This allows for the estimation of
PCE by dividing the total power output by a 1 sun intensity. Generation
profiles are represented in Figure S5.

(a) n-i-p configuration (b)  p-i-n configuration (€) Symmetrical structure
m-;
ETL (50nm) Photogenerated Carrier HTL (50nm) | ; ETL (50nm) Photogenerated Carrier
Profile in Perovskite s Profile in Perovskite
Perovskite (400nm) (Beer- Lambert) Perovskite (400nm) H perovskite (400nm) (Constant)
l(x)zflu\'i)exp[—a(/l)m) dA 1) =1y
HTL (50nm) ETL (50nm) HTL (50nm)
H \
17 — » P »
10 ;—mﬁ 3 W 7 U ;g;, };g,,
b i | 2 ’

21 2
S s

10"} s 1 [T
q |

(1] I A - 10 . 2 0 PN | |
1000 10" 10 10° 10 10° 10 107 10000 10 102 10° 10 10% 10 10V VOO0 0 10 10" 10" 10" 10 10"
10 10" 107 10 10" 10" 10" 10 10 10™ 10" 107 10" 10" 10" 10 H 10" 10" 10" 10" 10 10" 10"
Donor density (em™) Donor density (cm™) H Donor density (em™)

Figure 2: PCE of PSCs using physically realistic parameters and symmetric
charge transport layers that have the same band offset, carrier mobilities and
doping level. (a) n-i-p structure (photogeneration from illumination on ETL
side), (b) p-i-n structure (photogeneration from illumination on HTL side),
(c) symmetrical structure (non-physical constant generation rate throughout
the perovskite layer).

To further probe the impact of different absorption profiles on optimal
doping levels, a range of generation functions were used to simulate photo-
generated carriers being created at different depths. These square functions,
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seen in Figure 3a, while non-physical when considered independently, can
model physically realistic absorption profiles when linear combinations of
these functions are used. Figure 3b shows diagrammatically how a Beer-
Lambert absorption can be modelled in the perovskite layer by adding a
weighting factor to each function. In the limit where the width of the square
functions go to zero, any incident spectra can be modelled exactly.

Figure 3¢ shows the difference in PCE of highly n-doped, with ND=10'"
cm™, and highly p-doped, with NA=10'" ¢cm™, devices. Doping level maps
for each square function can be found in Figure S8. Intuitively, if charges
are generated near an interface, it is easier for them to reach it. If photogen-
erated carriers are created near the HTL (at Onm) they will reach it more
efficiently than the ETL (at 400nm) since the layer thickness is of the same
order as the diffusion length of the charges. In addition, band bending, and
the associated electric field, can also promote the separation of charges and
their transportation. Doping the perovskite layer localises the band bend-
ing at one extremity of the layer and flattens it at the other (see Figure
S6), meaning that electric field is also localised (see Figure S7). Since both
electric field and photogenerated charge carriers are localised, their respec-
tive locations are key for optimising charge carrier extraction. Hence by
altering the position of the photogenerated carriers from the HTL-side (as
it would be in a p-i-n configuration) to the ETL side (as it would be in an
n-i-p configuration), the preference for n-doping turns into a preference for
p-doping.

Furthermore, in p-doped materials, the minority carriers (governing charge
transport) are electrons while in n-doped materials they are holes. Consid-
ering a p-i-n configuration, if the intrinsic material becomes p-doped, the
minority carriers, which are electrons, must travel through the entire per-
ovskite layer to reach the ETL while if the material is n-doped, the minority
carriers, which are the holes, can easily reach the HTL on the front. This
phenomenon, coupled with the localized electric field, explains why PCE
is higher when charges are generated near the HTL if the material is n-
doped than when it is p-doped as we can see in the left-most point of Figure
3c. Interestingly these effects remain true even when introducing traps in
the layer, increasing interface or bulk defects, or lowering carrier mobility
(details are provided in Table S3).

As carriers are generated closer to the centre of the layer, the effect
diminishes, until it vanishes completely at the centre (at 200 nm), and no
doping type is preferred. Moving further to the right, the reasoning can be
inverted and it becomes more favourable to be p-doped since the electrons,
which are the minority carriers, reach the ETL (at 400nm) more easily.

To probe the non-linear recombination effects that depend on charge
concentrations, we simulated solar cells with different exponential decay
generation profiles, which correspond physically to absorption coefficients
for a given wavelength (i.e. monochromatic light) when illuminated from
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either the ETL or HTL side. Here again the synthetic generation profiles
were weighted to the total generation rate obtained from a Beer-Lambert
Law combined with the AM1.5 spectrum. Figure 3d shows the difference
in PCE between a heavily n-doped and p-doped device as a function of
the absorption coefficient. The higher the absorption coefficient, the more
photogeneration is localised near the front interface. This results in an
increasingly desirable p-doping when illuminated via the ETL (blue in Figure
3d) or n-doping when illuminated via the HTL (orange in Figure 3d). When
the absorption coefficient tends to zero, no effect can be seen since charges
are generated equally throughout the perovskite layer.

These results demonstrate why the distance between the photogenerated
carriers and the space-charge region is important in PSCs, an effect that has
been observed previously by other authors [69]. Moreover, these results show
that doping is key for achieving high efficiencies when materials with high
absorption coefficients are used, assuming that the charge’s diffusion lengths
are not at least an order of magnitude larger than the film themselves (as is
the case in Si and GaAs).
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Figure 3: (a) Square (30nm wide) photogenerated carrier distributions used
for the simulations. Depth scale starts from HTL interface (Onm) to the
ETL interface (400nm) (b) Diagrammatic explanation for how physically
realistic carrier distributions can be modelled with square functions. (c)
Resulting power difference between p-type perovskite (Na=10'" cm™) and
n-type perovskite (Nd=10'" ecm™) when using the square functions in (a)
as the photogenerated carrier profiles. HTL is at the front (left) and ETL
is at the back (right). Several configurations of defects and mobilities are
simulated. (d) Power difference between p-type perovskite (NA=10!" cm™)
and n-type perovskite (ND=10'" cm3) as a function of absorption coefficient
for both n-i-p and p-i-n configurations. Associated data is in supporting
information Tables S2 and S3, Figures S8 and S9.

Bulk and interface recombination In the previous section we showed
how an optimal doping level can arise due to non-uniform photogeneration,
with most carriers being created near the front side of the perovskite layer.
Moreover, electron-hole pair separation can also be hindered if the doping
localises the band bending at the back interface (see Figures S6 and S7).
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In this context, charge carrier transport and recombination play key roles.
To study this further, we investigated the effect of changing defect densi-
ties which correspond to neutral recombination centres inside the bulk of
the perovskite layer and at the interfaces with the charge transport layers
(details can be found in Table S3, Figures S10 to S14).

Figure 3c shows that the configuration with the best transport properties
(low bulk and interface defects, red) not only has the lowest PCE difference
between heavily n-doped and p-doped cells, but also the lowest dependence
on generation depth. Conversely, having a high defect density of 107 ¢cm™
in the perovskite layer (yellow) leads to large variations, which are more
sensitive to generation location, in optimal doping level. For instance, if the
generation is on the HTL side (low depth values) and the doping is p-type,
the separation of carriers relies almost exclusively on diffusion, meaning that
electrons must diffuse across the width of the absorber to reach the ETL.
Naturally, a perovskite layer with high defect density is highly detrimental
in this case. Similarly, when lower mobilities are considered (both electron
and hole mobility lowered to 0.1 cm?V-'s!), a similarly strong dependence
on doping and generation profile is observed.

To probe the impact of bulk perovskite defects on optimal doping level,
we simulated the cells in Figure 2 with both low (10'® cm™) and high (107
cm™) defect densities. Independent of defect density, devices illuminated
from the ETL side had an optimal p-doping level and those illuminated
from the HTL side an optimal n-doping level. Furthermore, an intrinsic layer
was preferred when generation rate was constant irrespective of the defect
density. Across all three cases, increasing the bulk defect density reinforced
the benefits of doping because it increased the probability of recombination,
negatively impacting transport properties and the effective diffusion length
of photogenerated carriers. This exacerbates the difficulty in extracting the
minority carriers. Doping level maps of JSC, VOC, and FF can be found in
Figures S11 to S13.

We also investigated the role that interface defects between the per-
ovskite and the charge transport layers played in determining the optimal
doping level. We found that the optimal doping level was conserved irrespec-
tive of the interfacial recombination rate (see Figure S14), although there
was a slight decrease in PCE at high dopant densities due to the increased
recombination.

The impact of asymmetrical carrier mobilities Until now, equal elec-
tron and hole mobilities have been considered in the perovskite layer, how-
ever in real devices hole mobilities tend to be lower than their electron
counterparts. Moreover, we found that the value of charge carrier mobilities
was critical in determining the optimum doping level. In two cases, when
the ratio of the charge carrier mobilities is very small or large, the optimal
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doping level dependence on photogenerated carrier profile can disappear
completely. To investigate the effect of having asymmetric electron-hole
mobilities, simulations were carried out using a constant electron mobility
of 1 cm?V-'s!, while hole mobility was varied an order of magnitude from
1to 0.1 cm?V-1ist,

Figure 4a, similarly to Figure 3d, shows that the more carriers that are
generated close to the edge of the absorber layer, the more it becomes ad-
vantageous to be doped. This trend is persistent throughout all mobility
conditions. However, as hole mobility is decreased, the PCE difference be-
tween n- and p-doped devices are downshifted. This leads to a limiting case
where for a given absorption coefficient and low enough hole mobility it is
always preferable for the perovskite to be p-doped since this makes the holes
the majority carriers and therefore improves their transport.

Another interesting finding is that for each set of mobilities there exists
an absorption coefficient where there is no optimal doping level. The per-
ovskite layer thickness, which is constant in this study, is also likely to play
a role in this effect. For example, when the hole mobility is 0.1 cm?V-1s?
no doping type is preferred when absorption coefficient is approximately
1.2x10° cm™. This demonstrates an inner balance occurring between car-
rier mobility and photogeneration profile which can lead to several physical
regimes depending on whether carrier mobilities are comparable or not.

Figure 4b identifies the separate physical regimes determined by carrier
mobilities. This figure was obtained by combining several doping maps with
different device structures and bulk defect densities (see Figure S15). We
find that when there is a very strong mobility asymmetry there are regions
where it is always better to have a certain doping type. On the other hand,
in the central area where both mobilities are comparable, the optimal doping
level depends on the profile of the photogenerated carriers. Figure 4b also
shows two different bulk defect densities in the perovskite layer. As reported
in the previous section, bulk defect densities increase the sensitivity of PCE
to doping. This manifests itself in Figure 4c as an expansion of the area
where doping level is dependent on photogenerated carrier profile, meaning
that higher asymmetries in mobilities must be reached before doping level
is insensitive to device configuration.
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Figure 4: (a) Difference in PCE between simulated cells with a p-type per-
ovskite (Na=10'7 cm™) and n-type perovskite (Nd=10'7 cm™) as a function
of perovskite absorption coefficient. n-i-p configuration corresponds to the
doted lines and plus signs, wheras p-i-n configuration corresponds to dashed
lines and x signs. (b) The three limiting cases defined by carrier mobilities
when diffusion lengths are not at least an order of magnitude larger than
the perovskite layer. Associated data in supporting information Figure S15.
When there is a large difference between carrier mobilities, it is best for the
carrier with the reduced mobility to be made the majority carrier. This is
independent of the device architecture used. However, when mobilities are
comparable, whether p-doping or n-doping should be used depends on de-
vice architecture and illumination conditions. Increasing bulk defect density
in the perovskite layer from 10" ¢cm™ to 10'6 ¢cm™
of this region.

results in a broadening

2.3.3 Methods and insights for electronically doping PSCs:

In order to exploit the results presented so far, this section explores the
available experimental techniques for doping halide perovskites. Here we
review different approaches for electronically doping perovskites, in order
to obtain elevated numbers of free charges in the material. These include
the intrinsic (i.e. non-stochiometric films) and extrinsic (i.e. via impurities)
doping of halide perovskites as well as remote doping through charge transfer
from adjacent layers.

Intrinsic doping of perovskites has been explored from a theoretical point
of view [14-17] and reported experimentally [21-27]. Density functional
theory (DFT) calculations indicate the possibility of making a range of
compositions more or less p- or n-type by controlling growth conditions.
Such compositions include MAPbI3 [14], FAPbI3 [15], MAPbBr3 [16] and
MASnI3 [17]. In the case of FAPbI3 and MAPDI; it should be possible to
produce either n- or p-type films by growing them in Pb-rich or Pb-poor
conditions respectively [14, 15], however MAPbBr3 and MASnI; films tend
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towards being p-type [16, 17].

In terms of the experimental evidence, several studies report p-type be-
haviour in tin-based perovskites which is attributed to the propensity of tin
to oxidise [21, 22, 27]. Many studies have also shown a p-type to n-type
phase transition by changing the stoichiometry of the precursor and several
perovskite homojunctions have been fabricated using this property [42, 43].
Wang et al. found that changing the MAI to Pbl, ratio in the MAPbI3 pre-
cursor solution from 0.3 to 1.7 resulted in p-type or n-type films with carrier
concentrations of up to 4x10'® cm™ holes and 3.5x10'® cm™ electrons re-
spectively [23]. Su et al. reported similar findings for MAPbBr3 [25]. There
is also evidence that suggests there exists the possibility of intrinsically dop-
ing films after their synthesis. Zohar et al. carried out a post-processing
treatment of MAPbDI3 using 12 vapour [24]. They found that the post-
processing method increased conductivity by an order of magnitude, altered
the diffusion lengths of the carriers and led to a 150mV increase in the work
function which they attribute to the film becoming p-type. Furthermore,
Song et al. exploited the volatile nature of MA in order to prepare more or
less n-type films by controlling the annealing temperature [26].

Similarly to intrinsic doping, extrinsic doping has been explored from
both theoretical [16, 18-20] and experimental [28-37] points of view. First-
principles calculations suggest that MAPbI3 can be made p-type or n-type
depending on the group that the dopant belongs to and the position it occu-
pies in the lattice [18]. That said, while the production of p-type MAPDbI3 via
doping with group IA, IB and VIA elements under I-rich/Pb-poor growth
should be straight forward, n-type doping requires non-equilibrium growth
conditions [18]. It is noteworthy that MAPbBr3 is much more difficult to
dope extrinsically since intrinsic defects such as Pb and Br vacancies that
compensate extrinsic doping are very stable [16]. In terms of inorganic per-
ovskites, some DFT calculations support the claim that p- or n-type CsPbls
can be achieved through group IITA and VA doping [19], however intrinsic
defects were not considered in this study and they may play an important
role [74].

In a number of experiments a range of elements have been claimed to
act as dopants or acceptors in perovskites [74]. This may not be so straight-
forward as appears and care should be taken when adding extrinsic dopants
into the precursor solution because it is possible to inadvertently change the
crystallization kinetics, surface chemistry, and/or the AX/PbXj ratio which
directly impacts the growth conditions of intrinsic defects. Senocrate et al.
reported on the p-type behaviour of halide perovskites when interacting with
oxygen which they attributed to the Og substituting I" or sitting on intersti-
tial sites [28]. Ag has also been proposed as an acceptor dopant with p-type
MAPDI3 [34] and CsPbBrj [35] being reported. Several results also suggest
that the hole density in p-type MAPbI3 can be controlled through the in-
clusion of Nal and RbI in the precursor solution [29, 30]. With reference
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to n-type doping, Huang et al. varied the electron density in MAPbIs from
7.2x10™ cm™ up to 8.3x10' cm™ by substituting Pb2* with Sb3* [31]. In
an alternative approach Abdelhady et al. and Meng et al. increased carrier
density up to 2x10'6 ¢cm™ by doping with MAPbBrs with Bi3* [32, 33]. Li
has also shown potential, with n-type MAPbI3 [36] and CsPbBr3 [37] being
reported. In fact, it is plausible that many reported PSCs have unknowingly
been doped with Li since it is often used to dope the spiro-OMeTAD layer
and it may be able to diffuse into the perovskite from the HTL [75].

Several groups have reported an apparent substrate-dependent shift in
the Fermi level position in the perovskite film which could be associated with
charge transfer or remote doping [38—41]. The fact that changing the doping
of a substrate can alter the Fermi level position deep in the bulk of MAPbI3
films, which are grown on top, suggests a low intrinsic carrier density in
the perovskite film [44, 76]. Similar effects were observed for triple-cation
lead bromide films on a range of substrates, for which the work function
of the halide perovskite was monotonically decreasing as a function of the
substrate’s work function [41]. Noel et al. took a different approach, pre-
treating the substrate with a fluorinated ionic liquid to make the perovskite
n-type [77]. These results highlight the potential for using substrates as a
means of controlling the band alignment in PSCs.

Molecular doping, i.e. the transfer of charge between an organic molec-
ular species and an adjacent semiconductor, has also developed into a sig-
nificant field of study for the doping of perovskites [78-84]. For molecular
doping to work, the lowest unoccupied molecular orbital (LUMO) or highest
occupied molecular orbital (HOMO) of the dopant must be above the con-
duction band or below the valence band of the perovskite for n- or p-doping
respectively [74].

An important factor to consider when implementing these techniques is
the effect that electronical doping can have on device stability. In some cases,
improving the doping level of the perovskite can improve lifespan of the
device [47] however this is not always the case [85]. To our best knowledge,
there is no clear consensus on the relationship between large families of
electronic doping techniques and device stability. However, this knowledge,
in combination with the findings presented here, could be invaluable to some
device makers. For this reason, we highlight this as an area which merits
further investigation.

2.3.4 Conclusion:

In this work we analyse the processes driving an optimal doping level in PSCs
and provide tools for improving devices. Optimal doping levels are shown to
originate in the properties of the perovskite layer itself, due to the relatively
low carrier mobilities and high absorption coefficients of halide perovskites.
Varying the type of doping modifies the nature of the space charge region
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created at the charge transport layer/perovskite junction, which can hinder
or promote the extraction of charge. The high absorption coefficients of
halide perovskites lead to a strong localisation of photogenerated carriers on
the front side of the absorber layer, which is why the choice of an n-i-p or p-
i-n structure generally dictates whether p-type or n-type doping is optimal.
This effect has been overlooked in PSCs because in other semiconductors
commonly used in photovoltaic applications, such as Si and GaAs, charge
mobilities are normally large enough that diffusion lengths are orders of
magnitude longer than the absorber thickness. This is not the case for
halide perovskites, and it leads to a lower charge extraction efficiency.

We find that the relationship between electron and hole carrier mobilities
has a critical impact on the optimal doping level. Specifically, we find that
there are four regimes depending on values of electron and hole mobilities.
Firstly, when they are both high enough, so that charge carrier diffusion
lengths are much larger than the absorber thickness, optimal doping level is
insensitive to device structure. However, the remaining three cases, which
are more pronounced in PSCs due to the lower mobilities, occur when elec-
tron mobility is either much larger, equal to, or much smaller than hole
mobility. In the cases where mobilities are very different, devices will per-
form best when the majority carriers are the ones with lower mobilities.
However, in the case where mobilities are comparable, the optimal doping
level is a function of device architecture, namely whether the ETL and HTL
are on the front- and back-side or vice versa. Having established the pro-
file of photogenerated carriers as the source of the optimal doping level, we
investigate the impact of perovskite properties on said effect. Bulk defects
in the perovskite are shown to be important in exaggerating the effect since
they impede charge transport. Absorber thickness is also important because
the optimal doping levels originate from the fact that diffusion lengths are
on the order of the film thickness. Lastly, any increases in absorption co-
efficient will also exacerbate the impact of doping since it will increase the
localisation of photogenerated carriers.

For these reasons, device makers should be aware that PCE may be
fundamentally limited for a given device configuration depending on the
deposition conditions and perovskite composition used. For example, this
should be considered when using non-stoichiometric growth conditions or
perovskites with a tendency to self-dope, such as tin-based ones [21, 22,
27]. The results presented here contribute to the development of a better
understanding of electronic doping in PSCs as well as provide avenues of
research for the development of future high-performance devices.
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Table 1: Summary of literature values and those used for simulations. The
solar cells in Figure 1 were carried out using the bold values.
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1.3 [4] 3.24[8] 1.04[2.9]
Electron affinity (%)  3.9[2], 4.17[1],  3.79[4], 3.50[35], 307271, 22[3],
3.03[3] 4[9] 42217, 4[3] 2.05[2.9],
143[7]
Pelative permittivity 302,31 €5[1] 13, 64[3], 6.3[d] 82,7, 107E], 3[2,3,7.100
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Hefmm™) 10" 25107 107 [5], 10 [3], 10" 1,
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e {on™) 10 2 3107 107 [3], IIF' f=10 [E]_ 1™, 10
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Note that in many cases, such as DOS or carrier mobilities, values found
in the literature can span several orders of magnitude.
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Figure S1: Impact of changing the perovskite layer’s thickness on PCE as
a function of dopant concentration. MAPDI3 thickness is (a) 100nm (b)

400nm (c) 1000nm.

Table 2: Parameters defining the hypothetical ETL and HTL in the solar
cells associated to the results in Figure 2.

ETL HTL
Thickness (nm) 30 30
Bandgap (eV) 3 3
Electron affinity (V) 379 24
Relative permittivity 10 10
Ne (em™) 1020 1020
Nv (cm™) 100 100
Carriers thermal velocity (cm.s1) 107 107
Electron mobility (cm? V-1.51) 1 1
Hole mobility (cm?.V-1.51) 1 1
Donordensity (cm™~) 1018
Acceptordensity (cm¥) 1018
Radiative recombination 5.3x10-11 5.3x10-11

coefficient (cm?® 51)
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Figure S2: Impact of changing TL parameters from the reference n-i-p case
(a) using the parameters in Table S1. The different changed parameters are
the following: (1) Reduction of the conduction DOS (b) N. = 10'® ecm™ and
valence DOS (c¢) Ny = 10'® cm™. (2) Lower Mobility 105 cm?/Vs in the
ETL (d) and HTL (e). (3) Band offset of 0.4 eV in the conduction band (f)
and valence band (g) at the ETL /perovskite interface and HTL/perovskite
interface, respectively. (4) Lower doping concentration in the ETL (h) Np
= 101% cm™ and HTL (i) No = 106 cm™.
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Figure S3: Band diagrams at short circuit condition corresponding to the
study with the changed TL parameters. (a)-(c) Reference case Fig S1
(a). (d)-(f) Band offset HTL/perovskite Fig S1 (g). (g)-(h) Band offset
ETL/perovskite Fig S1 (h).

In terms of performance, changing the ETL and HTL doping densities,
mobilities and band offsets had an important impact on PCE (see Figure
S2). Depending on the doping type, the band offset between the perovskite
and the TL can either generate an additional electric field which opposes to
the built-in one (Figure S3 (d) and (i)), or it can decrease the built-in field
in the doped perovskite (Figure S3 (f) and (g)). Both conditions decrease
the PCE, but the largest reduction is obtained if the band offset occurs at
the back-side TL/perovskite interface (see Figure S3 (d)), where a Schottky
barrier is created that hinders charge extraction.
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(a)  Band Offset ETL/perovskite — n-type (b) Band Offset ETL/perovskite — p-type (i)  Band Offset ETL/perovskite — n-type
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Figure S4: Efficiency of triple-cation based perovskite solar cell modifying
the band offset of the ETL/perovskite (a-b) and HTL/perovskite (d-e) in-
terfaces for different donor and acceptor dopant densities on the perovskite.
(c) (f) Energy Diagrams for the worst scenario of the Figures (a-b) and (d-
e), respectively (red point). The worst scenario is when the perovskite is
highly n-type and the cell present the upper value of the band offset.
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Figure S5: Photogeneration rate across the perovskite layer for the three
structures in Fig 2 (main text). Depth scale starts from HTL interface (0
nm) to the ETL interface (400 nm). (a) n-i-p structure (photogeneration
from illumination on ETL side using Lambert’s law), (b) p-i-n structure
(photogeneration from illumination on HTL side using Lambert’s law), (c)
symmetrical structure (synthetic constant photogeneration).

Table 3: Parameters defining perovskite materials in the solar cells associ-
ated to the results in Figure 2.
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Figure S6: Band diagram of the same perovskite solar cell structure (TiO2/
MAPbDI3/Spiro-OMeTAD) at short circuit, for three doping levels using the
parameters in table 1. (a) n doping (Nd=10"cm™), (b) no doping, (c) p
doping (Ng=10'"cm™3).
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Figure S7: Electrical field intensity across the perovskite layer at (a) short
circuit and (b) open circuit, for three doping levels (same cases simulated in
the Figure S6).
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Figure S8: Mapping of the PCE difference depending on electron and hole
mobility for the nine square generation profiles at different depth in the
perovskite layer. Generation depth is the distance of the square generation

profile with respect the HTL layer.

v ood  Highbulk High interface Low carrier

Reference 1= & dei:g:lcts deg:lcts mobilities
Thickness (nm) 400 400 400 400 400
Bandgap (eV) 1.61 1.61 1.61 1.61 1.61
Electron affinity (eV)  3.79 3.79 3.79 3.79 3.79
Relative permittivity 23 23 23 23 23
Ne (em?) 101 102 101 102 102
Nv (cm) 101 1010 101 102 102
Carriers thermal 107 107 107 107 107
velocity (cm.s1)
Electron mobility 1 1 1 1 0.1
(cm2V-151)
Hole mobility (cm?.V- 1 1 1 1 0.1
1g1)
Radiative recombination  5.3x10°11  53x10-12 5.3x101 53x10°12 5.3x101
coefficient (cm3 s-1)
Defect density in bulk 1015 10% 1017 108 108
(em™)
Defect density at ETL 1012 10° 108 1014 108
interface (cm2)
Defect density at HTL 1012 10° 108 1014 108

mterface (cm-2)
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Figure S9: PCE of the reference device as a function of doping level for each
of the exponential generation functions. Shows the symmetry between left
and right-side illumination.
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Figure S10: PCE of PSCs using physically realistic parameters for the per-
ovskite layer, and symmetric TLs that have the same band offset, carrier
mobilities and doping level. (a) and (d): n-i-p structure (photogeneration
from illumination on ETL side). (b) and (e): p-i-n structure (photogener-
ation from illumination on HTL side). (c) and (f): symmetrical structure
(constant generation rate throughout the perovskite layer). (a) to (c) have a
defect density of 10'® cm™ in the perovskite layer, (d) to (f) have 1017 cm™.
Associated data: Table S3 (columns reference cell and high defect cell) and
Figures S10 to S12.
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(¢)symmetrical structure (Low Bulk Defects)
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Figure S11: V,. of PSCs simulated in Figure S9 using physically realistic
parameters for the perovskite layer, and symmetric TLs that have the same
band offset, carrier mobilities and doping level. (a) and (d): n-i-p struc-
ture (photogeneration from illumination on ETL side). (b) and (e): p-i-n
structure (photogeneration from illumination on HTL side). (c) and (f):
symmetrical structure (constant generation rate throughout the perovskite
layer). Two defect densities in the perovskite are represented: 10 cm™
((a) to (c)) and 106 ecm™ ((d) to (f)).
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Figure S12: Jg. of PSCs simulated in Figure S9 using physically realistic
parameters for the perovskite layer, and symmetric TLs that have the same
band offset, carrier mobilities and doping level. (a) and (d): n-i-p struc-
ture (photogeneration from illumination on ETL side). (b) and (e): p-i-n
structure (photogeneration from illumination on HTL side). (c) and (f):
symmetrical structure (constant generation rate throughout the perovskite
layer). Two defect densities in the perovskite are represented: 105 c¢cm™

((a) to (c)) and 10'6 cm™ ((d) to (f)).
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Figure S13: FF of PSCs simulated in Figure S9 using physically realistic
parameters for the perovskite layer, and symmetric TLs that have the same
band offset, carrier mobilities and doping level. (a) and (d): n-i-p struc-
ture (photogeneration from illumination on ETL side). (b) and (e): p-i-n
structure (photogeneration from illumination on HTL side). (c) and (f):
symmetrical structure (constant generation rate throughout the perovskite

layer). Two defect densities in the perovskite are represented: 10 cm™
((a) to (c)) and 106 ecm™ ((d) to (f)).
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Figure S14: PCE as a function of dopant density when bulk parameters on
the perovskite are modified. The parameters changed in each figure are the
bulk defect density, the interface defects, and the electron/hole mobility in
the perovskite: (a) Ideal Triple Cation/Spiro-OMeTAD 10° cm™, 10! cm™2,
1 cm?/Vs, (b) High Defect density at the interface: 10'2cm, 10'° cm,
1 cm?/Vs, (c) High Defect Density in the Bulk: 105 em™ |, 10'° ¢cm™ | 1
cm?/Vs, and (d) Low mobility in the bulk for electrons and holes: 10°cm™,
10'% ¢cm™2, 0.1 cm?/Vs.
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Figure S15: Mapping of the PCE difference between p-type perovskite
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Chapter 3

Discussion

The objectives of this chapter are to clarify some of the caveats of the pub-
lications included in this doctoral thesis, point out some of the claims which
need further evidence as well as to put into better context some of the re-
sults. This is largely due to developments in both the literature and the
authors’ understanding of the field that have occurred since the publication
of these articles. For sake of simplification, references [1-3] will correspond
to the articles in sections 2.1, 2.2 and 2.3 that make up this thesis.

The apparent contradiction that rubidium can both simultaneously im-
prove film properties while decreasing stability [1] is in fact completely con-
sistent with published work on HaPs. It has previously been shown that the
addition of 5% to 10% of rubidium to high performance triple cation devices
led to an improvement in device performance and the removal of lead excess
and yellow-phase impurities [4]. This is consistent with our findings in that
the substitution of 6% of caesium with rubidium atoms led to an observable
increase in film quality and absorption coefficient [1], which could be caused
by a reduction in defect density. At the same time, caesium-lead HaP are
known to be thermodynamically unstable [5] and they have been shown to
be made more stable by tuning their tolerance factor [6]. Due to the small
ionic radius of caesium and the rather large one of iodine, one can either
substitute caesium for a larger atom or substitute iodine for a smaller one,
such as bromine, in order to improve stability. Applying this logic in reverse,
since rubidium has a smaller radius than caesium, one would expect HaP
stability to be inversely proportional to rubidium content, which is what
was observed [1].

Whilst the aforementioned reason may explain why there has been no
previous investigation into chemically doping CsPbIBry with rubidium, the
fact that rubidium appears to occupy caesium vacancies [1] is itself an inter-
esting finding which has implications for its use in quadruple cation devices.
This substitutional behaviour is not a given since rubidium is too small to
form a perovskite structure by itself [4] and previous studies, which were
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shown to be incorrect [7], have made claims about small halides being able
to occupy iodine vacancies in the lattice [8]. The observed change in band
gap energy as rubidium content was increased is also an interesting finding,
which as far as we are aware was not documented in the literature previously.

There have also been several developments with respect to the context
of the findings in Chapter 2.2. At the time of publication, there was only
one other report from Zhang and coworkers [9] that used an antisolvent
quenching technique while all other reports relied on the natural drying
of the precursor solution which leads to an especially poor film quality.
Fortunately, there are now a plethora of reports using antisolvent quenching
to produce CsPbIBry [10-12], some of which have further refined our method
by adding co-solvents [13] or additives [14]. Some of these publications also
point out benefits of using isopropanol, such as it being nontoxic and more
environmentally friendly [14]. Since publication, there have been several
new insights which would have been included in the discussion section of
Chapter 2.2 had they been known at the time.

Firstly, as mentioned in the Methods section of Chapter 1, Taylor and
coworkers have established that different types of antisolvents should be
applied in different ways depending on their miscibility and solubility [15].
While in the discussion section of Chapter 2.2 we pointed out that the first
antisolvent quenching method, pioneered by Zhang and coworkers [9], relied
on using diethyl ether which is not miscible with the host solvents, we over-
looked the fact that using larger quantities may have yielded higher quality
films. Similarly, toluene is not miscible with the host solvents, therefore we
may have obtained better results if more toluene was used.

Secondly, upon further reflection it seems that the most likely explana-
tion for the tapering off of the crystal quality when isopropanol was applied
later than 10 seconds was likely due to drying induced crystallisation. It is
possible that around this period the film started drying and crystallising in
the same way that it would without the antisolvent quenching, making the
antisolvent quenching step less effective.

Another important point that could have been further elucidated in
Chapter 2.2 was that during the screening of the antisolvents, toluene and
chlorobenzene were rejected based on their poor surface morphology, as seen
using SEM. However, at the same time these films showed the highest PL
emission, which is usually indicative of an improved HaP film. The decision
to reject these antisolvents, despite the PL results, was a result of the follow-
ing reasoning; interfaces tend to play an important role in current extraction,
and high-performance devices tend to use homogeneous HaP films, with low
surface roughness, since it leads to better contact between the HaP and the
HTL. Small crystals can also have high PL emission in some instances due
to the reduced number of surface defects. This can be seen in the limiting
case of quantum dots, which are strong emitters.

Finally, we also believe that the simulations used to model CsPbIBrs
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HaPSCs could be improved. Firstly, the increased open circuit voltage that
was observed when using TiO2 was not explained, and it is most likely due
to the band offset at the perovskite-ETL interface limiting the quasi-Fermi
level splitting. In the simulations, the electron affinity of the CsPbIBry HaP
was taken to be 3.49eV, which was significantly closer to that of TiO4 at
4.22eV than ZnO at 4.4eV. The result and analysis behind the cell using
Zn0O without an HTL has also been called into question. The text refers
to differences in parasitic absorption; however, these cells are being simu-
lated in the regular (n-i-p) configuration and therefore these losses should
be negligible. The curve also has an S-shape, which is sometimes seen in
poor cells. An S-shape IV curve may occur when at one of the contacts
an electric field impedes the correct current flow. While Voc may not be
impacted by this field since there is no current flow at this working point, as
soon as the cell starts conducting current the field impedes the flow and re-
duces the number of carriers that can be collected at the contact. A possible
explanation for the observed behaviour was that there was a high amount
of interface recombination at HaP-HTL interface for the ZnO-based cells,
which was removed during the removal of the spiro layer, leading to a signif-
icant reduction in recombination, hence the increases in Vgc. That said, to
our best understanding, it is unusual that the ZnO cell should outperform
one based on TiOs when no HTL was used as well as having increases in
VOC when an HTL was not used, making the repetition of these results
necessary to substantiate these claims.

The 3rd work that makes up this doctoral thesis, found in Chapter 2.3,
already includes an extensive analysis of the state of the art, making the
inclusion of another one here redundant. That said, one thing that has come
to our attention since its publication is that SCAPS can, in some cases, be
limited in modelling HaPSCs because it fails to capture the dynamic nature
of defects and ions. This could be especially important in the case when
considering high densities of electronically active defects since mobile charges
can screen the electric field and change the space-charge region. That said,
given that it was only recently published, we are glad to see that our work has
already been cited by several different groups and we expect the findings to
be relevant for the further development of future high-performance devices.
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Conclusion

The three published works that comprise this PhD thesis have contributed
towards the improvement of HaPSC stability and performance. The first
two works are focused on the development of CsPbIBry thin films using
solvent engineering, whereas the third provides the framework for further
advances in high performance devices using electronic doping techniques.

In the 1st work, the effect of substituting caesium for rubidium in CsPbIBry
was investigated. Firstly, confirmation that rubidium atoms are occupying
caesium vacancies was inferred independently from shifts in XRD interfer-
ence maxima and EDS results. Substitution of 6% of caesium atoms with
rubidium was shown to provide beneficial effects to film morphology, where
it resulted in the best film coverage and largest grain size. Optically, 6% also
resulted in the highest absorption coefficient. Analysis based on PL emission
and absorption both suggested a consistent, albeit rather small, increase in
band gap energy proportional to rubidium content. At the same time, films
were shown to become less stable as rubidium made up an increasingly large
part of the composition.

The 2nd published work developed an antisolvent quenching technique
for one-step spin coated CsPblBrsy. Characterisation of the thin films demon-
strated the formation of highly crystalline and oriented cubic perovskite lay-
ers with a thickness of 296nm. All films showed the formation of iodine rich
phases under illumination. Common antisolvents were screened before opti-
mising the time-wise application of the best antisolvent. During the initial
screening, FESEM micrographs revealed the formation of inhomogeneous
films when toluene or chlorobenzene was applied, which led to their subse-
quent rejection as suitable antisolvent candidates. Crystallite sizes in the
films, which were inferred from the XRD spectra using the Scherrer equa-
tion, revealed that only isopropanol led to an improvement. All other films
led to a dimming of the XRD spectra as well as an inhomogeneous distri-
bution of crystallites, which were also smaller on average than the reference
film where no antisolvent was used. Based upon these results, isopropanol
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was selected as the most promising antisolvent and its application was fur-
ther optimised by changing the application time. Varying the application
time from 5 to 20 seconds, in steps of 5 seconds, always resulted in films
with brighter XRD spectra than the reference film. However, a significant
jump in PL emission and XRD spectra brightness was observed when the
antisolvent was applied at 10 seconds. Increasing the application time past
this value resulted in a slow decrease of these metrics.

To determine the effect of antisolvent treatment on thin film stability, a
novel procedure based on the quantification of XRD spectra was employed
and results were compared with a qualitative analysis based on absorbance
spectra of the same films. The findings of this method were largely consistent
with the results in the previous sections, namely the antisolvent screening
tests and the optimisation of the time-wise application of isopropanol. In
contrast to the reference sample, the application of toluene, diethyl ether and
chlorobenzene all led to the apparition of new XRD maxima, evidencing the
formation of new and unwanted crystalline phases which were byproducts
of accelerated phase degradation. Apart from when isopropanol was applied
too early, all films treated with isopropanol after 10 seconds or later resulted
in decreases in XRD spectra brightness and no new crystalline phases being
formed. Moreover, even after the films had been aged for 5 weeks in am-
bient air, XRD spectra of the 10 and 15 second films were higher than the
freshly prepared reference film’s, demonstrating their vastly enhanced sta-
bility. These results were consistent with a qualitative analysis of stability
based on film absorption, in which films treated with isopropanol showed
the smallest change after aging. The application of isopropanol after 10
seconds or later also resulted in only small changes after ageing, and were
comparable to the freshly prepared reference film, even after ageing.

For completeness, devices were simulated using measured film properties.
The highest obtained PCE was 13.7%, which was only slightly higher than
experimentally produced devices. These simulations also highlighted the
importance of selecting appropriate transport layers.

The 3rd published work in this doctoral thesis consisted of investigating
the origin and dependence of optimal electronic doping levels in HaPSCs,
using computational simulations. Simulations of realistic devices revealed
that up to a 6% difference in PCE can be obtained depending on whether
the HaP is heavily n-doped or p-doped. The impact of transport layer
properties was systematically studied, leading to the conclusion that the
underlying factors leading to the dependence of PCE on HaP doping level
dependence was ultimately due to the properties of the HaP absorber layer
itself. Optimal doping levels in realistic devices were then shown to be a
consequence of the low carrier mobilities and high absorption coefficients
of solution-based HaP thin films, with the former causing photogenerated
carriers to become highly localised while the latter impeding their successful
extraction.
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More generally, four regimes were shown to exist, in which different phys-
ical processes limited the PCE of the HaPSC device. Given a certain HaP
thickness, the probability of a carrier type recombining before extraction is
a function of that carrier’s mobility. This means that there are four limiting
cases when either (i) all charges are extracted because mobilities are very
high (ii) electron and hole mobilities are comparable (iii) electron mobility
is low with respect to hole mobility (iii) hole mobility is low with respect to
electron mobility. To reduce the probability of recombination in the latter
two cases, it is better to make the carrier which is difficult to extract the
majority carrier. Optimal doping levels in region (ii), thought to be the
case in most real devices, are dependent on a photogenerated carrier pro-
file within the HaP layer. This profile is directly influenced by illumination
conditions and device architecture since more carriers are photogenerated
near the front of the device. This results in conventional devices, commonly
known as n-i-p devices, operating more efficiently when the HaP is p-doped,
whereas inverted devices when the HaP is n-doped.

4.1 Future work

This doctoral thesis has laid the foundation for future work in the com-
mercialisation and large-scale deployment of HaPSCs. On one hand, it has
contributed towards advancing the quality of wide-bandgap HaP composi-
tions. These wide-band gap HaP compositions are expected to be useful
for producing tandem devices as well as serving as a platform for investi-
gating important processes occurring in HaPs, such as halide segregation.
On the other hand, the third article presented in this thesis highlights the
importance of electronic doping in HaP devices. Moreover, it develops the
theory behind these systems and connects these results with existing ex-
perimental work found in the literature. In this way, it highlights poten-
tial experimentally-based avenues of research for the development of high-
performance devices with optimised HaP doping levels. These will be the
subject of future investigations.
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