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This thesis investigates methods whereby perovskite solar cell power conversion efficiemegtaridlstability
may be improvedHybrid perovskites have gained increased attention for optoeteit applications due to
favourable properties such as strong absorption, facile processing, and changeablgaparm@kspite excellent
improvements in power conversion efficiency of devices, perovskite ilmsinstable, degrading with relative
ease inthe presence of moisture, oxygen, light, heat, and electric fiflltie. focusof this thesids on ambient
atmosphere stability, concerned with the influence of moisture in particular on perovskite film fabrication,
degradaion, and device functionalitynlorder to shed light on the impaof ambientatmosphere on perovskite
films, experiments are designed tovestigate films dung fabrication and degradation. Thluencesfirstly of
stoichiometryduring ambient fabricationand thenionic substitution (with caesium and formadinium) upon
moistureinduced degradationare investigated. Finally.flms and devices with a novel composition
incorporatingZnare fabricated under ambient conditions investigate the effect of Zn additiamn perovskite
film stability.

The readeris primed inbroad termson perovskites solar cells, giving a grounding in solar cell operation, the
perovskite crystal structure, solution processing for perovskite films and various agjffedtgradation and
instability. The Experimatal and Theoretical Methods portiooutlines the experimental methods used,
including both solution and sample preparation, and characterisation methods. The theory underpinning
characterisation methods is discussed, and analytical methodologies arssksicand justified on the basis of
these theoretical understandingsvith particular emphasis on timef-flight grazing incidence small angle
neutron scattering and wide angkray scattering.

In the results section, findings are presented and discusaedressing thequestions raisedn the aims and
objectives. Each results chapter is presented in a pseudo paper style allowing an informed reader to broadly
engage with them as standalone texts (besides references to fabrication and characterisationisnesied).

Novel understanding is proded regarding the influence of methylammoniuadide on the formation of the
crystalline solvenintercalated intermediatein ambient conditions and methylammonium leadritodide
devices comparable to the literatur@eafabricated under alambient conditions (from solution to solar cell).

Neutron Scattering experiments reveal exceptional gesice to phase segregation inrfmnamidinum rich
perovskites containingaesiumas an Asite substitution cation, exposed toaisture in the darkResultsalso
suggestsnore rapid degradation of perovskite films occurring in the bulk as opposed tsutti@ce of the film,
supporting theories of moisture induced decomposition being initiated in the bulk.

Studies into the incorporion of zinc chloride and aesiumiodide into methylammonium leadritodide
perovskite films under ambient conditions reveals the formation of several secondary phases, exacerbated by
exposure to moisture, light and heat, and concentrated at the sudadhe presence of these phases is then
associated with higher thermal instability ihase films compared to regular methylammoniuead triiodide

films, despite improved moisture resilience.

It is found that:

1. MAI addition enhances the DSMfercalatedsolvent formation rate, leading to the formation of larger
crystalline intermediate domains during sginating in ambient atmosphere.

2. Results provide vdence indicative of mixed FA rich perovsHiigrates formingin a humid
atmosphere. They also showeduction of humidity induced phase segregation in Cs containing
perovskites.

3. Evidence of the életerious effect of Zngadditive on MAPRBIthermal stability when used as an additive
in film formation under ambient conditions.

T Adam Urwick
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and is released. Reproduced from DOI: 10.1038/s4028B843323 under a Create Commons License23
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from 10.32386/scivpro.000005 under Creative Commons License) (C) Inverted planar heterojunction, (d) Mesoporous solz
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peaks except for the MARMuU interface. (Reproduced with permission from doi/10.1021/jacs.5b10599. Copyright 2015
American Chemical Society.) 35
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with permission from doi/10.1021/acs.chemmater.5b00660. Copyright 2015 American Chemical S86éiety.)
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10.1021/acsenergylett.8b00764, Copyright 2018 American Chemical Sociégy.)

Figure 12: (A) Origin of Bragg scattering peaks. When the path length difference is an integer multiple of the plane
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be overlap of diffraction spots, making resolution of data more difficult. Real space (d, D) is inversely correspondent to
reciprocal space (1/d, 1/D). As D>d, 1/D<80d
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effects from the substrate while averaging through the sample bulk. Adapted from http://gisaxs.com/index.php/GISAXS.
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1 Background

1.1 Motivation

This thesis buildspon ongoing investigations into a class of materials with high potefitiaphotovoltaic
applications; provskite solar cells (PSCs). Photovoltaics are seen as an integral technology in strategies tc
mitigate climate change, due to the abundance of selaergy, the ease and speed of solar panel deployment,
and plummeting costs. PSCs are currently limited by relatively poortéong stability, and difficulties in
retaining high efficiency when scaling up from the lab. This work adds to the growing wamiéngt of the

factors holding PSCs back; factors stemming from the prevalence of undesirable defects in the material arising
during processing and operation.

In its report on climate change in 2018, The Intergovernmental Panel on Climate Change (lle@@)adtan

order to limit the catastrophic impact ofsing temperatures this century upamillions of people and natural
ecosystems, policymakers need tffect changes that would limit global warming to 45 In November 2021,
Climate Action Trackerpandependent research group providing advice for policymakers worldwide, calculated
current policies and action to result in ~2C7of warming above primdustrial levels. The UN Secretas§eneral
Antonio Guterres warned at the mostrecent GPPswy YA G G KIF G a6S IINB 2y | KA 3K
F220 2y GKB5 | OOSt SN G2NE O

Anthropogenic climate change occurs due to the excessive emission of greenhouse gases werplatiee

to background levels of grebouse gases emission due to natural procegsesccording to the IPCC report
global anthropogenic GG YA daA2ya ¢2dzZ R ySSR G2 Frft G2 dnp:
around 2050 to limit warming to 1°62 At the same time there is increasing demamwd énergy across the
world, with rapidly industrialising economies across Africa and Asia and a population set to hit almost 10 billion
by 2050? There is a desperate need for energy sources which do not prod@er other greenhouse gases
YR KIFE@S | YAYAYLFf OFNb2y TF220LINAYyG FNRBY WONI Rf S
I RRNB&daAy3d GKAA LINRBoOofSYX OFLIoftS 2F GdzaNYyAy3I € A3IAKI
thedzy 2@OSNJ mdp K2 dzNE (0 2uirddzitsidr & yeabHWrisreagidgNide Radti@n oStyisSaeH &
harvest directly will play a significant role in the future asengable energy sources are made morequiiious.
Crystalline Si modules possess ~ 95% of the PV market share (20Zhe best research cell efficiencies of
multi-crystalline silicon (Si) cells24.4% , while mongilicon has attained 26.7% efficiency; recent research
scale hybid perovskite thin films have surpassed multystalline Si cells, reaching 25.7% a positive sign for the
development of perovskite photovoltaic cells.

Research into hybrid perovskites for optoelectronic applications has gained significant momentum over the past
decade due to desirable properties such as good charge carrier lifetimes, high defect tolerance, tuneable optical
band gap, strong optical abgation, and high carrier mobilitieSPSCsan even be tuned for indoor conditions,
achieving ~31% efficiency at 1000 lux, or stamsparent building intgrated PV application$:*4 In addition,
relatively simple and cheap processing routastsas spin coating have made them readily accessible to many
researchers. Much of the research focuses on tackling stability issues and understanding thin film properties to
facilitate development of scalable processing routes to take perovskites fromathe the roof.This thesis has
endeavoured to build upon and add to the current knowledge of PSCs, focusing on approaches to improve devic
performance and stability by manipulating stoichiome#nyd homo-valent ionic substitute additivesCareful
material selection and design will enable the reduction of deleterious structural defects, reducing the rate of
degradation under exposure to air, heat and light.

W{6tya2yQa [F6Q 614 RSOAESR (2 &SNt miWedpricesk 2 § 2
dropped around 20% for every doubling of cumulative shipped volume. The pricecelisSin $/Watt(W)
dropped from $76/W in 1977 to less than $10/W in 200@onservative modelling from NREL assuming
decreasing R&D predicts utility scale solar to drop to $0.73/W by the end of 2050, while an advanced scenaric
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with increased R&D pjects $0.46/W. In the US in thé'4uarter of 2022, fixedilt utility scale solar was at
$0.91/W, confirming previous projections of utility scale solar to drop below $1/W by the end of‘2520.

NREL keeps track of record research cell efficiencies for various cell dagignsterials, which is a useful way

2F F22tf26Ay3 GKS RSOSt2LIYSyld 27 LiKaddiddwesiwihlefic@rhcieos Ww
confirmed by independent and recognised testing labs. The given efficiencies are under standard tiéishspnd
defined as AM 1.5 and 1000W#mat 25°C. Notable trends in recent years are the rapid rise of certain emerging
PV technologies such &lantum Dot cells, Organic cells, and Perovskite cells, shokiguine68 by the yellow

filled red circle.

Both Japan in the late 199 and Germany in the 2@8 heavily subsidised the adoption of PV, swelling
production of solar cells. China spotted the significant potential to be had in cornering the production market,
and®? Rl & &dzLJLX A S& | LILINR EA Y I B Thé price of solar cIlE had doifinugdd\dbcing, &
with spot prices dropping to as little as $0.2/W in March 2023, with predictions expecting the cost to drop below
that of coal baseghower plants in many countries around the wot#f2 With concern about the consgiences

of anthropogenicclimate change growing to a fever pitch in the scientific community, research into alternative
technologies for proiing renewable and sustainable energy with lower associated greenhouse gas emissions
has increased. Solar energy has received considerable favourable attention for reasons including abundance &
well as less socipolitical opposition stemming from envinmental, societal and aesthetic concerns when
compared to power sources such as nuclear reactors and wind turbines. In addition, the increasing cost of energ
from fossil fuels has pushed many energy firms to diversify into alternative energy technoldgigshas been

a boon for research investment. Energy prices in the UK are significantly exposed to energy cost increase
 2420AFGSR ¢6AGK F2aaAf FdzSt SySNHe az2dz2NOSaT 3ALa ¥
while 85% of housesids use gas boilers to heat their hontéShe postCOVID r@pening of the economy,
coinciding with the Russian invasion of Ukraine ramped up gas prices as supplies to Europgueezeds

Rising wholesale gas prices than drove up gas and electricity prices for energy providers, increasing the final co;
to consumerg? The wholesale cost of electricity increased frdi80/MWh to almost £600/MWh between
October 2020 and October 2022Diversifying away from fossil fuels to renewables such as PV has become a
matter of not only environmental but also economic sustainability. Greater investment and deployment of
renewable energy sources including PV will be ctiagiavoiding similar crises in the future.

t2RFeQa LK2G202t0FA0 YIFIOSNARIFfAa OFry 0S RAGARSR A\
generation cells; thin film technologies such as CdTe and Copper Indium Gallium Selenide (CIGS), and thi
generation cells; emerging thin film technologies currently still in research and development. Hybrid -organic
inorganic perovskites have been of particular interest, increasing in efficiency from 3.8% in 2009 (not shown in
Figurel as was not verified bBMREL) to 25.7% in thin films (see Figurd?$Csave the potential to be even
cheaper than Si when produced at scale; Si wafer production wastes as much as 50% of the input material as
sawdust and requires energy intensive processing at high temyexain comparison perovskite can be solution
processed with capability for low cost and room temperature fabrication processes, and comparable power
conversion efficiencie¥:?’However, PSCs suffer from instability issues waietinfluenced by practically every
aspect of processing, from the atmosphere of solution preparation through to annealing time and temperature.
Their initially high efficiencies as measured on-dable devices after fabrication dwindle over time under
operation without effective encapsulation and sufficient process control. Efficiencies also fall as cells are scalec
up to modules?® Hundreds of researchers endeavour to conquer these challenges, as the opportunity afforded
by these materials could make a significant impact enewable energy adoption. Hence improving their
efficiency, performance stability and scalability of production is of prime interest.

Access to efficient sustainable and renewable energy sources is becoming more and more important to the
national energy scurity of nations. Some countries are finding it in their interest to move away from
dependence on imported fossil fuels or reliance on minerals and materials from unpredictable markets. In
addition, the production of many materials used in conventiorfadtpvoltaic technologies (besides a vast array
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of modern technologies), such as Cd, Ge, Ga, In, and Te is dominated by China, raising concerns of mater

resources dependencé&

1.2 What is the Photovoltaic effect?

Solar panels absorb light and convert it into electrical energy througlexbgation of electrons by absorption

of photons. Electrons are extracted to an external circuit where they provide poweguBimeum of light energy

is called a photon. The energy of a photon is dependent dreifisiency and in the visible range of walengths

can be denoted by colour, with higher energy photons (and therefore hilgeguencyphotons) being toward
0KS 06fdzS SyR 2F GKS ALISOGNHz¥d ! LI2Yy FFt0a2NLIiAzy 27
valence band (also understood lagund states in the binding orbitals of molecular solids) across an energy gap
(E;, termed the band gap in crystalline semiconductors) to the conduction band (unoccupied conducting states
in the antibinding orbitals) at a higher energy. When electrons @xcited in this way an electrdmle pair is
generated, creating a hole in the valence band.

Photovoltaic materials are semiconductors, where the size of the energy gap is in the range8@&\0 An

energy gap ofhis size between the valence band azmhduction bandpermits absorption of visible light. The
maximum energy that can be captured by a single junction solar cell falls within this energy range, described by
the ShockleyQueisser limit. Light with energy exceeding this range can damage amlsy whereas infrared

light has less energy. Insulators cannot absosibig light because they have Bythat is too large, while metals
possess a continuous distribution of energy levels which permit fast decay from any given excited energy leve
down to the ground state by releasing heat in the form of phonons (vibrations of the crystal lattice). In a typical
semiconductor, if the photon energy of the incident light on a material is sufficient to excite an electron in this
way (photon energy exceeds), the electron rapidly relaxes to the edge of the energy gap via phonon emission
(thermalisation). It would eventually drop back down to its prior energy level (ground), by recombining with the
hole created upon excitation and emitting a photon with eg¢O 'O . This would happen despite the energy
separation of the band gap, to restorgudlibrium. In a photovoltaic material, a builh asymmetry in the energy

levels of the charge carriers hinders radiative recombination across the energy depd|rearriers are made

to do work as electric current in an external circuit before recombining. This is achieved by engineering an in
built driving force which separates the electrhnle pair. Charge carrier separation via application of an external
bias (V) gives rise to photocurrent. As the size of thend gapgncreases, whedy 'O, recombination current

drops, and therefor&/ocincreasesln a device withargek;, Vocdecreases due to lovkc

The various conditions which enable separation rely on spatial gradients in the electronic environment.
Gradients in the vacuu level or work function for example can be utilised, by doping different regions of a
single semiconductor differently (homojunction), as ip-ajunction the clssical model of a solar céllhep

side is doped with acceptor impurities (shown as thgatéevely charged acceptor ions plus holes in Figure 2,
representing a positively charged dopant species), which attract free electrons, and become negatively chargec
at the junction of thep and n doped materials. Meanwhile tha side is doped with donomipurities, which

attract free holes, becoming positively charged at the interface. The charge carriers involved in setting up this
space charge region (depletion width) are called the majority carriers. For examplp,fédoing side of the
depletion regim is the result of the recombination of free electrons from thiype region with holes on thp

type acceptor ions. The depleted region of the junction acts as a barrier against further diffusion of majority
carriers. An electrostatic field is setup assahe junction between thp type andn type material due to lower
electrostatic potential (work function) on theside of the junction. This buiih field (Ve) has a voltag@V equal

to the difference between the fermi leve(&) of the doped regionselativeto the vacuum energy levedy

ww Op 'Op) Photogenerated electrons move towards thdéype material, and holes towards thetype
material. The photogenerated carriers are minority carriers, with holes and electrons geménsoughout the

p andnregions respectively but driven by diffusion towards the junction. At the junction drift due to ibeilin

field separates them. Figuresammarises this information.
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Figurel: Drift-diffusion model éa p-n junction. In a g-n junction, an intrinsic absorber is sandwiched betweedyge and
nielJS asSt SOGAGS Oz2yilOiazr FTNRY 6KAOK YAY2NWIE& NGB NNISONEN.
Wb Q | NB K2f Sa des frodzXotmatiorh of degde?idn iividtA. Shislséishup an electric field which assists charge
separation. Diffusing charge carriers separated with drift assistance to respective junctions.

Another way of achieving charge separation is by designing a gtadi¢he electron affinity or band gap,
resulting in effective fields which act on the charge carriers. Examples of this include the heterojunction at the
interface between two materials and compositional gradients in an alloy.

A typicalp-i-n cell has darger undoped and therefore intrinsi¢) @epletion region (and hence wider electric
field region) between smallgs and n regions. This junction design has the effect of increasing photocurrent
because minority charge carriers which have a short diffusn lengtlt are more likely to reach their
respective junctions and be separated due to the diédtd assistance. In perovskitegy-&n or n-i-p architecture

is used. Here the perovskite acts as the intringi@lfsorber between two charge carrier eelive contacts,
creating a pseud@-i-n junction. The intrinsic region is akin to the depletion width, wherein minority charge
carriers are generated when photons are absorbed. Under operation they diffuse towards their respective
contacts and are assistéby drift due to the irbuilt field between the charge transport laygiSTLs)Electrons

are collected by the 4type electron transport layer (ETL), while holes are collected by-tigpghole transport
layer (HTL). Electrons flow through an externauwt and do work, before recombining with holes in théype
layer. This is called the recombination current.

There is an upper limit to the lighb-electrical power conversion efficiency (PCE) for any solar cell, defined as
the ratio of total incidensolar photon energy: electrical energy output. This can be determined by the Shockley
Queisser (8) Model and formalism, which defines th@ $mit, also known as the detailed balance lirffiee
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Figure69).%! This model has several assumptions, includipdanar geometry and blackbody radiation from the
source. It also assumes all electroole recombination events are radiative (recombination emits a photon of
the same energy as the photon that generated the electhofe pair), and that there are perfe charge
selective contacts. Essentially all photons vilth ‘O create free electrons and holes, yielding 1 electron per
absorbed photon. The(@imit only takes into account thermodynamic constraints; the optical absorption edge,
solar spectrum (i.eAM 1.5) and operating temperature are used as the only inputs for the PCE calculation. Real
materials do not strictly follow such a simplified model however, and will always be belowQtimait In a real
material, the absorption edge is rarely a petfstep function for example, and will often have a tail, or inter
band states. This is a property research focuses on improving material performance. Another significant factor
is the occurrence of neradiative recombiation centres in real materiats recombination can occlat defects

where the excess energy is converted to heat by phonon emisSipetating losses in a real system within the

N limit can thus be approximad with the following:(Operating losses &Q loss + radiative losses + ron
radiative losses+ maximum power point operating losses + contact Jd&ses

2 Hybrid Perovskites

t SNPZaiAaiasSa INB GKS ¢g2NIXI RQa Y2ad | odzyRI yodacieriftsasd a 2
they try to understand the formation of the Earth. Perovskites are researched widely in many materials fields,
from ferroelectrics, superconductors, and fuel cells to spintronics, thermoelectrics and recently, photovoltaics.
They owe this vde variety of applications to their renowned chemical tolerance and structural flexibility
complimented by good physical and chemical propertigss tolerance and flexibility stems from their ABX
crystal structure.Their extensive adaptability and apability forms the basis of a $2llion-dollar electro
ceramics industry in applications such as catalysts, insulators, semiconductors, superionic conductors anc
superconductorsg334

Tablel: Applicatiors of Perovskites

Lasers Water Splitting Solar Paint Building Integrated PV

icati mma r ion

Space Applications Hydrogen Storage Detectors/Sensors | C2mma ray detection/
harvesting

Thermochromic device! Trans!gtgrs/Memrlstors/ Liquid Crystal Devices Photoreceptors
Artificial Synapses

2.1 Crystal Structure

The basic perovskite crystal ABYas two metallic, positively charged cations (A&B) and one-metallic
negatively charged anion (X). The larger A cation sits at the centre of the tetragonal unit cell, while 8 B cations
ocaupy the corners. The X anions fill the midpoints along the edge of the cell. If this is presented as an assembl
of polyhedrons, the cell can be interpreted as an A cation surrounded by 8 corner sharing B cation centred
octahedrons, with X anions at the ipts of each octahedroraéshown inFigure2A). This is typically described

as a bodycentred cubic (bcc) structure, but relates to the famntred cubic (fcc) structure as the A site cations

and the Xsite aniors comprise a fcc latticeFigure 2B). The Bsite cations situated in the octahedrally
coordinated corners are surrounded by & anionsThe crystal structure of methylammoniuesldtriiodide
(MAPDS), the steeotypical hybrid perovskite system is shownFigure 3Awhere the purple spheres at the
corners of the grey octahedra represent the corner shared lodigar(ions, the centre of the octahedra are the

PE* cations, and the MAcations sit in the Aite. This organiénorganic perovskite was first generated in 1978

by Dieter Weber when he replacedesium as per HL.Webs$ al. with MA cations® The octahedra share their
vertices but not their edges, making the peskite structure flexible; the octahedra can rotate and tilt
cooperatively. Stabilising of this octahedral tilting has been linked to improved PV perfordidhce.

These sites can be occupied by a vast array of elements in the periodic table, with 24 elements identified as
capable of occupying the-gite, while almos50 can occupy the-Bite, and not only oxygen but halides can
occupy the »sites. This large flexibility accounts for the incredible structural variety encapsulated by the broad
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perovskite family. An Aite cation which is too small with respect to itsiB neighbours for example can lead

to a deviation from the ideal cubic structure to tetragonal or orthorhombic structures, resulting in twisting and
tilting of its surrounding octahedrons to lower energy, or evenceffitring of cations resulting in aeakening

of the interaction between the Aite cation and B lattice with a resulting polarity. The sites can also be
occupied by a mix of cations i.e. varying elements, or varying charged ions of the same element, where the
material can be conggiently tuned along a continuous series of compositional variance.
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Figure2: (A) BCC perovskite structure of £BHBPbE (MAPDS). Methylammonium cation (GNHs*) occupies the central A
site surrounded by 6 Pbcorner cations and 12 neaseneighbour iodide anionslin cornersharing Plsloctahedra. (B
MAPb§ crystal structure as it relates to the FCC crystal structure wihe?cations surrounded by 8anions, and showing
how the organic cation can freely rotate around its axegshie Asite (Reproduced from 10.1038/ncomms84@ider
Creative Commons Attribution 4.0 International Licen&® Pseudebinary phase diagram of MARb(Reproduced with
permission from doi/10.1021/acs.chemmater.5b01017 Copyright 2015 American Chentigdy 50

How well a combination of ions conforms to the ideal and highly symmetrig &¥c structure can be
quantified by ideality factors. For example, the Goldschmidt tolerance fagtér,

= . Equationl

Where,ra, rs, andrx are the ionic radii of the A, B and X ions respectively. The phase stability of the perovskite
phase increases thelosert is to 1. Lowet can lead to lower symmetry orthorhombic or tetragonal phases,
while larger values can lead to layered structures, where the 3D network deviates into 2D structures, consisting
of alternating planes of the inorganic metadlide ocahedra and monolayers or bilayers of ongacations.

Mixing very large and smalhtions can result iquasi2D structures, where variable thickness perovskite layers
are terminated by large organic cations. These are commonly referred todaeRdenPapper phases when

the large cationis nonovalent or Diorlacobson when the large catids divalent®® For hybrid perovskites,
stability of the peovskite phase is expected for 0.813 < t < 1.407.

The otahedral factor ¥) is another parameter used to predict structure stability and is defined as the ratio
between the ionic radius of the B cati and the X aniof 'Y Y ). Generally, the formation of halide
perovskites occurs when the octahadifactor’ & t1.{ he formation of halide perovskites does not occur
when > is below this value due to instability of the g@Xctahedron(Q. Cheret al,, 2015).
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The pseudébinary phase diagram (séagure2Q) for the prototypical hybrid perovskite MARIslystem, shows
how altering the ratio of Pblto MAI during synthesis changes the phase composition as a function of
temperature. MAPhBI has anl4/mcm tetragonal structuref() at room temperature, where the-axis is
elongated due to the polar organic cation 8" (MA"). Above 60C, relaxation of the structure as the degree

of disorder decreases makes a secondary tetragonal phassdble. Above 6@ MA*rotates freely; when the
structure is averaged ovéime (as per typical crystallography experiments) overall it looks like a high symmetry
cubic structure. As a result, thephase has often been conflated with a high temperature cubic phase due to
the small elongation along theaxis, which can be difillt to resolve! Total Scattering Experiments suggest
the cubic structure matches MARIstattering well over lengths >#) whereas the lower symmetry tetragonal
structure is more accurate for short lengths1@ A)# Clarity regarding the structure also comes from models
and high resolutio-rayinelastic scattering, which suggebgtcubic phase represents an energetic saddle point
between ejuivalent tetragonal distortions. This local disorder is not observed in Bragg diffraction where long
range order is preserved (ndmite resolution).It is this high temperature pseudwubich-phase which is
desirable foPSCsThe atomic arrangement A" in its lattice site has also been linked to the preferred <110>
directionality of crystal stacking in M#ased thin films; Hbonding between the N¥group and Pbgoctahedra
create an energtically favourable orientation for the cryst&i*

Structural alterations will also e from compositions which are netoichiometric, where there are vacancies

of cations or anions in the structure, extra specigeeezed into the crystal at interstitial sites, or antisite
defects? Collectively these can be referred to as point defects. These defects can locally dope the perovskite,
introduce trap states, and mediate currembltage (V) hysteresisPhotogenerated carriersafl into traps at
interfaces, while ions migrate through atomic vacancies and interstitial sites towards contacts. The accumulation
of charged species at the interfaces with selective contacts leads to charge screening and hence hysteresis
where there isa difference in forward and reverse bias current.

These changes will affect physical and optoelectronic properties such as conductivity and photoluminescence
and therefore device performance. Solution processed hybrid perovskites have a high densfgctdf dee to

the imperfect crystallisation inherent in the highly dynamic processing. Despite their high defect density
perovskites remain remarkably efficient photovoltaics, and this is due to their high defect tolerance; despite
having remarkably high diect densities, defects infguently form within theband gap and as a result have
minimal effect on the desirable optoelectronic charcteristi€Boint defects will form transition level states
either near the valence band maximum (VBM) or conduction band minimum (CBMW) |ess frejuently T

states within the band gap of the perovskite. These are called trap states, and those which trap twoftypes o
carrier become recombination centres for free electrons and holes. Trap states near the band edges are callec
shallowlevel traps, and dérapping of carriers occurs more readily, as there is a lower energy offset. In
perovskites, intrinsic defects suals vacancies most commonly form shallow level trap states. Transition levels
deep in the band gap form dedpvel traps and are called ShocklegadHall (SRH) recombination centres. SRH
defects are responsible for trampediated nonradiative recombinationand more typically arise at grain
boundaries and surfaces. In perovskites these defects can be related to interstitial and antisite Hefddemny
approaches to improving the perfimance of hybrid perovskites as photovoltaics attempt to remove these trap
states or counteract them, for example by improving crystallinity (fimality), passivation, and interfacial
engineering*>3 Thus, increases in radiative efficiency are typically correlated with a reduction inleleslp

trap states>*

Pb substitutionwith Zn

Motivations to reduce lead content in perovskite solar cells stem primarily from its toxicity. It readily reduces to
Pbb, which is itself photoactive and undergoes photolysis under operating conditions, which introduces
detrimental trap states. Homwalent metals, such as Znhave been extensively explored as alternativsitB
cations to substitute for PB (with one screening effort replacing up to 25% of Pb with 9 different metal
speciesf?2Zn is nortoxic, and is a stronger lewaid than PB meaning it coordiates more strongly with the

MA' cation and 1anion. Combining this with the smaller ionic radius of* Zelative to PB* results in enhanced
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crystallisation with larger grain size and increased crystallinity along the {110} set of planes. Accor&bg to X
and EDS data by Zhat al., and Cheret al. respectively, Zn is completely dissolved in the perovskite phase
when used as a cation partially substituting theit 323324Zn also acts as a strong reducing agent, reacting with
l, to mitigate the oxidation of iodide ions in the perovskite solutidftsAddition of a reducing agent in the
precursor solution ensures an accurate stoichiometric ratio of precursor salts in solution reducing the prevalence
of iodide vacancies (Mand iodine inclusioni)Idefects in the final film. The reducing agent?*Zreacts with 4
formed in solution reducing the prevalence of defe®sThe importance of accurate stoichiometry has been
demonstrated by various authors, and is discussed subsequ&itl§?833° This reduces both neradiative
recombination centres in the form of ®ind |, which have been linked to accelerated degradatiorsténesis,

and lower carrier lifetimg®216:331.332z7n addition strongly enhances the charge carrier collection efficiency of
perovskite solar cells, showing there is a reduction in-ramhiative carrier recombinatioff3325338335This stems
from improved crystalline quality, increased grain gaed hence reduced grain boundary area), and reduced
pinholes?18:32333433¢7 gddition has also been sho to significantly slow down hatarrier cooling in caesium
lead halide perovskite¥’

2.2 Thin films

High quality perovskite thin films are cuaial for the development of high performing perovskite photovoltaic
devices. In this context that means that morphologically the film will have uniform coverage of the substrate,
with high areal density (the presence of pinholes will be minimised) andglaige enough to span the gap
between the HTL and ETL in a single grain. For clarification, a grain is a unit of material in which the cryste
structure is the same throughout and is bounded on all sides by grain bound&B=gwith other grains,
interfaces, or a surface. This is important as for devices pinholes will present shunt paths through which there
will be leaking current, and the surface needs to be uniform in its coverage to ensure the conformal deposition
of succeeding device layers. Pintokre also regions where light is not absorb&gtimal coveragean be
obtained by having widespread, uniform and dense nucleation. Tais be achievedhrough solvent
engineering of the precursor solution, and optimisation of the deposition and angeplimcesses in terms of

time, temperature, and atmosphere. Grains of comparable size to the thickness of the perovskite film will reduce
the number ofGBs GBsare typically more disordered than the grain bulk, possessing defects such as vacancies
or inclisions which act as trap states to charge carriarsigher density of trap states (particularly SRH defects)
favours recombination of charge carriers and will hence reduce the performaaBsalso facilitate migration

of ions or environmentally introdesl species such asygen® Furthermore, films with smaller grains have
shown lower fracture resistance, with ti@Bsproviding favourable paths for crack propagatifSiGrains which

are oriented preferentially relative to the substrate also boost charge carrier extraction. A film with more
ordered grains and higher crystallipiis typically desirable, and this is an aspect routinely measured Xisayg
diffraction techniques, transmission electron microscopy (TEM), and to a lesser extent, scanning electron
microscopy (SEM), and this will be explored in later sections. Laages giriented preferentially with regards

G2 GKS &ddz0aidNXaGS 02N OKFNBHS (NI} yatTSNItF&@SNI o6/ ¢[00
I NB SEFYLX S& 2F KAIK LISNF2NXYAY3I t{/ QaGBgesomnaignY | f f
negligible in comparison the grain interith%®

Charge carrier lifetime, which can also be interpreted in terms of diffusion lengtmigtric typically used to
characterise thin films for photovoltaics. This eefls the average time it will take or distance a photogenerated
carrier will cover before it can be expected to undergo recoration with another carrier either radiatively
emitting a photon, or nosradiatively, where the energy is either lost as heahie form of a phonon propagating
through the lattice as the carrier falls to a lower energy trap state (ireggiated recombination), or to another
charge carrier in the CB or VB (Auger recombination). Long carrier lifetimes and long diffusion leagths ar
typically interpreted as being indicative of low trafate density and low rates of nenadiative recombination.
These values can be measured and explored using measurements of photoluminegcamcen yield (PQY),
time-resolved photoluminescence speascopy (TRPL), and surface photovoltage (SPV) measuretfténts.

The reactivity of metal halide perovskites is particularly important dusiiogessing, deposition and formation
of films. Compositional changes or doping effects can occur due to reactio®©OwithO, and additives to the
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precursor solution, or even simply due to the volatility of the species in the film, with MA halides being
particularly volatile. This can lead to detrimental changes to optoelectronic properties due to the formation of
traps. Redox chemistry is also important in the decomposition of perovskite films, witreZabobserving the
spontaneous reaction of perskites with Al, Cr, Ag, and Yb, reducing th& dtions to PA This occurred even

in the absence of typical triggering factasch adH,0, light or0,.52 Degradation of hybrid perovskitdrfis will

be elaborated upon inextion2.5. For MAPh| the thermodynamic stability of the pure 3d perovskite phase lies
within a very narrow range of compositions of its binary halide components. Local decoimpasih easily
occur due to these reactions, typically leading tepogducts such as PbPb}is often observed passivating the
perovskite atGBsand interfaces, reducing the number of trap states.:R$litself photoactive and may
contribute to chargecarrier generation. However too much of this phase presents an obstacle to charge carrier
transport and stability, and if included it needs to be optimised to maintain high diliality.®*®> Other
secondary phases and impurities at best will act as dead zones in the film, but at worst will actradiative
recombination centres, as well as nucleation gseifor the further degradation of the film into the nen
perovskite phase. These phases need to be controlled to maintain homogenous film properties and retain high
charge carrier lifetimes, mobility, and extraction.

2.3 Solution Processing

2.3.1 Importance of corret goichiometry
Correct stoichiometry is important in PSC fabrication, as it ensures a complete reaction between the precursors
and reduces the prevalence of residualPliddide vacancies, film longevity, and device performance.

Excess Pblhas commonlybeen cited as being beneficial in perovskite films due to a passivation of
recombination centre$§® The excess iodide passivates predominantly bulk iodide ion vacanfeiveasing
charge extraction in the short terfif.Termination of perovskite csgals with Pb and | and excessRisl grain
boundaries and surfaces may also provide moisture resistance, with delayed formation of the monohydrated
perovskite phase compared to stoichiometric samples evidenced by Rstais® However, photolysis of Pl
creates voids in the film, introducing trap states that reduce device performance undetdongperation®®
Unreacted, residual Pthas ¢ a2 0SSy aKz2gy G2 KIF@S I RSOINRYSyGl ¢
operating conditiong?

The addition of excess MAI has been shown to improve the crystallinity of the perovskite “¢riairsn
experiment to generate high quality spoast MAPhIfilms on warmed subs#ites Liacet al. diagnosed this as

due to a more complete conversion of Plid MAPb.”? They also found increased grain size, improved
crystallinity, decreased defect density, and carrier concentration enhancement. Devices had higher fill factor
(FB and ks Moreover, the generation of perovskite films using an-lyg& mediated perovskitprecursor
method was shown to create MARBiIlms with larger crystal grains, lower roughness, and a preferred (110)
crystal orientation, which is associated with higher PCEThis film preparation methodology ensured the
complete reaction of the Ppprecursor with MAI, and minireéd the presence of moisture during squasting.

Films with dominant (110) orientation were shown to have improved morphology and optoelectronic properties
by Kavadiyaet al, with reorientation of crystals from (002) to (110) occurring during annealintp@°C”
Dhamaniyeet al. showed that films dominated by (110) orientation crystallites had lower decomposition rates
in a 7880%rHatmosphere compared to films rich in (100) planes, wherein a hydrated phase forms, leading to
fasterdecay’® Interestingly, Petrust al.showed that upon prolonged exposure to a humid atmosphere, MAPDI
films with an MAI excess showed an in@ged photocurrent and photovoltaic efficiency, resulting from solvent
annealing with water vapou Recrystallisation, and grain réentation (increasing the intensity of the (110)
reflections) reduced the electronic disord&imilarly, Enhanced solvent retention in films with excess MAI was
previously found in MAPbdilms in work by Muniet al., which would also be beneficial fgrain growth’” In

a key insitu XRD study, Yarmg al. have shown that MAPpExhibits a diffusion controlled, one dimensional
growth mechanism during annealing in accordance with the Avrami model. Nuclei form at a constant rate,
growing perpendtular to the solvent air interface. The growth rate is mediated by the diffusion rate of MAI to
the crystal growth front. Subsequent growth occurs by coalescéhce.

Both the addition of excess Blaind excess MAI results in lodirieh conditions; conditions wbh according to
Zhanget al.leads to lodie interstitial defects. Underrich conditions these defects are largely responsible for
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defectassisted nosradiative recombination, with capture coefficients of 0.7 xX¥1bd®s’.”® The use of excess

MAI can lead to the formation of therich phase Pb] shown to aggravate hysteresssiles in PSG%.0n the

other hand, | poor conditions due to degradation or halide segregation leads to a larger concentration of
hydrogen vacanciedormed by the breaking of either-N or GH bonds in MA molecules. Hydrogen vacancies
have an even higher capture coefficient of“dn’s™.8! The net effect on devices is a decreaséin

Fanet al.found that grinding perovskite precursor salts ifCHeads to the formation d¢f-phase pure perovskite.
Solvation of the organic salt in moisture enhanced the reaction rate with Pitins produced from powders
synthesis in this way had lesssidual Pbl increased grain size, lower roughness, and fewer trap states when
compared to standard filmsThistechnique also increased the shdife of the films, with lower chemical
degradation of the precursor solution and larger colloids in sofiitt This work emphasises the importance of
ensuring a complete reaction between the precursors to obtain bigity perovskite filmsThe importance of
stoichiometry for encouraging formation of higjuality perovskite fiins for high performance devices was also
demonstrated by Kostaet al.in their work investigating PHlfilms made from suistoichiometric Pbl(deficient

in lodine) lead to lower performing devices. This negative effect could be corrected by usingssa{dAl in

film preparation® Belouset al.identified distinct im formation pathways dependent on the ratio of MAI:Pbl
precursors in DMF solutiodé.When the ratio was 2:1, perovskite formed via an intermediate compound;
MALPbL. When increased to 3:1 perovskite formed viatth MAsPbk and MAPbL. The different pathways
impacted final crystal structure and morphology, though the effect on device performance was not explored.
The importance of precursor stoichiometry in precursor solution on djlmality is discussed, evaluad and
investigated further in sectiof.

2.3.2 One Step Deposition

In order to obtain a higlguality film, an optimum between nucleation density and crystal growth must be
reached. If the nucleation density is toaghi a very fineggrained structure will form, rguiring subsequenheat
treatment in order to grow grains and reduG8Bs defects, and interfacial strain. If nucleation density is too low,
large grains with gaps between them will develop. These gaps prshig#ing paths where current will be lost

in a device, or even shorting paths if seleciVELsome into contact through these holes in the photoactive
film layer. To control the film formation and prevent these issues, many approaches have been deyvietope
solvent engineering and thermal engineering (controlling the heating regime) to surface and interfacial
engineering (manipulating the chemistry of surfaces in order control film formation) usingdppssition
treatments or use of additives in th@recursor solution.

One step deposition via spin coating of a precursor solution is one of the simplest and most actessijees

for preparing perovskite thin films for solar cells. The solution is prepared by dissolving precursor materials suck
asMAI and Pblin polar solvents such as dimethylformamide (DMF) or dimethyl sulfoxide (DMSO), or mixtures
thereof. The solution is dropped onto a spinning substrate spinning at thousands of rotations per (rpnuie

which centrifugally spreads the soloti over the wetted surface. Initially, removal of excess solution is
dominated by the angular force as the substrate spins, while in the latter stages of spin casting evaporation

dominates. As coordinating solvent is removed, the precursors increasengermmation until they become
supersaturated in the remaining solution and begin to precipitate out of the solution, nucleating and beginning
the conversion to perovskite as they react. Depending on when spinning stops, evaporation may continue during
subsequentdrying or annealing stages. Excess uncoordinated solvent evaporates during spinning, with the
residual coordinated solvent (conjugated in intermediate solyatecursor complexes) driven off during drying

or annealing. Some perovskite systems, sashMAPRIin / -butyrolactone (GBL) and MAPBEn DMF show
inverse solubility, where solubility decreases with an increase in temperature, allowing for rapid crystal growth
at elevated temperaturé® According to Mohammad et al. this occurs as at low temperature, precursor
molecules are bound in solvent compédss, while as temperature rises, the concentration of unbound precursors
increases due to complex dissociation, and the concentration approaches the super saturation limit, permitting
precipitation of the perovskite nuclei.
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The nucleation process can bestribed using the Lamer model as shownFigure 3A of homogenous
nucleation; homogenous nucleation assumes nucleatidnspherical crystalsvithin solution without the
requirement of a third phase. First solvatpdecursor molecules in solution increase in concentration above the
saturation or solubility limit (§ as solvent evaporates until they hit the suggaturation limit, Gs® At the super
saturation limit, nucleation occurs as the concentration of precursors hits a critical level alldels the
perovskite formation reaction to occur. The nucleation rate of perovskite will eventually surpass the precursor
formation rate at the critical supesaturation limit (Guay, resulting in a decrease in precursor concentration.
The conversion gfrecursor solvates to the nucleating perovskite phase reduces the concentration of precursor
in solution, reducing it below the supsaturation concentration, and reducing the nucleation rate. At this point
growth of existing nuclei dominate88eyond thesupersaturation limit, theprecursor solution becomes
thermodynamically unstable and decomposes spontaneously, with phase separation to precursor salts occurring
resulting in the formation of residual salts such as lead halidgstactice, a combinatioaf homogeneous and
heterogeneous nucleation occurs, with heterogeneous nucleation dominating at low saturation, and
homogenous nucleation dominating at high saturation and above the super saturation limit. Heterogeneous
nucleation occurs on a third phaseich as the substrate surface. For controlled nucleation and growth of
precursors from solution usually heterogeneous nucleation of the perovskite nuclei on the substrate material is
required, as opposed to homogenous nucleation within solution, as therlean result in poor film coverage.

The substrate reduces the energy barrier for nucleation by reducing the interfacial energy of the liquid and
crystal interfaceé’ A useful modeldr describing heterogeneous crystal growth is the Voliwaber model (see
Figure3), where the nucleating phase forms as separate islands on the substrate, and therefore a high density
of nuclei arising from the eporating solution is required to ensure a dense, uniform thin film fots.
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Figure3: (A) Graph of Lamer model of crystal growth assuming homogenous nucleation. (B) -Viédinermode Island
Growth of crystallites (Adapted with permission from doi/10.1021/acs.chemrev.8b00318. Copyright 2019 American
Chemical Society.)

Concentration, C

However this model was designed to describe deposition from a gaseous phase and not from a solvent, and so
O yedpiiure the full picture of perovskite crystal growth. Yet the Vokwaber model does not giire an
epitaxial relationship with the substrate, and is hence still useful for describing perovskite film growth, where
crystallisation may begin at the solveair interface for example. Besides the growth of nuclei by diffusion of
precursor monomer species to the perovskite, growth can occur via Ostwald Ripening whereby larger crystals
grow at the expense of smaller ones. Here small crystals dissolve batkdrsolution, saturating it locally. The
solvate species then deposit on larger crystals ne&ti@rowth can also occur via coalescence where nuclei
fuse together. Eventually these small crystals grow to a size at which we begin to describe them (generally
interchangeably) as crystallites or grains.
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Evidence for crystallisation of perovskite at the solvaitinterface came from work by Chenal., who show

that perovskites prepared by orstep solution coating methods such as spin coating and blade coating can
follow downward grain growti{® Downward vertical grain growth peendicular to the film surface is induced

by the evaporation of coordinatesglolvent at the solvenintermediategas interface as intermediate phases are
converted to perovskite. This growth is found to be less sensitive to perovskite composition oratibstr
wettability. The nature of the intermediate crystallisation was not investigated in their work, with the crystalline
film designated as MAPbb-DMSO with peaks at 6.,67.2 and 9.2 (assigned to the (002), (021) and (022) planes
respectively.Zhenget al. observed two stages in perovskite crystallisation during annealing; 1) selvent
evaporation mediated transformation of the solveintermediate phase to brown -perovskite, and 2)
directional growth of the perovskite phase with loss of residual sdlaed transition to black -perovskite®!

The directionality of the intermediate nucleation and how this influences perovskite grain growth hassbeen
summarised irFigure4.%!
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(RSR) at a criticahnealing time. When MLB3, a perovskite crust forms at the film surface which traps solvents, leading

to the formation of voids at the substrate surface and pinholes in the perovskite surface when it bursts through and is
released. Reproduced from DQD.1038/s41467022-343323 under a Creative Commons License

Zhenget al.have proposed a universal typology to distinguish between three film growth modes depending on
the preferential growth direction of perovskite grains. This was validated by a sttrdgs a large range of
perovskite compositions using gledischargeoptical emission spectroscopy, XRD, and SEM. They identify
downward (Type 1), upward (Type Il), and lateral (Type Ill) growth modes. They are further subdividedinto sub
types depending o the growth rate or presence of perovskite nuclei in thespan film. Type Il films with
vertically oriented GBs and a monolithic structure favours charge transfer from the perovskite film to the CTLs,
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and should be targeted for high efficiency devicBise grain growth (here composed of two main stages) has
two main stages: 1) solvesvaporation mediated transformation of the solveintermediate phase to brown
intermediate/perovskite, and 2) directional growth of the perovskite phase with loss afualssolvent and
transition to black perovskite. Similarly too Zheng et al., Mrkyvleival. demarcated two corollary stages in
perovskite grain growth using -situ measurements of photoluminescence (PL): first the nucleation of
perovskite crystallites MR WFNBS 3INRGGKQ 0OdzyO2yaidiNIAYySR o8& v
monotonously increasing PL intensity; and second, the formation of GBs as perovskite grains impinge upon eac
other with the loss of solvert€ Defective crystallite surfaes form at GBs introducing defect states that quench

PL intensity, and increase noadiative recombination.

The growth of grains can either proceed via a sslate mode or a matriphasemediated Ostwald ripening
process, where large grains will graitvthe expense of smaller grains (in a similar process to that of the growth
of perovskite nuclei from precursor solution, mediated by the liquid solution phase). In thessatiedgrowth
process, monomer species in smaller grains diffuse across thestatiédsBfrom the smaller to the larger grain,
depleting the smaller grain till it disappedsThis growth stagnates as grain diaereapproaches film thickness,
because at this point, drag forcezerted on theGBsby the bottom interface with the substrate and the top
intersection with the surface hinder further growth of isotropic thin films. However, in anisotropic thin films,
semndary coarsening may occur, where grains favourably oriented with regards to the substrate grow rapidly
at the expense of unfavourably oriented graifsThe rate of grain growth isensitive to the heating regime,

with perovskites such as the prototypical MAPRffering decomposition to Phif annealing is done for too

long at too high a temperatur&<°® Grain size typically increases with annealing temperature until the onset of
thermal degradation at whicpoint material atGBstypically degrades to secondary phases due to the higher
crystal disorder (serramorphousGB$ facilitating transport of decomposing spect#éfespite its ease of use in

the laboratory, hotplate annealing is not a very scalable anneat@upnique due to the difficulty in obtaining
uniform heating throughout the area and thickness of the film. Variations in gthversc chemistry, air flow,
convective heat transfer, variations in thermal coefficients (thermal expansion, thermal transfer) of the hot
plate material, substrate, CTL, and perovskite, and many other effects make it an inconsistent annealing methoc
whichresults in irreproducible films. An alternative is convective annealing, which raises uniformity of films due
to a more homogenous heating environment. However, both processes are relatively time consunpiirige
untenable space iguirements for anneahg the film if scaled up for retb-roll processes. Radiative annealing
methods could provide an opportunity for scalable processing, due to their high ramp rates, fine temperature
control, and consistency.

To address the issue of large, poorly connected grains, solvent engineering methods have been developed whic
mainly aim to stimulate a high rate of nucleation over as short a time span ssb® reducing the time
available for undesirable structures to grow (such as dendritic morphologies which lead to a discontinuous film),
and ensuring a high areal coverage of the film. One way this can be achieved is by application of antisolvent:
during spin casting. Antisolvents rapidly raise the saturation of the solute by simultaneously reducing the
solubility of the precursors in the solution and increasing the evaporation rate of the solvent (as solvent
molecules are less strongly conjugated withluse molecules they will more readily evaporate). Examples
include toluene, clorobenzene, and ethyl acetafé&!% The rapid nucleation that results from the application

of an antisolvent leads to a desirable, compact, dense grain structure. Another approach to achieving this is
through vacuum dryig after spin casting. This has been useduickly remove solvent from the fili#*1°° Gas
gquenching to accelerate solvent evaporation and rapidly raise supersaturation of the solutiofsbasean
used®*The solvent itself can be changed to achieve the desired rate of supersaturation; for example, the spin
casting from a mixture of methylamine (ME) and acetonitrile (ACN) delivers films with uniform, compact
microstructure of largesmooth grains. The perovskite nucleates very rapidly duringgmting as the solvents
rapidly evaporate. Furthermore, the deposited films have carrier lifetimes 20x as long as those from films
prepared using DMF, suggesting the use of this method atdaces defect$?* Solvent annealing methods are

yet anothertechniquedeveloped to improve thin film microstructure and morphology. Annealing in a solvent
vapour atmosphere results in a largeam size and increase crystallinifylt is thought that this may occur due
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to the dissolution of material &5Bsand surfaces in a solvent phase, allowing the reordering of crystal$;Bnd
migration. Huanget al. used DMF solvent vapour during annealing of MARblobtain 1 um gains with
dramatically improved electrical properties in comparison to films which were simply thermally annealed. The
champion device had a PCE of 15'8%t.is common to use a mixture of solvents to attain the desired nucleation
and growth of the perovskite phase, most typicdéliyiF and DMSO. The high solubility of precursors in DMF is
combined with the longer film drying times offered by solvents like DMSO. As a result many researchers have
sought to understand the influence of solvent choice on perovskite film formatfon.

2.3.3 Precursor Solvents and Importance of DMSO Intermediate

Solvents with a high boiling point have lower evaporation ratesl@gnce suppress nucleation of the perovskite
phase from solution, which can lead to raniform and rodshaped grains. A good example of this is the spin
coating of stoichiometric mixtures of MAI and Piobm DMF2°""" Munir et al.suggest that the precursor solvate
formed during solution processing incorpoeat solvent molecules in an MRbb-DMF complex, complexes
which are crucial to the formation of the perovskite film. These intermediate complexes either lead to nucleation
through the formation of clusters within the solution upon which perovskite nu@e@abccurs, or continuous
precursor thin films in which the perovskite nucleates. Intermediate sedoteent complexes have varying
effects on crystallisation kinetics depending on the solvent molecules. The ease with which perovskite can revert
to intermediate species under 100 is likely responsible for the irreproducibility of devices across a wide range
of publications, while also crucial for the growth of perovskite crystajgired for high performing devices.

Jeonet al.added DMSO as a complegiagent as it complexes more strongly with lead halides than B Vitis

led to DMSEPbb-MAI or DMSE&Pbk complexes forming upon spin coating, which weobsequerty converted

to smooth, compact perovskite films. According to Getoal. there are a wider range of complexes based on
DMSO than DMF in terms of the stoichiometry of the crystalline precursor which incorporates it, as shown in
Figure5.108
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Figure5: Chemical Reactions and crystalline intermediates occurring during conversion from MAI and Pbl2 (PI) to MAPDI3
(PV) when meditated by either DMSO or DMF. Mobduilibria among various chemical species are established under 100

°C until the solvent is lost from the system by evaporation. Bold arrows denote productive pathways during single crystal
formation. (a) DMSO mediated pathways. (b) optical microscopgéof an intermediate 3 (INJ) crystal fibre. (¢) DMF
mediated pathways. (d) SEM image of P fibre obtained by annealing.IfReproducedwith permission from
doi/10.1021/jacs.5b10599. Copyright 2015 American Chemical Society.)
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Use of DMSO has beeprdonstrated to produce more reproducible and higher efficiency devices, and various
explanations have been offered for tH8 Briefly, the MAPRIDMF complex is less stable at room temperature
than the DMSO equivalent (MAksls-2DMSO (INFB). This is partially becausee DMSO complex will have
lower strain (which would arise from the volume difference between the intermediate phase and MAPbDI
perovskite), and additionally because the DMSO complex has a slower crystallisation process (MAI molecule
need to diffuse to tle growing perovskite phase, as opposed to simple evaporation of excess solvent). The result
is a lingering solvent phase which encourages grain growth by solvent annealing. Together, reduced strain ant
solvent annealing effects reduce defect densities amngrove crystallinity of the perovskite film.

Ronget al. found that slower diffusion of the DMSO leads to a higher fraction of the intermediate phase (INT
3), andsubsequenty a smoother surface morpholod¥’. According to their research, balanced diffusion of
DMSO and MAI at an optimal temperature leads to the formation of fewer pinholes within theRfdnget al

found that the rate of exchange of DMSO with MAI governddhmation of the perovskite, as shown Figure

6A. Figure6B shows the process can proceed via three different routes during annealing as solvent is driven off
the film by evaporation, depending on temperature (reproduced from Rengl.).!*° Investigating the role of
intermediate phases in the grdw of perovskite crystals, Bat al. highlighted the importance of obtaining the
INT-3 phase to grow aligned and high quality perovskite layers ortiiDe addition of DMSO to their solutions

of precursor salts and DMF resulted in the preferential nucleatod growth of perovskite along the 110
direction from the substrate upwards during annealing, as opposed to thaldsyn nucleation in films with

only DMF complexes when the antisolvent was applied (the antisolvent induced perovskite nucleation occurred
preferentially to the heat induced nucleation.

0!
DMSO/MAX Exchange
P
o gUL//' MA,Pb.Xs(DMSO),~MAPbX,~MAX
slowel =
0] 0) MA,Pb,Xs(DMSO0),~MAX A,Pb.Xs(DM MAPbX

(Initial State)

750 Difsres MAPbX;—Pbl.

Figure6: (A) Schematic crystal structure and composition of the intermediate phase and perovskite phase after exchange
of DMSO and MAI. (B) Three diffusion pathways to perovskite Ehowing effect of annealing temperature on final film
composition**? Reproduced with permission froni/10.1039/c6nr00488a

DMSO helps to suppress the formation of perovskite, instead leading to the uniform distribution-8f INT
nanorods on the sdiace which later convert to perovskite. A DMSO: ditio of 10:1 delivered the highest
performing devices. The utility of IN8Tin grain growth was further displayed by X&tal., finding the vapour
phase DMSO can react with MAPBE GBsto form an IN-3 phase between crystalline domains. The
interconversion between this intermediate and other intermediates facilita@&migration and hence grain

26



Hybrid PerovskitesSolution Processing

coarsening!?> Many routes to obtaining high performing perovskite films for PSCs utilise the DMSO
intermediate 810811314 Another study by Ozalét al found the enhanced stability of solveirttercalated
MAPb}-DMF precursor complexes when dissolved in DMSO widened the tarititgl processing window for
antisolvent (in this studyoluene) application, allowing for more reproducible films after spin coatih@he

ratio of DMSO: Pplvas approximately 9:1, similar to the ratio in the dyuby Bakt al..

However, Caet al.found that highgualityfilms can be fabricated without exploitation of thefRlintermediate.

In their two-step film deposition method, a mesoporous Plilm is first generated by deposition of a DMSO:
Pbb solutionin a 1:1 or 2:1 ratio (the adeposited film containing various precursors) aubsequenteating

at 80°C. MAIIPA solution was then dripped on the film, penetrating the mesoporous channels and resulting in
full conversion to perovskite films from Rhtith negligible lattice expansiofi.They suggested that the benefit

of DMSO was in facilitating the production of a himymality precursor film. Although intermediates can be
exploited in producing highuality films, specific intermediates in themselves are not the only approach to high
quality perovskite films.

2.3.4 Use of Anisolvents

Preparation of high performing and stabRSCdn ambient airis an important step in developing scalable
procesing methods for perovskites, as many researchers prepare PSCs in such conditions, and methods t
facilitate this production environent will enable wider accessibilitipue to deleterious effects df.O and O,

on PSCdevices, and sensitivity of these films to atmosphere during processing, it is necessary to devise
processing methods that produce higjuality films resilient to moistureingress in operation, while also
optimising against the presence of moisture during film formatitieposition is heavily humidity dependent,

as demonstrated by Jeorgd al., whofound MAPH films deposited in a twstep processinder 40% relative
humidity (HO K1 Rt / 9 Q& | LILINtReR filnysldép&sited at BonHE'” MdibLid cnSentrated at
GBdacilitates both lateral and vertical grain growth. This helps neighbouring grains merge via a dissolution and
recrystallization process, while also increasing surface roughness due taltheBsionahature of the growth.

There is a reduction iGBsarea due to grain growth, reducing the presence of fnadiative recombination
centres. This reorientation and growth also leads to preferential crystal orientations, as the variation in crystal
orientation is reduced, as evidenced by GIWAX3/oisture activates the reaction between MAI and £bl
Intermediate perovskite hydrate phas provide faster diffusion pathways due to their larger structural spacing,
and the ionisation of MAI increasing its reactivity with P¥Arandaet al. have suggested that comgéon
between HO and DMSO to coordinate with Pb atoms limits the formation of the intermediateM?itDMSO
complex responsible for the final film properties. As rH rises above 30%, PCE decreases due to the formation ¢
hydrates in the film, leading tapholes and shunting of devices. Carefully optimising the ratio of DMSO to adjust
for the atmosphererH| t £ 264 F¥2NJ FIONROIGA2Yy 2F KAIK STFFAOAS
approaching 19%'® For the curious reader, an in depth review of the influence of moisture on perovskite
solutions, thin films, and devices has been written by Huetraj..!*

Fabricaion of PSCsvith antisolvent in ambient air has become a popular method of mitigating the influence of
ambient air®®%12 The sjin-casting approach is combined with an antisolvemtuced crystallisation step,
where an antisolvent is dripped on the substrate during spinning to increase the precursor solvent removal rate
and encourage the nucleation of the crystalline DMB8@rmediate (Lewisadduct) MAPksls(DMSOy, from

which the black pseudoubic h-perovskite phase forms upon annealitig2412%> Further addition of
antisolvent (for example ethyl acetate) can induce the nucleation of room temperature stable brown tetragonal
I -perovskite by further increasing the solvent removal ré#feThe desired'-phase is subsequently obtained
upon thermal annealinglayloret al.have demonstrated that antisolvents can be categorised intro three groups
depending on their ability to dissolve the organic precursor components, and their miscibility with the precurs
solution solvents?® A highquality perovskite film can be obtained from any antisolvent whegplied at the
optimal rate for that specific solvent. Trought@t al. proposed that the selection of antisolvent is crucial,
observing ethyl acetateHA) produces better films than chlorobenzene (CBM)ehe, or diethydether (DE)

under ambient conditins.EAhas a high affinity for ¥D (3.3 vd¥) in comparison to DE (1.5%)uene (0.033%)

and CBZ (0.04%). This reduces the formation of hydrated perovskite as more moisture adsorbed into the
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precursor film and in the ambient atmosphere will be absorbgdhe antisolvent when annealing in air. This

was evidenced by diminished XRD perovskite peaks in films treated with toluene, CBZ and DE. SEM supporte
this, showing greatly reduced pinholes and less variation in grain size, evefodtl M@btaining pinhte free,

highly crystalline ordered perovskite films processed under very high humidity conditions when using EA as ar
antisolvent during deposition demonstrated the feasibility of PSC production without strict atmosphere control.
However, the influencefaambient humidity on films processed with EA remained uncleatras firoduced at

an rHof 0% had highePCE than films produced at%pH which had lower PCE théilms produced at 50% and
75%rH*?’

EA treated MAPbIdevices have been widely characterisétf:20.123127129 Kim et al. sought to understand the

effect of EA volume on the formation of perovskite morphologies during fabrication. They found an optimal
volume of 4Qul for a substrée of size 2.5x2.6m at20%HP Ly adzFFAOASYy G 9! RARYy Qi |
residual DMF in the precurs@MSO complexes producing coarse perovskite morphologies. Excess EA removed
DMSO, leading to perovskite crystals forming too early, as theme insufficient solvent to drm the
intermediate complex rguired for optimal film formation. At higherH, the optimal volume of EA increases.
Slower evaporation of DMF in the humid atmosphere means more EAjiged to remove it.!> Buet al.
emphasised the notoxicity of EA in comparison to carcinoge@ig in their work where they showed that the

use of EA as a solvent for the HTL (spiMeTAD) as well as an antisolvent for the perovskite produced higher
performing devices than GdissolvedHTL/EAreated-perovskite or CHlissolvedHTL/CBreated-perovskite
devices. EA has @feal polarity, less than 415 making it miscile with DMF and not perovskite while greater

than 2,allowing it to dissolve spir®@MeTAD?°Zhanget al.showed that their ethjacetate treatment increased

the contact angle of water droplets to 89.8 almost 45 more than ether treated films. This would suggest a
more hydrophobic film surface has been obtained-dhtapsulated devices retained 84.80% of their original
PCE afteBO days of ambient storagé® Theyshowed using AFM that EA treated films gave a smooth surface,
with lower suface roughness and larger grains than ether treated films, which would facilitate reduced interface
resistance between the perovskite a¥LsAdditionally, the reduction iGBsmeans there are fewer defects,

and hence reduced ion migration, resultingogtter performance and stability. They also use Fourier Transform
Infrared Spectroscopy (FTIR) to find that hydrogen bonding occurs between EA and DMSO, which may hel
ensure regular growth of the intermediate phase by reduced evaporation of the antigoared slowed
perovskite nucleation. EA treated films have enhanced optical absorption, enhanced photoluminescence
intensity, and slower photoluminescent decay, showing the treatment reduces the presence of nonradiative
recombination centres, and reducedattering losses. This is corroborated by devices made kgt BLiwho

found more efficient carrier extraction and greater carrier lifetimes in EA treated devices, suggesting reduced
recombination centre densit}?® The EA treated devices showed better long term air stability, both due to a
more hydrghobic film surface (greater water droplet contact angle), and fewer paths for ingress of moisture.
Finally, the films showed greater thermal stability due to impeded ion migration as a result of passivated
defects!!® This reduces decomposition of the film (decomposition of films isoesglin greater depth later).

Its high boiling point and strong affinity for water are greatly responsibiéhfe desirable interaction ofthyl
acetate with precursor films among various antisolvents. Theoretically an antisolvent with even high vapour
pressure and greater water solubility within the correct polarity rangd.6) would produce an even better
film. This would be due to shorter perovskite formation time reducing exposure of the intermediate phase to
exposure. This is explored Manget al. who look at the dependency of films on different acetates. Methyl
acetate (MA), with the highest vapour pressure, lowest boiling point, and great€ss¢lubility, produces dense
smooth films with even fewer pinholes than films treated with EA. Lonbamcacetate solvents are less
effective at inducing the perovskite transformation prior to annealing, with more intermediary DMSO remaining
in the preannealed films. Grain size also increased, supporting the notion that the Epx8Qrsor
intermediate failitates grain growth, and that a high evaporation rate leads to a high density of nucleation. The
presence of a residual Blghase in the films reduces as the acetate length increases, frorrBARPA>BA.

This supports the theory the intermediate phabkelps coordinate Pblto MAI, ensuring more complete
conversion to perovskité?
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Wanget al. developed a theoretical model for the evaporation dependent crystallisation to try and explain the
interaction of ambient moistre with the antisolvent during film processing. Using this model, they proposed a
humidity insensitive antisolvent method for argtblvent assisted crystallisation. They earmark the turbid point
as a crucial time point during fabrication at which the app@ae of the precursor film changes fromrisparent

to turbid ¢ a state defined as cloudy, ogae or thick with suspended matter. It indicates the precursor filmis in

a state appropriate for antisolvent induced crystallisation, with best results fourghuhe antisolvent dropping
occurs several seconds before the turbid points ends. This defines an important processing window for
antisolvent application. In their evaporatiamystallisation model, they considered the possibilities that either
adsorbed gaeous HO changes the perovskite film composition, e©OHaccelerates the reaction between Pbl

and MAI. A small amount of.@8 in the MAI precursor solution was found to encourage the formation of high
quality perovskite films due to enhanced MAI ion miliby Adhikiriet al.*° Gaoet al. found thatspin coating

at higher H leads to films with poor coverage due to low nucleation density. They proposed that adsorbed
moisture acts as a solvent, suppressing theleation of the perovskite phasgé! However, Waget al.showed

that HO was a relatively poor solvent for perovskite precursors and instead suggested that variation in the
results of spin coating induced crystallisation at differgfitevels is causkby the suppression of evaporation

of precursor solvent by atmospheric humidity. Thus suppression may be relate®tard the solvents used
(DMF/DMSO) both being polar solvents.

In brief, at low humidity<70%rH, solvent evaporation is fast, and thelsiion quickly supefrsaturates, hence
leading to a high rate of nucleation as opposed to nuclei growth. This results in densely aggregated nuclei, anc
hence the film morphology has numerous small grains. These scatter light strongly, making the turbid poin
easily observable. At high humidity, evaporation is slow, and hence nuclei growth dominates. The film has fewer,
larger grains, with a less obvious turbid point as scattering is weaker. Identification of the turbid point allowed
them to determine when th film was in an appropriate initial nucleation state for antisolvent treatment. The
turbid point and hence the antisolvent wiod are increasingly delayed as rH increases. AtrFthe initial
nucleation state of their films has a nucleation density belthe critical amount needed for successful
antisolvent treatment. This is likely due to the higher ratio of DMF to DMSO used in their precursor solution (9:1)
in comparison to Troughtoet al. (4:1), as well as their use of DE and CBZ as opposed to &éreksentioned,

these solvents do not dissolve as muclOHas EA, and hence more solvent iquieed for the antisolvent
treatment, both to absorb moisture and remove the solvent DMF. The high boiling point of the DMF means DMF
remains conjugated to preesor ions for longer, suppressing the formation of the initial nucleation phase
appropriate for antisolvent assisted crystallisation of the perovskite phase.

Wanget al. theorised that increasing the solvent evaporation rate would allow them to overcoméstiue of a
delayed and disappearing turbid point as rH increases. They resolve to decouple the turbid point from
atmospheric humidity by preheating the substrate. Preheating the substrate thermodynamically favours
nucleation in spin coating induced craliisation. They explain this by considering the free energy of nucleation
NnG* and critical nucleus radiug* using classical nucleation theory for homogenous nucleation, which
R2YAYIlIGSa |0 &A3IKE a0 AN SR y&FRng voludealzSINEOdhd deterives n
whether stable(nuclei do not redissolva)ucleation can take place. Nuclei with i z are unstable and will
dissolve back into solutiocB: NnG*RSONB I aSa a GKS @2t dzy SG)nbi&ases, #hyicE NH &
increases with increasing temperatur€, Meanwhiler* decreases as the surface free energy per unit surface
area’ decreases, which decreases with increasing T. Preheating followed by antisolvent treatment at the turbid
point in an ambient atmosphere leads fitms with better optoelectronic performance due to compact, highly
crystdline grains. PCE increased Hsincreased, and they attributed this to a solvent annealing affect, where
the humid atmosphere helps to passivate grain defects in fifihs.

Antisolvents do however have thre@rawbacks. Their use leads to increase solvent waspdniag safe disposal.
Alternativetechniques can reduce this rescinding the need foantisolvents altogether, as in flash infrared
annealing as per Sanchet al., use ofquenching gas assistedystallisation, vacuum flash crystallisation or
vacuum assisted annealing, additive assisted (e.g. Acéfsdg crystallisation, and hot castingz 33137
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2.3.5 Hot casting and Grain Growth

In the hot casting method, the substrate is heated above room temperature prior tecsjgiting, with the aim

of increased grain growth. The hot sitate causes partial deetting (higher contact angle between the
solution and substrate surface) of the precursor solution due to the high interfacial energy, as well as a thermal
gradient between the substrate surface and the thickness of the deposa&dion, which is at a much lower
temperature. Nieet al. use such dechnigue heating the substrate to 18CQ and observing large, millimetre
scale leafike structures composed of smaller micrscale sukgrains covering the substrate surfat®Deng

et al. observeda similar microstructure in films made using a dodiading process on preheated substrates,
and attributed the morphology to convection driven crystallisation. The thermal gradient between the substrate
and ambient air creates fluid convection, develupia microstructure of concentric rings of crystdist is
proposed they form by RaleigBénard convection: bit solution heated by the substrate rises to the surface,
and when it does it cools, flowing back to the bottom. Multiple convection cells form within the film, all pushing
against each other to form polygons containing concentric rings of cryéfallés approach has clear potential

in onesstep spin deposition methods, with Nét al. reporting champion PCE of 18%.

2.3.6 Effect of Ambient Temperature

While the use of antisolvents somewhat ameliorates the deleterimugact of ambient humidity on film
formation, there is also the issue of ambient temperature variation when processing under ambient conditions.
Molendaet al.showed that a temperature increase of ID(20G30°C) was sufficient to reduce PCE of MAPbI
devices cast from DMF from an average of ~11% to ~4%, while also increasing the standard deviation betweel
samples. Increasing temperature increases the evaporation rate of the solvent, increasing the partial pressure
of solvent vapour and thereby influengjrthe perovskite crystallisation. They found a higher abundance of
structural defects in the samples fabricated at higher ambient temperatures, evidenced by decreased
electroluminescence, higher Urbach energy, and greater prevalence gfiipirities in )RD*°

2.4 Investigating-ilm Evolution from Deposition to Decomposition

Investigating the film evolution from the point of deposition to the end of perovskite conversion and thereafter
to degradation is a challenging prospect due not only to the complexity of the structures imvastigation,
particularly during the early stages of film formation, but also due to the waahging factors which can affect

the final film microstructure and morphology. Such factors include the temperature of the substrate and the
concentration andcomposition of the precursor solution, to annealing time, intrinsic instability of the perovskite
phase, and damage due to the measurement process #¥eleconvoluting all these factors to try and
understand the contribution of any one to the crystliion process is made even more difficult by the limited
reproducibility in film formation methods used, and comparisons between findings are often further
complicated by differences in material systems used. Even when there is consistency in the fgerovski
stoichiometry investigated (for example MABRbfindings may not always be directly applicable to perovskite
systems that would be used in tggaled, real world devices, which may follow different processing routes or
consist of different element¥! In many investigations, 2D-rdy diffraction techniques (XRD) or grazing
incidence Xay diffraction techniques are invalulgiin probing the crystal structure. These measurements can
be done on samples as they are deposited and annealesity, allowing continual monitoring of the phase
transformations and structural changes occurring during film evolution. Grain size, elisqkeferred
orientation, and phase analysis can all be measttéd@hese techniques can be further complimented by
microscopy techniques to elucidate morphology and crystal structure, luminescence and impedance
measurements to understand optoelectronic characteristics, or eireroperando currentvoltage (V)
measurements®

2.4.1 Crystallisationiketics of MAPhlbased films

Tanet al. usedin situgrazingincidence wide angle spectroscopy (GIWAXS) on MABlbh mesoporous AD;

to characterise the material evolution of three distinct compound structure stages during thermal annealing; a
crystalline precursor, a 3D perovskite, and finally the degradation product eBRbt annealing. This was one

of the first attempts to characterise the crystalline precursor to perovskite transformation in hybrid perovskite
films. The power of thieechnigue is immediately clear, allowing the probing of microstructure of thin films while
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avoiding the substrate bu* In previous work by our group, Alhazeti al. used WAXS to investigate the
crystallisation dynamics in MARKCk and fit the normalised intensity of the various phases present to an
Avrami model. The MAPHiIm formed upon annealing from a 1D intermediate, with Cl ions not present in the
MAPD} crystals.A similatWAXS methodology epplied in this manuscript in Secti@nIn another prior work

by our group, Pinedat al used GISAXS and optical microscopy to characterise the nucleation and growth of
MAPb%.Ck bar coated films with addition of 1;8iiodooctane (DIO) and hydroiodic acid (M})They revealed

that while the pristine MAPBICL film has a reactiortontrolled growth mode, limited by the slow reation

rate; the film with addition of HI and DIO follows a diffusmmtrolled growth mode, where growth of crystals

is limited by the aggregation of neighbouring crystals rapidly nucleated by the additive. The high nucleation
density itself acts as baer to crystal growth, with neighbouring nuclei competing to accumulate material. They
identify 3 stages in perovskite crystallisation in bar coated films deposited on a substrate at 60°C.

The influence of annealing time and temperature was further stidsy Dualehet al. investigated the
conversion from a precursor solution of (MAI: Bhi€la molar ratio of 3:1 in DMF, deposited on mesoporous
TiG(MmTiQ) to perovskite in terms of the annealing temperature. The effect of annealing temperature on film
formation, morphology, and composition was correlated using a combination &fis/'$pectroscopy, SEM and
XRD. These experiments found the incomplete conversion of the precursor to perovskite at lower temperatures
(<8CC) and the occurrence of Rlat high emperature L20°C). Device characterisation was done usivWy J
curves with the best performing devices being those annealed at the optimum temperature .10@ally,
impedance spectroscopy (in the dark) was used to study the effect of annealing tirtiee ¢harge transfer
properties of the film. Recombination resistances and chemical capacitance were extracted from impedance
data and from this data it was inferred that the formation of a barrier to electron extraction at the .TiO
interface causesineli A2y fAYAUlI GA2Yy® ¢KAA& oFyR YAalrfAdyYSyidQ
or Pb}phases, dropping the CB of the perovskite while also acting as electron sinks, reducing thg lmdild
charge in the mTi©Under forward bias, the cingical capacitance shows typical exponential behaviour for films
annealed at 88C, but as annealing temperature is increased aboV€ Bthe effect of band misalignment on
reducing the capacitance becomes more dominant and occurs at lower forward biass €biselated with
increased Phiformation and larger perovskite grains, however an explicit dependency is not ptoven.

The effect of specific lead halides on the precugerovskite transformation has been studied by numerous
researchers. Notably Mooret al.found that crystallisation kinetics of perovskite formation were rheited

by the removal of excess organic salt from the precursor in deposition estwachiometric ratios oPband

MA salts in DMF. The activation enef&) for removal of excessrganic saltvas directly related to the lead

salt usedt*” This was further confirmed by Murét al. and Stoneet al., finding the PbGIderived precursor in
PbClderived MAPRIRA RY Qi Ay O2NLR NI S GKS az2f @Syid LKIFIaSz g
evaporation of excesMACF." 146

Moore et al. investigated the effect of the lead halide anion on the crystallisation kinetics through analisis of
situ wide angle X-ray scattering (WAXS)They developed a kinetic model from extracting data on the
transformed fraction of hybrid perovskite films and used this to find Ehdor the precursor to perovskite
transition for a variety of lead salts. They showed that the first step in perovskiteafmn from non
stoichiometric ratios oPband MA salts deposited from a solution of DMF was the removal of excess organic
salt from the precursor, and that the, depended on the lead salt used. This understanding was used to inform
processing, allowinghe optimisation of crystal growth and film morphology through selection of the
appropriate lead salt for the precursor solutiét.

Mooreet al.and Muniret al.both found that the PbGHerived precursor likely does not incorporate the solvent
phase. Ungeet al. suggested the @gtence of a complex precursor phase, which was later probed Xsiag
absorption neatedge structure measurements by Patlal revealing the precursor likely contains MACI and
other species containing FBI bonds*™48 The precise precursorrstture remained elusive until Storet al.
approached the problem, using a combinationrogitugrazingincidence XRD (GIXRD) during annealing &C100
of spin cast films, as well as extendétay absorption fine structure measurements (EXAFS). GIXRREs drom
GIWAXS in that it operates over a larger range of angles, @i &s opposed to-45° in GIWAXGVAXS and
GIWAXS are discussed in detail in Se&i@nVith evidence from these experiments thelentified a crystalline
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precursor to be MAPbECI, existing ingual fraction to a disordered MACI phase in the as spun film. They then
performedin situ X-ray fluorescence (XRF) during the phase transformation, and developed-@gelating

model to desribe the transformation, where the conversion from precursor to perovskite is slowed and rate
limited by the gradual evaporation of excess MACI. This prevents rapid crystallisation upon solvent drying,
enabling the formation of compact, highuality films.24¢ The importance of removal of the organic salt was
demonstrated by Zhangt al. in their systematic study of the role of the anions in the lead salt, enhancing
perovskite film smoothness and surface coverage through accelerated gkivetics using the readily volatile
MA(Ac) byproduct.’

Hu et al. investigated the perovskite crystallisation kinetics and growth mechanism in real time fjoid li
precursor to fina perovskite film for MAPbIfilms spin cast from a solution of Pb(Aahd MAI in 3:1 ratio in
DMF. Usingin situ GIXRD and FTI@ourier Transform Infrared Spectroscopy) reveal the structure
transformation of the film phases, they identified the praese of [Phf|* centred ion cage intermediate
structures in the asleposited film. They propose a naagsembly model to describe the stacking of
intermediate cages as solvent evaporates, and their transformation to stable perovskite crystals. Compyimentar
to this, SEM and AFM were used to reveal the periodic banding of thgramlolar structurer akin to ripples

in water. They explain the periodic crystallisation growth during annealing at elevated temperature with a
crystallisation depletion mechanisrand with this understanding create a kinetically trapped morphology by
rapidly increasing solvent evaporation using -agtquenching to obtain smooth, compact fil8.However
kinetically trapped morphologies are often in a state removed frauilédorium where kinetic processes such as
ordering or phase segregation are favoured, which could result in changes in performance during operation
under the stimulus of light, heat, and electrical fields.

The rate of removal of PbAlas been linked to impreed crystallinity, grain size, and uniformity of coverage by
various author$®=152|n research by Sanet al, prel Yy Sl f WF3SAy3IQ O6RNBAY3I AY
improve the filmquality. 2They found 20 sto be better than immediate thermal annealing and better than
600s d ageing for the filnguality, with fewer pinholes, higher crystallinity and a larger PCE with less variation
in results across cells. They attributed this to the partial nucleation of perovskite during the end-obapimg

and preannealing, leading tdess abrupt removal of Pb(Acih subsequentannealing at 98C. Besides
emphasising the importance of optimising nucleation vs growth, this highlights the sensitivity of the perovskite
film to conditionsduring everystage of film fabricatiorMWhere posdile, all these conditions should beported

in a paper concerned witrepeatability of its findings (See Appendif.1, Table 3.

2.4.2 Crystallisation Kinetics in Mixed Perovskites

The crystallisation pathways ofixed perovskites have been an important area for the research field to
understand, due to their tuneable band gap, making them ideal for application in tandem solafledis stage

in the formation of mixed perovskite (containing a mixture of FA, CspiMthe Asite, and | and Br on the- X
site) films have been identified. Following spinninghaf initial precursor solutiona hexagonal delta phase
forms which possessea sensitive annealing windonnealing during this window mitigates the formatioh o
hexagonal polytypes during crystallisation. Cs cations promote the formation of the dedirghlase, and
inhibit formation of intermediary polytypes. Incorporation of Maiso stabilises the cubic phase through lattice
contraction. Brincorporation changes the crystallisation kinetics due to its lower sehtggaction, enhancing

the nucleationrate >3 Failure to promo¢ formation of theh -phase during this annealing window leads to the
appearance of a complex phase mixture of hexagonal polytypes;PMIADMSO, intermediate, and the
perovskite h-phase®® The crystallisation spience of mixed ion perovskites has been identified as a
transformation from the 2H phasé -phase hexagonal polytype) to 4H, then 6H, and then finally 3C, a
transformation sguence typically found in inorganic metal oxide perovskites under extreme conditiohs.

has been shown that addition of mixed cations and halide ions to MABIzlys the production of secondary
phases and bproducts duringspin-coating, facilitating the conversion to perovskite after dripp®g® The
window for antisolvent application increases from seconds to several minutes. This is useful as the conversior
to perovskite is heavily influence by tlygiality and crystallinity of the intermediate film The formation of
perovskite intermediates is also related to the relative humidity during fabrication, with perovskite appearing
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more readily at <%rHthen at H%rHE. ¢ KSNBE LISNRP@alAdS R2SayQi 2 A®dzNJ
FACs, with apjaation of antisolvent to films prior to annealing, the perovskite phase nucleated immediately
without generation of undesired phases even at moderate levels &t'rH.

2.4.3 Strain effects in thin films

Grain rotation or reorientation and lattice expansion/contractiaas explored by Lilliet al. using a novel
method of tracking texture evolution during deposition and thermal annealing of MABIolg a selbrganising

map which tracks the diffraction spots of single crystallites frionsitu GIWAXS. They found thatrmhg
deposition and annealing of films deposited via spray coating and spin coating, single grains underwent rotation
or reorientation. The number of spots increased with precursor film hydration or relative humidity. The
statistical picture of texture edlution their method produced could likely be driven by strain in the film arising
from film processing and formatioti® Joneset al. made progress explaining this, using correlative synchrotron
XRD and timeesolved photoluminescence (TRPL) on the sararriing area to reveal lattice strain is associated
with a high defect concentration and neadiative recombination. They propose the strain arises during the
cubic to tetragonal phase transition (87) due to constrained (or unconstrained) local envirents established

in the initial steps of film growth and crystallisation, where heterogeneous nucleation and growth lead to
inhomogeneous crystallites. They also find the strain heterogeneity ranges across varying length scales, fron
the nanoscale sulgran to longrange supeigrain clusters (regions of grains with similar orientations on the
scale of 1& of microns). It raises thguestion of whether focusing on single grains in hybrid perovskites is
sufficient to understand the interplay of strain andtoplectronic performancé® Strain in these films had also
been traced back to the thermal expansion mismatch betwtenperovskite material and substrate during
annealing by Zhaet al., who found it to be an intrinsic source of instability in perovskite films which reduced
the E for ion migration. This can be related to the presence of more defects in strained \itni) opens
channels along which ions and other external species suchH:@sor O, may migrate, accelerating the
decomposition rate under illuminatiot°

Zhuet al. expanded the understanding of strain in the films by studying the evolution of residual strain in mixed
perovskite films using depth dependent GIXRD. They identified a gradient distributionplaine strain
perpendicular to the suttrate, where tensile strain decreases from the surface of the film to the substrate. This
strain heterogeneity was confirmed with TEM at different depths, showing an increase in lattice constant with
depth from the surface. This was correlated with chaijecomposition from the surface to the bottom of the
film, with time-of-flight secondary ion mass spectrometry (T8IMS) and transmission electron
microscopy/energy dispersiveray spectroscopy TEM/EDX mapping revealing the gradient distribution 6f MA
which substantially decreases from the surface to the bottom. Compositional distribution and gradient thermal
stresses are both linked to gradient residual stress. The effect of residual stress on charge carrier dynamics an
photovoltaic properties are ab investigated. Depth dependent PL spectra show a decreasing band gap with
depth of the perovskite film, while it is found through first principle calculations that the strain induces band
bending on the perovskite, reducing hole carrier transport andaetion. As the film grows from the substrate
surface up, a thermal gradient between the hotplate and ambient may be partially responsible for the observed
strain in the film, driving crystallisation in material nearer the heat source and hence limigngjfthsion of

MA" into the nonstoichiometric perovskite.

These studies amongst scores of others have made significant progress towards explaining perovskite filn
formation, but there remains work to be done in providing a holistic and complete expanat the film
formation process which is generally applicable to all hybrid perovskites while considering the process
alterations and variations from the wide range of internal and external factors. And how can the film
microstructure and morphology belated to perovskite instability, degradation, hysteresis, and ion migration?

2.5 Devices

Perovskite devices are typically planar stacked structures, where the perovskite absorber is placed between a p
type hole transport layer (HTL) aneype electron transprt layer (ETL), which respectively contact a cathode
and anode. The regular-irp structure (seerigure7) and inverted g-n structure are planar heterojunction
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architectures, and commercially the most prevalamiongst thin film solar cells architectures in organic and
inorganic devices. The inverted structure swaps the positions of the electron and hole selective layers with
respect to the substrate. In this workgegularperovskite devices will behiefly fabrcatedwith an achitecture

as shown in Figure 7Avhere the HTL iBTAAthe ETL iSnQ and a cathode oAg or Au is usedther device
architectures include mesoporous devices, the parent structure of the now typical planar stacked structures,
inverted danar heterojunctiongnd interdigitated back contact devices.

Mesoporous devices (Figure 7D) use a porous ETL transport layer as an intermediaryasagaaghancing
matrix between the photoactive material and a compact ETL. This structure is typsadlywhen fabricating

cells with inkbased methods, penetrating the mesoporous layer with the ink before annealing to remove
solvent. Interdigitated back contact devices position the electron and hole selective electrodes on the backside
of the cell in arinterdigitated pattern, as shown iRigure7B. The active layer is deposited on the electrodes.
This architecture prevents optical losses due to the top electrical contact, as the device can be illuminated from
the top surface® It also allows surface sensitivedperando studies to be done, allowing characterisation of
optoelectronic and structural properties of the peroitskactive layers postabrication using methods such as
GIWAX, Focused ion beaBEM (FHEBSEM) and Lasdreaminduced current (LBIC), as demonstrated by Aitari

al. and WongStringeret al 143162

a b
Planar Heterojunction Intedigitated Back-Contact (IBC)

Inverted Planar Heterojunction Mesoporous Solar Cell

Metal Metal
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Figure7: (A) A regular F-p planar héerojunction deviceangBd LY G SNRAIAGF GSR o 01 O2yidl O
Aa GKS K2tS aStSOGAGS YIGSNARIES yR WyQ (KS StSOGNRY a
light to pass through while also conductialgctrons and acting as the cathode. The Metal acts as the anode. (Reproduced
from 10.32386/scivpro.000005 der Creative Commons License)lf@erted planar heterojunction(d) Mesoporous solar

cell schematic. Circles represent the porous scaffold.

2.6 Filmand Device Degradation

UnpackagedSCslegrade within a few hundred hours of exposure to air witt¥50%%% Moisture induces a
combhation of reversible and irreversible changes in the film, depending on the extent of exposure. Resistance
to oxidation is also beneficial; while many metal halide perovskites are relatively stable when left in the dark,
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they will rapidly degrade when iné presence 00, and light, through the lighticcelerated process of photo

oxidation.

Randet al. performed a comprehensive study of the chemistry of perovskite optoelectronic de¥idémy

found redox chemistry plays an underlying role in determining the degradation processes in perovskite devices
with Ag/Al/Yb/Cr metal contacts. 4situ XRD revealed the spontaneous reduction &f RbPK in the presence

of AP, converting MAPBIh a4sPbki2kbkh  h  a {situ SEM_s§fows that.B facilitates ion diffusion, enabling

the continued reaction of the Al and perovskite layers. While not necessary for the redox reaction to occur, it
facilitates the diffusion of unreacted Bl the APelectrode. As shown ifigures, the redox reaction occurred

for all metal contacts except Au.

While Ag showed evidence of the reaction, the peaks frofwipe relatively small, and due to the lower price

of Ag compred to Au, Ag is chosen for device studies in this thesis. There are exceptions where Au is used du
to the higher expected PCE associated with these devices (see Sctimtike certain previous researchil

not used due to the rapid redox chemistry and resulting degradation would impact device characterisation and
in particular studies of device degradation. The use of an interlayer between the perovskite and Ag (a PTAZA
based hole transport layer to enhe@ charge extraction) further acts as a buffer against metal contact induced
degradation.This study has emphasised that degradation investigations need to focus on the whole device and
not just thin films, as critical chemical reactions can stem froninisit interfacial interactions between layers.
a2AaddzNBEQa NRtS Fa I RSO2YLRaAldA2y NBFIASyid Ay LISN
degradation pathways at metal contact interfaces, where moisture facilitates reduction of the géeovs
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Figure8: Pb 4f Xray Photoelectron Spectroscopy spectra of samples with Al, Yb, CVr, Ag, and AU metals deposited directl
on various perovskite films. All perovsite/metal interfaces show evidence of redox chemistry ajthetbence of Pipeaks

except for the MAPRIAu interface. (Reproduced with permission from daid.1021/jacs.5b10599Copyright 2015
American Chemical Socielty.

2.6.1 Moisture and Qstability

Boyd et al. reviewed the understanding of degradation mechanisms pigrovskites for photovoltaic
applications'® Their review of the literature on humidity showgldlat H,O can easily penetrate the perovskite
crystal structure and form intermediary monohydrate and dihydrate perovskite phases, sh&iguig9d. These
changes are generally reversible, with hydrate structiloeing shown to covert back to crystal perovskite after
48 hours in dry air, evidenced by an XRD study by Letgaly!%® Schipf et al. found that the trend of water
uptake exhibits a plateau between &Hand 6®@orHattributed to crystal surfaces becoming saturated with
adsorbed watef® At higher humidities, thigrater is incorporated into the crystal and hydrates form. Toloueinia
et al.using dark pulse discharge measurements similarly found that%iidthere is no penetration of water
into perovskite film whereas at 186rHthe number of ionic species increassih the formation of Pkland
aqueous MAFS?
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Figure9: Structure of MAPRI(left), monohydrate MAPkH.O (middle), and dihydrate (MA&bku2HO (right).(Adapted
with permission from doi/10.1021/acs.chemmater.5b00660. Copyright 2015 American Chemical Society.)

H-O molecules in the perovskite foratrong Hbonds with organic cations, weakening the bond between the
cation and Phloctahedral cage. This enables more rapid deprotonation (removal of hydrogen) of the organic
cation, which leaves the perovskite more susceptible to the deleterious effé@zposure to electrical fields

or heat®'%8Water reacts with lodide Jlto create hydroiodic acid. €hreaction of perovskite with 4D leaves

Pbt after decomposition. Ab initio calculations by Azpietzl. suggest that Pblterminated surfaces have a
lower degradation rate than MAkrminated surfaces, which readily react with the hydroxide ions tonfar
hydrate phasé®® Frostet al. propose the decomposition pathway Figurel0. HO0 is required to initiate the
reaction (a), producing sdile HI (b), volatile, gaseous Methylamine {8H, c), and finally kD and Phbi(d) 1"

Hz0
a

A{(CH3NH3*)Pblg]  [(CH3NH3*),.1(CH3NH,)nPbl][HA0]

Decomposition pathway

in the presence of water HI

n- II(CH'}NHQ‘)PDH} CHsNHz

H;0 and Pbl,

FigurelO: Potential moisturenitiated decompsition pathway presented by Frost al, Reproduced under ACS Author
/| K2AOSKO9ORAG2NAEQ / K2 A 018.10244n5@800fF INBESYSy G FNBY R2AK

MAI-terminated surfaces are more prevalent at GB regions than between grains. GBs act as initiation sites for
the deconposition to moisture, and provide a rapid diffusion pathway for moisture into the perovskite bulk.
Liaoet al. performed nanoscale mapping of the humidity induced degradation of polycrystalline Mifisl

Their findings suggest that the reaction proceeitially through the humidity induced grain growth and atomic
rearrangement, followed by formation of a monohydrate layer in the GB region which, due to its low stability at
room temperature, degrades to Phthrough the evaporation of MAI and.@ overthe course of 2 days.
Moisture continues to diffuse through the sefarinorphous hydrated GBs repeating this process, and these GBs
are the last surfaces to develop RB#b} eventually covers surfaces(facets contacting the air, substrate or other
layers) ad GBs, limiting further moisture ingress, or loss of the metastable hydrated pHaSehe whole
process takes several days. Films with smaller grains have as such been shown to degrade faster, with this trer
holding true regardless of the film fabrication meth&d.
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Hague et al. have thoroughly investigated the decomposition reaction of lead halide perovskites, finding that
diffusion of Q into bulk MAPK films occurs immediately upon exposure to air, and is complete within an
hour >5173175 MolecularQ, adsorbs at iodide vacancies on the surface and diffuses through iodide vacancies in
the bulk® I vacancies (%) have an itrinsically high concentration, and are rapidly generated upon
photoexcitation (otlined in sectior?.7.1). Once adsorbed at vacancy sitesjrOv* sites act as traps for photo
excited electrons in the conduon band. The @becomes reduced to a superoxide species;The negatively
charged species reacts with highly positively chargesitédprotonated cations in an aclihse reaction that
creates HO, deprotonated Asite gas such as methylamine, Pdnid b, as per the reactiof®

WAO0OO 6 Q u1W®I 18060Q ¢0lQ 0O

This is also found by Li&b al., who build upon their understanding of ambient humidity degradation in their
work exploring photedegradation of MAPKJ. Using imsitu scanning probe microscopy they find Pbl as
opposed to a hydrated perovskite phaseforms at the surface after aging under light in humid air. The reaction

of photo-excited MAPhlwith the superoxide species is energeticallydurable. @diffuses through the Pbl

layer to react with the MAPbbeneath, growing a porous Blilanclayer. HO, which forms as a reaction-by
product both catalyses the degradation reaction by stabilising the superoxide species, but also promotes
densification of the Phllayer. This densification is enhanced by ambient humidity which rapidly diffuses along
GBsto the Pbj layer, facilitating recrystallisation and densification. Eventually this layer blocks-th#usion

of O, and humidity from thesnvironment, by cappin@Bsand stifling diffusiort.’

It would follow thd less acidic &ite cations such as formamidiniuRA) or caesium will be more stable to
photo-oxidation. It is also critical to control the density of iodide ion vacancies in perovskite films in order to
suppress the adsorption of @t these sites, andiffusion through the bulk. This can be achieved by atomic
substitution to increase the strength of the interaction between cations and halide anions, as described before,
as well as surface passivatitechniques>? Atomic substitution isalso an effectivestrategy for improving
moisture resilienceX-site and Asite substitution can enhance the interaction between thsi# cations and

Pb ions reducing the lattice cell parameters and ensuring the crystal retains thesgiteocrystal structure upon
extended moisture exposur&he instability of the MAI cation in the presence of moisture and light irradiation
is due to facile oxidation of the iodide anié#i.Replacing the MZcations with less acidic cations such as FA
(CH(NH2)3 or C¢ also reduces deprotonation and stabilises the perovskite latfit®! Substitution of MA

with FA has been investigated due to a favourable band gap and greater thermal and-gtiabitity 125186 Due

to inherent volatility of the M\" cation the mixed Ma&A.«Pbk perovskite has been further stabilised by addition

of C$ by various researchers, or the removal of Mi&Afavour of a Cscomponent!848&19 Asjte substitution

with C$ has beernshow to increase moisture, thermal, and phegtability in FA.CsPbk, FAxCsPbhBr, and
Cs(FA 83MA17)100xPD(b.83BI0.17)3)0.05. %192 The small ionic radius of Q4.67A) in contrasto FA (2.53A) and

MA* (2.16 A) improves bonding between the organic cation and]fPbttahedra® It also prevents migration,

a crucial factor in device instabilit§.The lattice parameter can be furtheuried by halide substitution ofwith

Br (Xsite substitution) There is a linear relationship between the Br content and the lattice parameters of
MAPb%.,Br, phases, with a tetragonalubic transition between x = 0.13 and 029.

Black phote O (i AFBARYisithermodyamically unstable below 150°C, converting to a yellow-pemvskite
hexagonal phase-FAPKat room temperature’®” In humid and dark conditions FARtylpically transforms to

its constituent salts or its-phase. At 5@rH the h-phase FAPbHegrades into yellow-phase and Phl After

6h at 85%rH, the FARkperovskite degrades completely to RBP The moistureinduced phase change is
initiated at GBs and proceeds towards the grain interior. According to Blaafgltheh -t phase change involves

a surface initiated local diffusion and precipitatiorechanism, with kD acting as the solveat® In contrast to
FAPh, FAPbBris thermodynamically stable under the same conditiéfid8® Although single Asite cation
perovskites based on Féations readily transition from the phase tol phase under ambient conditions, when
FA is alloyed together with Cand MA in optimal ratios they produce a much more stable cubic perovskite
lattice.

In CsPhlfilms degradation is similarly induced by moistureOHadsorbed o -CsPhifilms may catalyse the
phase change by inducing halide vacancies and lowering theefrergy barrier for nucleation. The high

37



Hybrid PerovskitesFilm and Device Degradation

solvation enthalpy of halide ions coupled with low vacancy formation energy means halide vacancy
concentration increases with hudity as Halide ions react with Hydrogen and volatilise (e.g. HI). The presence
of vacancies lowers the formation energy of an interface betweemd! phases, facilitating conversidff
Evidence for the action of msture also comes from Cordert al, who show KO diffuses both along
perovskiteGBsand via interstitial sitesThey claimH,O both catalyses the interconversion between the
phases, and forms bonds with the FA (or MA) cation, increasing its effesitg and shifting the structural
equilibrium towards thel and hydrated phase®¥! Hidalgoet al.found that when air acted as the carrier gas for
humidity, the formation ofi -phase FAPbWwas accelerated; while this work is still in exploratory stages, it is
plausible that @plays a role in this enhanced reaction.

Kazemiet al. found that in triple cation mixed halideepovskite, degradation under 85%rH of the perovskite
follows two concomitant pathways. The first leads to formation of,Risthile the second leads to a combination
of CsPEBrs nanocrystals and @soor krich perovskite'®? Accading to Hidalgeet al., intriguingly, for mixed
iodide-bromide halide perovskites degradation proceeded through-perovskite hexagonal phases such as 4H
and 6H. Bromide addition hindered degradati$hDespite these observations it is not clear whether a hydrated
perovskite phasearises duringhe moisture induced decomposition in mixed cation ndixealide, FA based
perovskites.

While these strategies are effective in reducing degradation, a perfoceaeduction persists even in
encapsulated devices over hundreds of hours of illumination under dry conditions. There have been many
contributions to understanding the degradation routes in some mixed cation perovskite filmet. dldound

that under Ight and high relative humidity, 5ACs.1sPbk degradation follows a multistage pathw&f.In the

first stage between €11 hours, Phlrich depressions form as FAI evaporates. The mixed cation phase separates
into CsPhlneedles and large FARIgrains. Degadation stops for a couple hours, before proceeding in the
second stage with the shrinking of the FARJpains. However, at 8rHin the dark, depressions are not formed,

and instead large grains develop after 80 hr exposure. This suggests a diffetamapat the dark. Similarly, Li

et al, identify photeinactive, current blocking @&h clusters after ageing F4Cs.1Pbk under operating
conditions!®” Maniyarasuet al. investigated the moisture degradation of EASPbk at 30%rH Using
photoelectron spectroscopy, they found that Cs was depleted from the surface alongside the organic cations.
While the FACs based perovskite stabilised with Rb shows a ratio of Cs to Pb wtmeatd, for FACs the Cs/Pb

ratio is about half the nominal concentration at the highest depth probe, reducing towards the surface. XPS also
suggests the surface is easily depleted of alkali cations due to decomposition of the perovskité’faticktion

of Rbl fills iodine vacancies and stabilises the perovskite, and it isbjgo$isat triple cation, FAMA-Cs
compositions may have a similar response.di@al. looked at triple cation perovskites at Z@Hin the dark

using XRD and after exposure ta?®using energy dispersiverdy spectroscopy (EDX). According to XRD,
there was minor degradation of RAMA.17Pb(b.sBro.17)s and CsosFA sdVIAr17Pb(bsBro.17)s to Pbb after 1hr
exposure. After 5 days exposure at®8fHthey found moisture induced phase segregation and degradation in
5% Cs doped BAMA 17Pb(b.sBro.17)s. The degraded region of the film had a Cs and Br rich phase identified as
CsPHBr*®*Ly i SNBallAy3dte (KSe& RARYQlU FAYR I OKFy3aS Ay i
after 90%rHexposure for 2 days.

2.6.2 Thermal stability

Thermal stabity of perovskites is an important property to understand as the films will undergo various heat
treatments during manufacture and may operate at elevated temperatures during operation for extended
periods of time. During fabrication films are annealeddieg us to rguire a deep understanding of the phase
transformations taking place within the relevant range. Further down the chain, the perovskite could experience
temperatures exceeding 140 depending on the module encapsulation method, for short parioidtime as

the encapsulant material (typically a polymer sheet) is heated to polymerise the polymer and bond the module
together. This is important as soft perovskites like MAHRgin to irreversibly degrade above T@0(in
vacuum)® The thermal decompositiopathway is as follows:

060 OO wwy 0 OO 60 O;

38



Hybrid PerovskitesHysteresis
I J . o
OROOUVL WO W Lw®O 600 00 'Y'00Q 0'0Q

Operating temperatures can rise as high as@5whichover the lifespan of the device may slowly lead to
reduced performance. Testing at high temperature is useful experimentally as it allows the investigation of these
chemical reactions and degradation processes that would otherwise occur over monthgoirytee field, and

which can be accelerated to occur more rapidly.

Structural stability is indicated by the Goldschmidt factor as previously described in s2dtidMihile MAPhBI

and other MAbased perovskite have a tolerance factor of 0.91, existing in a tetragonal or pseudocubic crystal
structure over the relevant operating temperature rang&5h 65°C), they are not as resistant to thermal
decomposition as FA or Cs based perovskffeIhese latter perovskites form metastable phases upon
annealing andjuenching to room temperature; after a matter of hours or days they will decompose to a
photoinactivel phase. This hgpens because the toelarge FA cation, and teemall Cs cation lead to a weaker,
distorted perovskite unit cell. To ameliorate the disorientation caused by either alternatsite Aation, it is
0SYSTFAOAILE (2 dzdS | YA E{{( dad® (a® chlculmrdiugirg averkg® sit¥ riadi)ialtahss O
for structurally stable perovskite phases that are also thermally stable. They also offer the capacity for tuning to
attain desirable optoelectronic propertiesst-202

A-site catio substitution has the largest effect on thermal stability due to the structural effect of the cation on
the lead halide octahedra interactions and the reduced volatility of inorganic compared to organic salts. FAMA,
FACs and FAMACs compounds are resistatiermal degradatioracross a wide alloying range with higher
t/9Qa (GKIFIYy GKSAN) aAy3atsS OFGAz2y O2dzyiSNLI NIhad wSOS
inquadrupleOl GA 2y LISNR@alAGSa 6A0K t/°glfySBalieet al. B xPnoproved y R
stability may be due to an additional site for hydrogen bonding in FA, which would lower the acidity of FA (as H
will bond to this site as opposed to the lodide ion, suggsieg HI formation), and the reduced volatilitybotth

FAIl andCsl*®* The same research group also showed anfi¢& RbCsFa composition with an efficiency of
19.3%. This composition shows similar stability to thesRbiised CsMAFA compositions, and this may be
attributable to the removal of the volatile MA cation, as well as entropic stabilisation of the solid softition.

| 26 SOSNE LI NIAFE AdzoadAlddziAz2y =2iflaadysektBeSdsoynidsitio B & S
C%.0{MAQ17FA 830.05Pb(b.1Bl.s3)3 using an Arrhenius model of the changing perovskite peak height in XRD.
They found that it decomposed in a tvabep process during annealing at 280n air, with first of these showing
similar deconposition kinetics to MAPgIsuggesting the first stage involved the reaction of'ldidd the second

the reaction of FA?% Indeed, the photoactiveM perovskite phase of these FA and Cs based materials can
spontaneously transform into a phofoactive hexagonal non-perovskite phase. This intrinsic structural
instability arises from deviation from an optimal octahedral tilt of thesBblahedra at écreasing temperature,
making theh -phase thermodynamically unstablé

Besides Asite cation substitution, »$ite Anion mixing is also used, particularly mixtures of Br att§2P6207
Adding Br to CsPb(BA-x)s for example shrinks the space available for theit& cation, making it a better fit

for the smaller Cs ¢ian, remaining stable at room temperatur&-18° Fa s:Cs 1/Pb(LBr)s compounds form a
single phase across the-Brange and have good thermal stabifi§ However as will be explored in section
2.7.1, mixed halide perovskites can suffer from halide segregation in the presence of light and electrical fields.
Despite the potential of ionic substitution, effortan decrease the phase stabilihe perovskite material, and
reversible or worse irreversible pe segregation leading to localised differentiation in performance will occur.
Other means of stabilising the octahedral tilt of thedtalges are being explored. Doheetlyal. demonstrated

the importance of stabilising the ocatehdral tilt by treatinghet surface of FAPHI with
ethylenediaminetetraacetic acid. They achieved stabilisation of the octahedral cage without cation additives,
creating films resistant to external stresséfg.

2.7 Hysteresis
Snaithet al. first reported currentvoltage (-V) hysteresis iPSCén 2014. Where hysteresis occurs there is a
marked difference in the current delivered from a solar cell under forward and reverse bias. According to their

39



Hybrid PerovskitesHysteresis

findings, hgteresis was dominant in the perovskite material as opposed to the charge selective contacts,
although these CTLs did play a role in modulating the degree of hysteresis depending on material and
morphology?!® The timescale over which the hysteresis occurs @~ Gules out typical charge generation or
recombination process(which are of the erdof ps) as being responsible. They also found hysteresis strongly
depended on scanning parameters such as scanning rate, amplitude of the applied field, scanning direction, anc
the conditions of the material prior to scanning. Various explanations femhbre developed, from ferroelectric
models, to charge trapping and detrapping, and ion migration. Several arguments against the ferroelectricity
model have largely ruled this out as the dominant mechanism. The ferroelectric effect present is incradibly s

and hence difficult to ascertaif! It occurs over a timescale of ns, as opposed to ~100 s for hysté¥eEis

current understanding generally has reached a consensus that it is combination of charge trapping/detrapping
processes and ion migtion 23 Charge trapping and detrapping occurs due to the presence of trap states. These
stem from defects intte crystal structure and serve as major sites of carrier recombination. These same defects
also act as pathways for migrating ions, mediating diffusion through the availability of different pathways (for
example site vacancies or interstitiats}Halide ions are widely regarded as the main ionic conductors in hybrid
perovskites, with modelling and experiments on halide vacancy conduction froms far back as the 198
supporting thig?**216 Halide ion migration and the presence of trap stades intricately linked and should both

be present to observe significant hysteresis.

Hysteresis can be described with the ddfffusion model of a g-n junction presented in sectioh.2. The
depletion widthin a typical ~30mperovskite film extends ~106m from the contacts into the bulk, with a

bulk region wherein the Hbuilt field is zero or a minimum. Under forward bias (Mjgthe depletion layer
contracts. In order to maintain charge neutrality witithe neutral region as ionic charges migrate under the
influence of the electrical field, charge carriers rapidly adjust their distributions. Charge carriers will move in a
direction opposite to the photeurrent in order to screen ionic charges. Thigsaing reduces ionic drift due

to coulombic attraction, and hence ionic migration may mainly be through diffusion. This screening also reduces
the net current while the process is occurring. Eventually the ions and charge carriers will reach a new
equilibrium. Under reverse bias the opposite will occur, with the depletion region expanding and charge carriers
moving in the direction of photocurrent as well as a possible reduction in ionic charges (for exarupleThis

has the effect of raising the netrrent relevant to the forward bias condition. This has an impact on the type

of nonradiative recombination occurring, with enhanced ShoclReadHall recombination occurring due to

the presence of deep level defects such asduring diffusion underdrward bias, and enhanced Auger
recombination when there is a large polarity in the electtosie distribution.?’

2.7.1 Understanding lon Migration

Walshet al. provided a useful collation of the current understangliof the factors which govern or stimulate

ion migration. These factors can be split into intrinsic factors stemming from the structural properties of hybrid
perovskites, and extrinsic factors due to environmental factéts.

Intrinsic Factors

Hybrid perovskites have a high density of point defects as outlinelieeafFhese can act as mobile species,
moving through the lattice under the influence of stress, temperature, chemical and electrical gradients. Point
defects are typically in an ionised charge state, for example a positively charged iodine vagahatoadh also

occur as charge neutral pairs. Of these there are two types: Schottky defects, and Frenkel defects. Schottk
RSFSOGa 200dz2NJ 6 KSNB |y FyAz2zy |yR OFGA2y @I OFyOe 2
defects occur where an ioracancy is accompanied by the formation of an interstitial of the same ion spéties.
Other metasable states can form under illumination, as charged defect sites can trap charge carriers for
prolonged periods of time (for example the trapping obg a ). The low formation energy for iodine Frenkel
defect pairs has been suggested a likely mecmanésexplain electrostriction in MAPKy Cheret al.??° They
propose that the small point defect formation energy allows the formatéradditional defects under bias,
generating an electromechanical respondgensity Functional TheonDFT computations show induced
compressive strain in the-axis 0f-0.6%, similar to experimental values under an electric field ofit7 of -
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1%. AnArrhenius relationship between the electrostrictive response and temperature as well as a reduction in
the E for ion migration as the magnitude of the applied field increases further provides connections between
electrostriction and defect formation andhaihilation. As temperature increases, defect density increase, while
as the strength of the field increases more defects are produced, and ion migration is made easier.

Evidence supports the notion that vacanoediated iodide diffusion is the main diffion mechanism present

in hybrid perovskites, with Eames al. calculatingg, values for the migration of an iodine vacancy in MARDI
~0.6 eV. MAdiffusion was calculated to have &wvalue of ~0.8 eV, and so while less likely, cannot be ruled out
as a migrating species at room temperature >Fimwever was calculated to have &pof 2.3 e\2® Haruyuma

et al.determinedE, values for Y and \(;a of ~0.3 eV and-0.6 eV respectively, while Azpiretzal. found these

to be ~0.1 eV, ~0.5 eV and fos,¥0.8 e\A89221 Differences in these values can be attributed to the different
DFTmodelling approaches and assurigots made, although they all describe the same order of reactivity.

In polycrystalline thin films, point defects can accumulate as extended defects in the f@Bsof on external
surfaces. These can provide rapid diffusion paths for ions, as the Hegelstive regions provide a lower barrier

to ion migration.GBshave been found to support fast iodide diffusion in MARking onductiveAFM)
reducing the effectivés, for I diffusion in the darkGBsand surfaces have high concentrations of chargeitt

defects as a result of the crystallisation process (crystal lattice disorder at the edge of the crystallites has lower
formation energy). This has been supported by observations of enhanced charge carrier recombination, and
reduced charge carrier mdly over these regiong?%224

Extrinsic Factors

lons are susceptible to the influence of an applied electric field, with observdiiing made of ion migration
under electrical bia® Recent work also shows that the combination of fielduced ion migration and charge
carrier injection leads to the formation of trap stat&§.Under prolonged poling, the bias can lead to
degradation of the perovskite to Ptand MAI, with the volatilisation of MA 0£.1822’ Furthermore, electrical
biasing without injection of charge carriers has been shown to caukgehsegregation in mixed perovskite
films, evidenced by a photoluminescence bhleft, which is similarly observed under laser excitiafi®n.

A homogenous thirilm placed in a chemical gradient (such as a specific halide atmosphere) experiences ion
exchange until a new chemicadj@librium is established between the atmosphere and the crystal lattice. For
halides in hybrid perovskite thin films this has beeoweh to occur over seconds, showing ease of ion diffusion

at the surfaces an@GBs*?° Evidence supporting the mobile nature of slalttices in perovskites is further
provided by evidence of A and B cation exchange, although this occurs over the timescale of*fétrs.
Additionally the susceptibility dhe films toH.O and O, in solution and during film deposition, crystallisation,

and degradation has been observed, having various effects on microstructure, and charge -carrier
dyamics>>68232233The |arge number of defects facilitates the ingresbi@ and diffusion of oxygen atoms.

During operation, a photoactive material will logaignificant portion of energy as heat, due to thermodynamic
constraints as outlined by the Shocki@yeisser limit* Photons with energy greater than the band gap will
generate hot carriers (carriers above the CBM) which will thermalize, cooling down to the conduction band edge
and releasing their energy by multiphonon emissiériNon-radiative recombinatia can cause local heating
which can activate defect formation and ionic transport, as excess energy is dissipated as phonons which provid
enough energy to overcome the energy barriers. Decomposition (MABBIAI + Ph)) has also been shown to

be triggeed by commonly used wavelengths of Raman lasers (B32nd 633nm) and device degradation
accelerated by absorption of the infrared component of the solar spectrum during operation under
sunlight8235.238qybrid perovskitedave a low thermal conductivity, which means local temperature gradients
will have a significant effect on the formation of defects and ion migration, as they provide pathways for
reducing this energy?’>*®This also means that in a closed system a concentration gradient can form, where
heterogeneity will increase ian initially homogenous film due to thermally activated structural disordering,
until the influence of local ion concentration gradients counteracts it. uildrium between the competing
influences of thermodynamic activity and local ion concentrattoreached.
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Hybrid perovskites are infamously unstable under illumination; photluced phase separation has been
SEGSyarogsSte adGddzRASR AY YAESR KIfARS LISNER Jaindicads & =
mobility in singlehalide hylid perovskites (both thin films and single crystaf¥* Low intensity long
wavelength visible light, in the ned#iR from a redaser has been shown to be sufficient to accelerate
degradaton, even in an inert Natmosphere!’’ The importance of mixed halide hyBmperovskites for tandem
photovoltaics incorporating these thin films has spurred research into this effétt A key observation in the
migration of halide ions is their motion away from the illuminated surface and into the’#tftk.

lllumination of films results in electrical and thermal changes, influencing the preyidisiussed intrinsic
factors responsible for the films optoelectronic properties. Wadshl. surmised four main processes by which
photo-induced halide migration may occur as summarisdeéigurell. It remains a openguestion as to which
is the correct, or most dominant mechanism, and hence there is an impetus to derive aleiganation of
the phenomena.

(a) Enhanced vibrations (b) Defect production by carrier trapping
[electron-phonon coupling] [mobile defect concentration]

Interstitial formation
by hole capture
|V center]

o X Hot carriers = hw

Vot (c) Electromigration (d) Defect production by recombination
X [electron-ion scattering] [mobile defect concentration]

o : MAI loss triggered

by non-radiative

o O e-h recombination

hv = @ 4 h “wind"

Figurell: Four possible process by which phatduced ion migration may ear. (Reproduced with permission from
10.1021/acsenergylett.8b00764, Copyright 2018 American Chemical Society.)

1) When light is absorbed hot carriers are generated which cool to the lattice temperature by phonon
emission, leading to an enhanced rate of ioA @ NJ { A 2 y1OK 2W/S26yS OQN@&WE A y I Q
energy from hot carriers to mobile ions.

2) lllumination generates photinduced charge carriers which become trapped, with the gain in potential
energy offsetting the energy cost of defect formation. Egample, the formation of an interstitial by
hole capture.

3) lllumination generates charge carriers with a polaronic nature which transfer their momentum to ions.

4) Nonradiative electronhole recombination provides sufficient energy to stimulate the formatad
enhanced mobile defect concentrations.

Light has also been shown to lead to structural changes in the material, with evidence of photostriction and
strain relief, the latter of which would likely require ionic rearrangement to oé&#f°Evidence for b has come
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from Tiedeet al,, who find a correlation betweenrich region formation and defect density under illumination.

Photogenerated chage carriers are trapped byré¢lated defects, ultimately leading to the recombination -of |
related defects (i.ezlinterstitial with F vacancy) and formation ofrich regions®!

There are varioutechniques through which ion migration can be monitored or studied, exploiting changes in
photoluminescence, conductivity or optical properties in response to the aforementioned extrinsic fdotors.
situstudies are a peerful tool, allowing the influence of external factors to be correlated directly with observed
property variationsln situstudies can be designed to simulateoperandoconditions, for example by steady
state illumination or thermal cycling of thin rfil sample$?? Li et al. used widefield PL microscopy and
impedance spectroscopg situto investigate spatial and transient evolution of thin films under electrical bias.
Formation of defets accompanying ion migration under the applied field was invoked to explain PL inactive
domains of the film. Another oft use@chniqueis X-ray photoemission spectroscopy (XPS), which has been
usedin situas an electrical field is applied to map chasigeelemental composition and photoluminescence in
both single crystals and thin filnd&%?%® Other in situ methods used to try and resolve chemical and
optoelectronic changes in thin film which may arise due tornogration and ion segregation include electro
absorption spectroscopy, spatially resolved PL, SEM,TEM, Cathodoluminescence, ERbay atmsorption
Spectroscopy (XA%)?29256264 There is scope for further studies using methods such as these, though
mindfulness is rquired of damage which can be incurred in the sample due to high energy electron or laser
beams used®®
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3 Aims and Objectives

Hybrid gerovskites have become a vast topic of research, with the immguaatities of literature producing

many different models and theories to explain complex and interlinked processes. A raisatimerging of the

key processes that occur during crystallisation, with the role of precursors, and intermediate complexes
becoming more clearly defined. Aspects of processing such as annealing, atmosphere, and solvent evaporatio
have been vigorouslyxglored. lon migration has been identified as a key process governing hysteresis, and
several theories as to how phoifoduced ion migration may occur have been put forward. lon migration is
closely intertwined with theyquality of the film following film érmation due to the presence of defects aGdBs

Defect engineering of perovskite thin films through the mixing of multiple ions on A and X sites in the perovskite
crystal has been a promising method for achieving high performing, long lif@&®&@sbut has not received as

much attention as simpler single cation compositions with regards to the characterisafim @rmation and
degradation.The wide variety of hybrid perovskite compositions provides ample space for further research,
design and improvwaent to hybrid perovskite thin film properties. As such there are spegifestion which |

will be looking to answer or contribute to solving within this space.

1. How does precursor stoichiometry manipulation influence tliermation of MAPDbE films processd
under ambient conditions?

Manipulating stoichiometry in MAPbprecursor solutions films influences the morphology of the fabricated
film. Indeed, previous work by our group has shown the importance of Btichiometry on device
performance, as wells the demonstrable effects of lodide additives on film formatMAl enriched films have
larger grains as grain growth is mediated by the diffusion of MAl.éPbched films have residual Bpmostly

at surfaces andgrain boundaries (B9, which serveto passivate defects and improve carrier transport
properties. Both effects are desirable for high performing perovskite devices, where we want to reduce the
presence of defects such as iodide ion vacancies and reééBeeea.

Another aspect of film formtion crucial for obtaining highuality films is sufficient nucleation density teduce

the occurrenceof pinholes(which can result from the formation of an incontiguous film morphology during
annealing as well as the escape of trapped soljyeitthis § made possible using antisolvents such as ethyl
acetate whichreduce the precursor solubilitgnd causing the solution to reach super saturatioshjle also
encouraging formation of the DMSO solvent intermediate, and hencectim¢iguouscrystallisationof the
perovite phase upon annealingxamples of devices fabricated with EA are showkpipendix13.1, Table4.

Can the combined influences of excess precursor saltsoptimised antisolvent induced crystallisation be used
to obtain uniform, dense, passivated and laigyain perovskite thin filmander ambient condition®

The impact of stoichiometrwith and without EA antisolvent applicatiomill be investigated thwugh WAXS
during insitu spincoating and annealing, SEM and-U¢ Spectroscopyk-ray scattering is typically used for
crystallographic and structural characterisation, and can be combined witfitinmeasurements during
processes such as sgipating aad annealing to monitor the evolution of thin films. Crystallographic systems,
crystallite size, preferred phases among other features can be investigated. SEM can be used to characteris
morphological features such as grasize and prevalence of pinholéshis will be useful for investigating the
influence of stoichiometry on microstructure. UWis spectroscopywill be useful for optoelectronic
characterisation of thin films, providing information on absorption, band gap, and disorder at thecloged

related to the prevalence of defect&inally, optimised EA antisolvent application will be used to fabricate
devices under ambient conditions for comparison between MA&drhpositions.

2. How and whydoes replacemenbf MA with Cs and FA improve the resiliemof perovskite films to
moisture-induced decomposition?

Our understanding of moisture induced decomposition of FA based perovskites has progressed rapidly due tc
the increasing popularity of FA based perovskites for high performing mono andjumgliion solar cells. FA
based PSCs have higher PCE dueféwvourableband gap While the conversion from-perovskite to photo
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inactivel perovskite is well documented, as well as the interconversion between various hexagonal polytypes
during degradation, the formation of hydrated FA perovskite phases is less certain. Using GISANS there presen
can be invesgated by utilising the ugue contrast mechanism in Neutron Scattering, facilitating sensitivity to
light elements. There also remains thaestion of how feasible preparation of FA rich perovskites in ambient
atmosphere is, due to the facifet transformation. Atisolvent application has gained traction as a process for
kinetically stabilising solvesirecursor intermediate phases and ensuring the development of perovskite films
with continuous coverage and high crystallinity, their efficacy can beelihiity poor moisture affinity, sub
optimal or supraoptimal polarity and toxity. Ethyl aetate (EA)has emerged as a convincing alternative to
chlorobenzene, toluene or githyl ether. This is due to its high moisture affinity, high volgtiitnd optima
polarity. EAas been demonstrated as an effective antisolvent for facilitating the conversion of the intermediate
film to perovskite in MAPblevices uder various humidities, and inired @tion, mixed halide perovskites,
when processed under anpidirflow, as shown iTable4. However, synthesising these doped perovskite films
under ambient conditions with ethykatate in order to mitigate the influence of moisture (as well as to increase
crystallinity) has een little investigation. This could be a valuable area of research as doped perovskite
compositions provide an avenue for tuneable, high efficiency sjogietion or multijunction devices. Some of

the highest performing devices as shownTiable4 surpass 20% PCE using a combination of Cs, MA and FA
cations on the Asite, and | and Br on thesfte. And if they can be manufactured under ambient conditions this
will relax the rguirements for an inert processingraosphere. Thisvill be investigated usin§EM, and UVis
spectroscopy.

3. Can EA induced crystallisation of MARHIIms be combined with ionic substitution to improve
stability under exposure to moisture?

In MAPb4, decomposition ¢ hydrated phases is intiated by the reaction of MAcations on the surface with
hydroxide ions. This leads to lattice strains which generate more defects, andqcensi@lly further
decomposition. ReducinGBarea should enhance resilience to moisture induced degradationrrltieely,
reducing the ability of moisture to permeate the film initially could be a powerful approgthyl acetate
appears to be useful during film fabrication, with this treatment also reducing the rate at which the PCE
decreases for devices made witheated films. This may be associated with improved structural and
morphological properties, such as increased crystallinity, low surface roughness, re@Baeda, and the
specific nature of surface defectSuning the crystal structure througbnic substitution has been shown to
improve moisture resistance through stabilisation of cyfii@se and reduction in surface defects, but can
treatment with ethyl acetate be used in conjunction with this method under ambient conditions to decrease
moisture ingress? Similarly, substitution strategies have been shown to increase thermal stability, but can this
be combined with antisolvent application for a further enhancemenii2 effect of cation substitutes for MA

and Pbwill be investigated trough a combinatiorof GIWAXSU\Vis, Ellipsometry, and SEM on synthesised
thin films.Device analysias a function oPCEJk¢ Vog andFFovertime will be conducted.
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4 Experimental

4.1 Perovskite Solution Synthesis

The synthesigrocedureis the dissolution of the perovskite precursor salts to be reacted in an organic solvent.
Herein a mixture of DMF:DMSO in a 4:1 volumetric ratio is used, and solutions are made up to 1.3M
concentration.The 4:1 ratio is used to ensure sufficient nucleataensity under ambient conditions as per
Troughton et al (see sectich3.4).1?’ This concentration could be optimidewith research suggesting differing
concentrations (from 0.92 M) resulting in higher performance devices; as there are so many factors to control
in optimising this aspect (constituent precursors, solvent, antisolvent, spin coating parameters safigion,
fabrication environment), and a lack of consensus on the optimum, it merits further research and review, but is
outside the scope of this wor€%2%¢ Precursors are measured out with a digital analytical balance scale onto
weighing paper folded into weighing boats,fbee being transferred to vials and dissolved in the DMF:DMSO
solvent mixture. Solutions are mixed with a magnetic stirrer bar on a magnetic stirrer hotplate for specific
lengthsoftimeat Tnc/ = (2 SyO02dzNI 38 YAEAY 3 olutibRn soth&insArResA & |
due to agglomeration and poor mixing of precursors, a 0:48hydrophobic PVDF filter is used to remove
residual unreacted®b saltsfrom the solution before depositionThis is a convention in the field to reduce
deposition of ureacted Pb on the film substrat®uring stirring, vials are capped and sealed with a parafilm
sealing tapeAll preparation was done in ambient air (measurement of salt masses) with an extraction hood
placed above the scales to avoid inhalatioriadic dustsuch as PbJ or in the fumehood (mixing and stirring).

4.1.1 Perovskite Solution Preparation favestigation of Supestoichiometric MAPblcompositions
Methylammonium lodide (MAI, Sigma Aldrich) and Lead lodide, {[Abthanochemically synthesised tosene

correct ratio of Pb to | as per Tsewasal®®) were measured rad mixed together as per the stoichiometric
requirements for the following compositions MARI{1):206.66mg MAI+ 599.32mg Pbb), MAPb] + 10wt%
excess MAI ((1)+20.8i@g MAI), and MAPRBH 10wt% excess BI§(1)+59.93ngPbb) with the molar ratios (1:1)

(1:1.1) and (1.1:1) respectively. The mixture was dissolved in a solvent mixture of DMSO and DMF in a volumetri
ratio of 1:4, to make up 1.3M, 1.4M and 1.4M solutions, respectively. The solutions were stirred at 70°C for
approximately a day before use ensure a homogenous distribution of precursor species and complete mixing.

4.1.2 Perovskite Solution Preparation favestigation of Moisture Induced Decomposition of
Perovskite Films

For GISANS experiments, perovskites were prepared according to the stthgs described in Results

Section § and detailed iriTable 2. They were dissolved in a solution of DMF:DMSO in volumetric ratio of 4:1,

and stirred for at least an hour at room temperature prior to deposition.

Table2: Table of precursor salt massed mixed for each perovskite compositfection 5

Perovskite Precursor salt mass added(mg)
Composition MAI MABTr FAI Csl Pbb PbBg
MAPDb} 206.66 - - - 599.32 -
FAMA - 22.93 171.97 - 505.12 82.69
CsFAMA - 21.79 163.37 16.80 481.76 78.56
FACs - - 185.56 57.42 509.43 71.57

4.1.3 Perovskite Solution Preparation fawestigation of Znghnd Csl addition to Perovskite Films

A 1.3M solution of MAPkIn a 4:1 volumetric ratio of DMF:DMSO solveras prepared by measuring out
stoichiometricquantities of MAI and Pbkalts and dissolving them in the solvent mixture. ANl.8olution of
MAo.97C%.0Pkb.97Z1.09l0.97Cbh.03)s (MACSPbZn(1G))in a 4:1 (v:v) solvent mixture of DMF:DMSO was prepayed b
dissolving 200.461g of MAI, 581.34ng Pb4, 10.13mg Csl, and 5.38g of ZnGlin a 1ml solution of DMF/DMSO.
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ZnCl was added separately the perovskitefrom a prepared solution of 1.81 ZnG in DMF:DMSO (4:1, v:v),
due tothe high hydrophilicityof ZnCl powder (adsorbs moisture from the air).

4.2 Substrate preparation

Either plain glass (for materials characterisation) or-paéerned glass substrates (for devices) with eight
indium tin oxide (ITO) pixelsyrface resistivity # 1 guane(sgd 20mm x 15mm) were sonicated for 10 min

in a solution of Iml of Hellmanex Il in 25l of boiled deionized water (DI.8). Any residual detergent was
subsequerniy washed off by rinsing the substrates in 3 baths of h06f DI HO. The glass/ITO substratesre
sequentially sonicated for 10 minutes each in 280 of acetone and then 25@nl of isopropanol. Cleaned
substrates were dried with an air gun and then treated with oxygen plasma for 10 minutes to remove remaining
organic compounds. Clean glass/IT@sdtates were transferred to a fume cupboard and covered. Perovskite
solutions were deposited within an hour of cleaning the substrates for use in film characterisation.

4.3 Perovskite Film Preparation for Characterisation

The generic procedure used in thisrk is spin coating of films using specific spin programmes (programmable
speed, time, ramp rate, and stages) in a portable vacuum free Ossila spin coater. After spin coating (which ma
include an antisolvent application step), samples are transferredhotplate and annealed for set lengths of

time between 66100°C depending on the experiment. All sample preparation is done under a fumehood.

4.3.1 MAPD4 Perovskite Film Preparation flovestigation of Supestoichiometric MAPDI3
compositions

For SEM and UVis spectroscopy iSection 540>| of perovskite solution are either spun at 10G0n for 10s

and 5000pmfor 20s (Program 1) or at 300pm for 30s (Program 2) as per the experiment. Ethyl acetate anti

solvent was dynamically applied dnigise to the substrate centre between 10 aP safter the start of spinning

(the volumeand timing was varied, and is discusse8eation %. The spin coated films were placed on a hotplate

to anneal at 100°C for various anneal times.

4.3.2 Mixed Cation Mixed Halide Perovskite Film Preparatiomyestigation of Moisture Induced
Decomposition of Perovskite Films

The Silicon (Si) substrates were cleaned prior to deposition by polishing the deposition surfacejuamdaiéy

rinsing with acetone and-gropanol. Before deposition of perovskite the Sifer surface was functionalised

with O, plasma treatment100>| of perovskite solution was dripped on 50 mm diameter, 4 mm thick Silicon

Wafer substrates and spun at 3000 rpm for 30 s in a fume cupboard with an rH of 30% and ambient temperature

of 20°C.9 has a small absorption cressction and negligibly scatters neutrons, reducing interference with

measurementsThe perovskite films were annealed on a hotplate at 100°C for 30 minutes and then transferred

to the humidity chamber containing an LiCl safilution, which maintains rH at ~25%. After the first

measurement in LiCl (0 hrs), the salt solution was swapped for an NaCl solution, which raised humidity to ~90%

and the hydration measurements were taken. It took approximately 20 minutes to reach f% a&d 100

minutes to reach rH ~90%. The maximum beam diameter was 15 mm.

For UWIS and SEM, samples were prepared from precursor salts, dissolved to make 1.3M solutions in a solutiot
of DMF and DMSO in a volumetric ratio of 4:1. Samples were stirredigheat 70C in the fume cupboard.

40> bf perovskite solution was deposited on a spin coater statically and spun through-ghage onestep
deposition process of 100®m for 10 sfollowed by 500Gpm for 20 s In the case of samples with antisolvent,
100> bf ethyl acetate was appliedblsafter the start of spinning. Films were annealed on a hotplate at@00

for 30 minutes.

4.3.3 Preparation of MAPband [MACsPbzn(Ig}ljilms forinvestigation of Zngand Csl addition to
Perovskite Films

To prepare the perovskite solutions for sgastirg, the solutions were stirred for approximately 24 hours

before statically casting on room temperature substrates with a-speed spin coating process. The films were

first spun at 1000pm for 10 sand then at 4000pm for 20 s Approximately @ safter the beginning of spinning,
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100> bf ethyl acetate was pipetted upon the film approximately 1 cm above the centre of the film to wash
away excess solvent and adsorbed moisture, and to promote the formation of the beneficiatiDid@alated
intermediate.'?* Filmswere then transferred to a hotplate and annealed. The anneal was 10 minutes at 100°C
for the humidity experiments, and at various times and temperatures for the annealing temperature and
thermal ageing experiments. The humidity and temperature of the fumgboard fluctuated between 45
50%rHand 2022°C.

Films were thermally aged on the hplate underneath a foil covered petri dish to bkoiocident and scattered
light. Enclosing the annealing environment in this way also promotes grain growth by slihwsimgcape of
evolved MACI vapouff?

Films wereexposed to a moist, dry or ambient atmosphere controlled by Salt Solutions of NaCl (75%rH) or LiCl
(25%rH) as per Yourd.Films in the dry and moist atmospheres were enclosed in polypropylene containers
which reduce transmitted UV light, reducing the rate of photaateposition of the perovskite. Films exposed

to ambient humidity were also exposed to ambient lighting, testing the stability of these films under the effect
of ambient humidity, oxygen and Ught.

5 Theory and Characterisation Methods

5.1 Scattering Theory

Grazing incidence scatteringchniques allow the investigation of surface and near surface structures in thin
films at different lengthscales. Sensitivity to certain features and structures can be tuned by experimental
designt both by choice ofadiationsource and manipulation of the incident beam such that it interacts with
the measured material at different depths or scatters at different structural lersgtiles. These particles can
be either photons or neutrons, with varyingequencyand intensity.Different investigations will call for
different beam setups and it is important to optimise experimental conditions to increase the signal: noise ratio,
i.e., amplify coherent scattering (although there are cert@ohniques which can utilise diffusencoherent
scattering foranalysi$. The theoretical examination B 1.1is applicable in both neutron angray sattering.
Concepts such as the Bragg Condition, Ewald Sphere, and grezilemce geometriesra underlined by the
same guations, though different physical interactions are responsible.

5.1.1 Grazing Incidence Small Angle Neutron Scattering

Grazing incidence small angle neutron scattering (GISAN$¢&mégueis sensitive to the morphology as well
asthe alignment of lateral and vertical structures at a nanometre st€&€?3 It utilises concepts from grazing
incidence diffraction(GID) small angle scatterinSAS) and reflectometry to explore scattering from the
sample, generally utilising ames detector. In comparison t&rays, electrons origible light, neutron scattering
presents significant advaages under certain condition3¢rays are weakly scattered by elements with low
atomic rumbert contrast is correlated with the electron density around atoms, and so light elements scatter
very weakly. Visible light has wavelengths longer than size of features of intere®t (&bile both light and
electrons suffer from opacity issués they are typically readily absorbed by the sample. Finally, electrons can
damage samples, with evidence forgitadation of thin films under applied electron beams in perovskite thin
ﬁImS.265’274

In neutron scattering, contrast arises from interactions either via the starge nuclear force between the
incident nautrons and the nucleus or dipoldipole interactions between magnetic moments of the neutron and
unpaired electronsThis is very different t&-ray scattering wheran contrast arises from the interaction of the
photon with electrons in the atomic shelind can thus be modelled theoretically (i.e. heavier atoms scatter
more strongly). On the other hand, while neutrons are much more penetrating Xtrags and vidile lightt
suffering less attenuation as scattering centres are 100,000 times smallerhibatistance between scattering
centrest the interactions are inherently weaker than electrical interactions, and neutron beams have low flux,
constraining the signal attainable by instrument design. The strength of the interaction dictates the amplitude
of the neutron wave scattered by the nucleus. Scattering length is a measure of this, denditeanolrelated

to the interaction area crossection’ by, T1“®8
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For dl nuclei, b will vary with the energy of the incident neutron radiation because compound nuclei with
energies close to those of excited nuclear states are formed during the scattering process. This gives rise t
complex values df, where the real part corresponds with scattering while the imaginary part corresponds with
absorption of incident neutrons by the nucleus. However, neutron beams used to probe structures usually do
not incur this effect due to their low energy (new nudee not formed or make a negligible contributionidp

so the imaginary component is usually not of concdrmust be determined experimentally, as it does not
correlate with any fundamental constattiat can be modelled, such as atomic number. Howewece values

of b have been determined, its variation from one isotope to another can be utilised in isotopic labelling to
investigate structures. By substituting one isotope for another, the scattering of the differentiated constituents
can be resolveda reveal their positions relative to other constituents

Scattering alters both the momentum and the energy of the neutrons and the matter being probed. Momentum
transfer to the sample by the neutron igj@valent to the wavevector of the incident neutros ko) minus the

wave vector of the scattered neutronk)(known as the scattering vect@; where0 Q "QThe magnitude

and direction oRQis determined by the magnitude of the incident and scattered wave vectors, and the scattering
angle2—through which a neutron is deflected. The intensity of the scattered neutrons for a specific sample is
measured as a function d andf , the energy transfer, which will be 0 for elastic scatteringferred to
colloguially as thd (Q, ), the neutronscatteing law.

Van Hove showed the existence of two types of scattering in 1954, namely, coherent scattering where the
scattered waves from different nuclei constructively interfere, and incoherent waves where they do not
interfere but intensities from each mleus instead summat&® The simplest type of coherent scattering is
diffraction. Making theassumptionsthat all ircident neutrons have the same incident wave vedtarthe
scattering is elastic, and armed with the knowledge that interference will result in scattered neutronsnigavell

in welldefined directionsdetermined by the gmmetry and structural spacingfay | 2 S Qa T2 NI dz
scattering law reduces tBquation2:

{0} » Q8 ® Q8 k"Y0 Equation2

For a threedimensional lattice with one isotope. He&Q) is the structure factofdescribinghow a material
scatters incident radiation in terms of interference of scattered waves from all atoms in the latiige)s the
coherent scattering length, anglandr, are the position vectors of the atojrandk in the lattice. Values o

for which Q) is nonzer must satisfyd J1i i 0'Q ¢“¢ where i i 'Q d is the interplanar
distance andhis an integer. Whe@dis a multiple of 2 then each exponential term ifequation2) will be unity

(Q p). Therefore,Q must be perpendicular to the planes of atoms in whiemdk are situated. Thes®
values are governed by the same laws as appliesd@ys, known as the Bragg condition. The following
understanding is generally applicable for both neutrand X-ray scattering. When combining the above
conditions for diffraction with the elastic scattering condition one degsiation3:

0 ﬁ Equation3

EquatingEquation3to 0 ¢“ £7QyieldsEquatiordY . NI 33Qa [ g &
€ _ ¢Qi Q¢ — Equation4

NI} 33Q& ¢Htiie angld betwéed Ehe incident and scattered plane wateshter-planar spacing and
also shows that for constructive interference to occur between waves scattered by adjacent planes, the path
length difference mst be a multiple o, as shown ifrigurel2A. When the sample is oriented correctly to the
AYOARSY(G o0SIY &dzOK GKFd . Nr3I3Qa O2yRAGAZ2Y Aa ali
scattering agle. Since the incident and scattered waves have the same length due to elastic sca@avitig,
lie on the surface of a sphere of radig§7_. Points at which the Bragg diffraction condition are satisfied
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(reciprocal lattice vectors where the momentunansfer is conserved) will therefore occur where Requals

a reciprocal lattice vector.

Path length difference = 2d,, sin

Wide Angle Small Angle
Detector Detector
Ewald Position
Sphere
Incident e WAS %
beam N k™
o SAS =
o
.q-\\ %
Abddf
D
Reciprocal
lattice

»
P

F 3

Sample-Detector distance

Figurel2: (A) Origin of Bragg scattering peaks. When the path length difference is an integer multiple of the plane spacing,
dnki, constructive interference of the scattered plane waves will occur. (B) Ewald Sphere: Surface that satisfies the Bragg
scattering condition. Red arrows: Small Angle Scattering diffracted beams. Blue arrows: Wide Angle Scattering diffractec
beams. When the m@procal lattice points are too near one another (i.e. detector too close to sample, there may be overlap
of diffraction spots, making resolution of data more difficult. Real space (d, D) is inversely correspondent to reciacecal sp
(1/d, 1/D). As D>d,/D<1/d

The Ewald sphere is the surface in reciprocal space on which all experimentally observed elastic scatterin
occurs. If the origin of the Ewald Sphere is taken to be the centre at which the incident ray is scattered, then
diffraction will only occufor reciprocal lattice points on the surface of the Ewald Sphere, as shawigurel2.
Rotating the crystal allows all reciprocal lattice points intersecting the Ewald sphere to be measured (or
alternatively varing—or <of the beam to attain essentially the same effect, which is sometimes easier to do
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experimentally). Samples may often be polycrystalline where the incident beam will penetrate multiple crystals
with random orientations, eroding the necessity of g@erotation to interrogate the entirety of the 3D space.
Different crystal systems have distinct peaks in reciprocal space due to their defined peridtjcition2

implies that the intensity of scattering isgportional to the square of the density of atoms responsible. Thus,
the position and intensity of Bragg peaks enable one to determine crystal structure (hkl), the spacing of planes
(dna), and the density of atoms in them.

This understanding enables ariy of scattering experiments, exploiting the different length scales and
features interrogated at different incident angles and wavelengifable5 (Appendix13.1) shows which
experimental techniques are used within each incident angle range, although these are not consistent
throughout the literature and are given as guidelines as opposed to definitive boundaries.

5.1.2 Reflectometry and Small Angle Scattering

Different neutron scattering effects can be observed at different scattered angle ranges. The exiting scattered
beam angle resolves in either transmitting or reflecting modes. Reflectometry is a diffraction technique where
the angle of the reflected beam equals thegi of the incident beam. Typically used when investigating
extremely flat surfaces such as those of thin films, the shape of the reflectrometry profile provides structural
information such as density, thickness and roughness. In some thin films, thergaatolume is often too

small in the transmission geometry to produce a diffraction signal with a sufficient signal: noise ratio at small
angles. In these instances, changing to a grazing incidence geometry overcomes the noise problem. Thi
technique isdescribed as grazing incidence diffraction (GID), where the scattering volume is increased due to
the in-plane propagation of the incident wave.

Probing surface structures with neutrons becomes possible when small angle scattering (SAS) is combined wit
grazing incidence geometries (GISAS). In general, the smaller the scattering angle, the larger the structures unde
scrutiny. The resolution of the data is therefore improved by choosing a saepdetor distance which
magnifies the scattering of interegit short sampledetector distances for example, smaligle scattering data

will be hard to resolve as scattering vectors (small variatiap)iare concentrated within a smaller area on the
Ewald Sphere (small variationgpand/or gy). Increasing thidistance spreads out data over a larger surface and
allows for adequate resolution on the 2D detector. Small angle neutron scattering (SANS) uses scattering
angles less than 1° and wavelengths greater than 5 A to probe larger structures. The Voorialatibn can

be manipulated for neutrons scattered at small angles to Bigeation5 for intensity:

) 0 ®di Q8%Qi kYO Equation5
Whereb(r) is the neutron scattering length density and is a surhc@ffor all scattering atoms divided by the

molecular volume\m, cn® mol?) in which they occur.

wi — Equation6
w

WhereVnA da G KS Y2t NJ @2f dz¥YS RAWN.RSR o0& ! @23F RNRQa /[ 2y

If the horizontal scattering angteis equal to zero, and the angle of reflectienequals the angle of incigee—
then the scattering is described as specular, whereas if there is a horizontal componrentiloerwise deviates
from —then the scattering is defined as efpecular or diffuse. O8pecular scattering features reflect lateral
variations inb(r). This is summarised Figurel3.

Perfect reflections of the incident beam occur fer the critical angle—, defined for neutrons aBquation?:

1]

Equation7
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Figurel3: Simplified view of scattering at the surface of a materiak k—are the incident wave vector and
angle, k & — the refracted wave vectoand angle, and k & the reflected wave vector and angle, withthe
horizontal component of k (atHn zR A NB O (i A-dirgtfion), Ay &

As the incident angle-increases above-, fewer neutrons are reflected. Reflectivify) of neutrons
follows Fresnel Law (which is valid fmooth, flat homogenous surfacesR is the ratio of the
reflected beam energy to the incident beam energy, and is therefore a measure of the magnitude of
Q normal to the surfaceR can then be analysed as a functiof Q to obtain information about
variation inb(r) as a function of depth from the surface. When there are variatiort¥rinin the
direction parallel to the surface plane, due to an inhomogeneous, rough surface, scattering in non
specular directions mabe significant. Ofépecular, i.e. diffuse dncoherentscattering will reach a
maximum at—, and result in a scalled Yoneda peak, after its discovet@This is also measured

in terms ofQwith a finite gx or gy component.

The reflected and refracted waves are effectively described using the principles of optics when the
refractive indices othe media involved are known. FoX-ays and) neutrons, the refractive index

I3 p 2, where the dispersion coefficient i%: _ ®i T¢*, and the absorption
contribution: T _Aft“, where the linear absorption coefficient (an intrinsicoperty of the
material denoting the probability of the (photon or) neutron being absorbed while traversing the
material per unit length)A 0| , whereN is the atomic number density arthssis the total
absorption crossection.

The scatterindength of protons is negative (measured empirically), and therefore substances with
a high concentration of hydrogen can exhibitean p. The imaginary component afwill only be
significant when the material is absorbing. For neutrqnis, so smallliatf is usually negligible and
can be ignored.

5.1.3 Components of GISANS

In a typical GISANS experiment, the above interactions with the sample will produce a 2D image on
the beam detector consisting of the specular reflection, diffuse reflectiongjitieet incident beam
(straight through the samplefiffracted, and transmitted beams. These components are shown in
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detail inFigureld. In GISANS the intensity of the direct beam component will often be so high (due
to the weak interaction of neutrons as aforementioned) that it will necessitate the use of a beam
stop. When— —the specular peak has almost the same intensity as the direct peak. Additionally,
the specular reflection may be so intense that it alsguiees a point beam stop in theaxis. A high
intensity beam may saturate the detector, making iffidult to pick out features with magnitude

lower scattering intensities. However, in GISANS the signal of interest (relating to mesoscale
structures and larger at small valuesoyy is located above the sample horizon, and as such will not
be near the spcular or direct peaks. Strong scattering features will result from the periodic
distribution of structures on the nanoscale, arising from Brliggscattering in diffraction.

Detector
Scattering angle 260; = a; + ay 4

q; = x sin@

Scattering
295 = Bi + Bf

Ewald Sphere
Elastic Scattering Condition: Q = 47“ sin(6;)

Specular
Reflection
26;

Yoneda
9i+9c

----- Horizon
0;

Transmitted
Beam
0. - o,

1 1

Direct Beam
91—91= 0

Figure14: 2D representation of Ewald Sphere and igetries of differenttechniques in small angleray
scattering(XS) and Neutron Scattering(NS). Experiments utilising Transmission(T) takes place for beams
scattered through the substrate where<—Grazing Transmissiofray techniques (GT) utiliseransmission

at the sample edge to reduce refraction effects from the substrate while averaging through the sample bulk.
Adapted fromhttp://gisaxs.com/index.php/GISAXS
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The horizon line splits the 2D imainto the transmitted and reflected beam contributions. Taking a
horizontal or vertical cut through the 2D image at a fixed exit angle will give different information on
the structures related to those intensity measuremenis the small angles used in$ANS, the 2D
detector mostly probes they and g, contributions, asiy« is very small due to the solid angle probed
on the Ewald sphere being small, and therefore curvature is negli@hiall values afy correlate

with larger structures, so a horizontalit gives information on distribution and relative proportion

of lateral structural features at differing length scales depending orgghalue. A vertical cut will
give information in vertical changes in structure, such as those occurring at theatedretween
laminar layers of materials.

Grazing incidence geometry allows a depth sensitivity during measurements by vaiytirgBelow

the —, although most of the incident beam is reflected, there is still some penetration of the film by
an imaginary component, and thus has low intensity. This transmitted wave travels at the surface in
an evanescent wave, exponentially damped with regards to propagation in-direction. As it
travels along the surface, it samples a larger scattering volunoeeasing the strength of the
scattering intensity. Aboves; neutrons penetrate deeply into the film. Thus, surface or near surface,
and bulk film structures can be separated out by changing the incidence angle. This can be
particularly useful when the specular peak and the Yoneda peak are in a similar posittonarea
detector. Careful tuning ofrbelow—allows depth profiling of features.

Alternatively,< can be changed by using time of flight (TOF) detectors. Here a broad neutron
wavelength band is used instead of a fixed neutron wavelength. Faneaeelength within the band

a scattering data set is obtained simultaneously. Providing the gap between pulses is long enough to
prevent overlap, then as the initial position and velocity of the neutrons is known, measuring the
final position on the deteor and the time to reach it allow neutrons of different wavelength
(inversely proportional to energy) to be assigned (high energy neutrons in the pulse will reach the
detector faster). Hence neutrons which have elastically scattered according to the d@nadjtjon

should reach the detector before neutrons which scatter in an inelastic fashion (as energy is lost in
momentum transfer to the sample), and as different features will satisfy this condition at different
wavelengths, all that needs to be done itovestigate different features is the selection of the
appropriate wavelength within the band. With a single optimised incident angle this can be used to
take a measurement of which one parts has surface sensitivity (lofgevrhile another has bulk
sensitivity (shorter<). Off specular (diffuse) scattering reaches a maximum when the exit angle
equals the—; shown as the Yoneda Peak. If the incident angle is fixed, and wavelength increases,
then the exit angle will increasand the Yoneda will eventually coincide with the specular pegk in
Where diffuse scattering is of interest, the Yoneda and specular peaks can be separated by choosinc
a wavelength from the pulse at which the exit angle is below-thd OFGISANS watemonstrated

by Wolff et al. in their depthresolved study of block epolymer micelles close to the surface of
silicon substrate$’”” TOFGISANS is used in this work for investigation of moisture induced
decomposition of perovskite films.

5.1.4 GISANS Methodological Summary
Grazing incidence small angle neutron scattering (GISAN8)teshnique is sensitive to the
morphology as well as the alignment of lateral and vertical structures at a nanometre?Sgzfet
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utilises concepts from grazing incidence diffraction, small angle scattering, and reflectometry to
explore scattering from the sample in all directions, generally uijisin area detector. Grazing
incidence geometries typically exploit incident beam anglest{elowthe critical angle-&) of the

thin film (the angle below which perfect reflections of the incident beam will occur) which causes
the imaginary component of the incident beam to spread out along the surface, allowing
interrogation of a lage scattering volume. Above, the neutron beam penetrates deeply into the
bulk. Hence surface or neaurface and bulk film structures can be inspected separately by changing
the incident angle. The penetration depth varies with the wavelength oirtbielent beam, meaning
depth sensitivity can also be varied by changing the incident wavelergtiaround a single
optimised incident angle.

Broad neutron wavelengthsare usedin combination with Timef-Flight (TOF) detectors to
investigate both surfaeand bulk characteristics of perovskite films. For each wavelength within the
band a scattering data set is obtained simultaneously. Providing the gap between pulses is long
enough to prevent overlap, then as the initial position and velocity of the w@stris known,
measuring the final position on the detector and the time to reach it allow neutrons of different
wavelength to be assigned. Hence neutrons which have elastically scattered according to the Bragg
condition should reach the detector before rteans which scatter in an inelastic fashion, and as
different features will satisfy this condition at different wavelengths, all that needs to be done to
investigate different features is the selection of the appropriate wavelength within the band.

Takinga verticalor horizontalcut (Figurel5A or B respectivejythrough the 2D image at a fixed exit
angle will give different information on the structures relatexthose intensity measurements
Mesoscale structureof interest at small values gfcan be identified from scattering features which
result from the periodic distribution of structures on the nanoscale, arising from Bitegygcattering

in diffraction. A vertical cutgf) will give information in vertial changes in structure, such as those
occurring at the interface between laminar layers of materials, and phase changes through the bulk
of the film. This is depicted in the cartoonkigurel6and summarised bRipeline 1.

Contrast arises from interactions between incident neutrons and nuclei or unpaired electrons. The
strength of these interactions dictates the amplitude of the scattered neutron wave, and is measured
using the scattering length densitig)(b is determined experimentally and its variation from one
isotope to another can be utilised in isotopic labelling to investigate structures. Herein we u®e a D
(dideuterium oxide i.e. heavy wate@tmosphere to characterise the uptake of moisture by
perovskte films. As BO displaces organic cations and deuterated phases form, the diffbrafithe
corresponding phases will produce scattering peaks on the GISANS detector, emerging from the
perovskite and revealing their position over time relative to thagds containing nominally intrinsic

H isotopes. H has a negatibvg¢-3.739) whereas D has a positivé6.671).

GISANS experiments were carried out at Sans2d at the ISIS neutron source to investigate the uptake
of moisture in different perovskite filmsh& high flux and widg range enable the characterisation

of particles as small as 0.5 nm. The analysis investigates the extent of degradation in terms of
changing particle size (swelling due to uptake and adsorption of moisture in perovskite crystals) and
due to chemical degradation (to perovskite components such as the constituent salts and hydrated
phases). Performing the experiment in the dark allows us to eliminate the contribution of UV induced
degradation of perovskite to Lead Halidé$Herein we use GISANS to analyse both the phase
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evolution and characteristic distances in different perovskite chemistries. Scattering data is plotted
using Kratky plots ofxg?) vs.q, as shown irfrigurel5.
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Figurel5: Kratky plots oflkqg?) vs.q as used in A) Horizontal cut for phase identification and B) Vertical cut for
determination of characteristic lengthscalgin SasView. Axes scaled laganically for fitting as would be

seen in SasView.

NB: Artistic interpretation for illustrative
description. Not real raw scattering data

8-12.5 A wave-band
Bulk sensitivity

vy

eattering (+g,) Horizon

Imaginary component evanescently
travels along surface

Figure16: Cartoon depicting neutron scattering from the sample. Scattering intensity is integrated either
horizontally (g) or vertically (g, and the incidence angle will deiine the region of the sample being
investigated as well as the type of analysis which can be performed (as per Pipeline 1).
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Phases at the surface

3.8A
6, < 6_: (surface sensitivity)

Characteristic radius of
Horizontal Cut mesoscale scattering

Wavebands features at surface

3.8-4.2A
8-125A Specular reflectance:

‘Reflectometry-like’

8A

0; > 6.: (bulk sensitivity)

Characteristic radius of
mesoscale scattering
features throughout bulk

Horizontal Cut

o

Use TOF to determine A Choose incident wavelength
for which 6,< 6. and > 6, within waveband to Integrate scatteringin .
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Pipelinel: TOFGISANS Analytical Pipeline

Kratky plots normalise scattering profiles by mass andceatration reducing the scattering
intensity decay and making features more obvious. 1(q) scales with g as the sensitivity of scattering
to fine microstructural features such as interfaces, surfaces, pores and nanoparticles becomes more
significant, leadig to interference and scattering effects which decrease I(q). We model horizontal
cuts through a 2D scattering intensity image from a neutron band of85 A (using TOF analysis

we optimise the incident beam at 8 A) using a simplistic sphere model fieSa estimate the
characteristic lengttscales associated with mesoscale features on the order of hundreds of
nanometres. The sphere model is justified due to symmetry of crystallites observed in SEM before
and after degradation, and due to the desitityiof assigning a single size paramef@Similarly,
horizontal cuts of scattering daiaduced by a 3.8 A incident beam are used to interrogate particle
dimensions at the surface of the films, and modelled with a Guinier model. This model provides a
universal and shapidependent method of determining particle sizes from SAS #ata.

In this work, offspecular scattering from perovskite thin filmsjns modelled with speciifunctions
in SASview in order to investigate the particle size distribution over time during exposure to
moisture. The intensity of bulk scattering$ulting froma longer, 8 A incident beam) from horizontal
cuts (offspecular scattering integrated @) within the range 18t 3E2 Alis fitted with the sphere
model(see example fit ifFigure17A):28°

T 0QaQ. OEfL Al dMit L ..

Oon —(b:)oco y' 3 P Www QQI € 0 Equations

Where scale is the scale factor or volume fraction, V is the volume of the scatteriag, pigathe

sphere radius, background is the background level, ¥hds the difference irb(r) between the
scattering phase and the solvent. The model allows us to determine the radssociated with
characteristic lengtiscales. Chiquared (..) @ £ dzSa F2NJ G KA A Y 21RQivitya T
the highest significance among models tests (including the Guinier model).
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For surface scattering, a Guinier model (S@&gurel7B) is used to fit the horizdal cut scattering
intensities from a 3.8 beam within the range 18 3E2 A%

. noi .
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Figurel7: (A) Example of sphere model fit to scattering data frosplane scattering from an 8 A incident
beam. (B) Example @uiniermodel fit from inplanescattering from a 3.8 A incident beam.

Wherergis the radius of gyratiomgdzl Yy 0 A F@ Ay 3 G KS a QrnistafeilyNebgih R A ?
density as opposed to mass denjifsom its b(r) centre of mass. Ag decreases, this implies a
reductionint KS RA &G yOS 2F a0l GGSNBNRAE FTNRBY GKS ao
a decrease in inteparticle distance. In this work this corresponds with characteristic distances
associated with fragmenting grains due to moisture induced degradlatiovalues vary between-0

1 (which implies high significance).

We use scattering peaks from vertical cuts from a waveband af 8.8 A in combination with
calculatedo Ofér predicted degradation products of the various perovskites to determine the
evolved state of the film moisture exposure. Vertical cuts from scattering patterns induced by an 8
A beam chiefly show scattering above the critical angle, allowing reflectoiletrydiffraction
experiments. The shape of the reflectometry profile providegsctural information such as density
thickness and roughness.

The phases present in the evolving perovskite films are evaluated by comparing the peak positions
in Kratky plotsq vsIg?) too g-values corresponding with calculatedvalues for predicted phases in

the film. This approach has been demonstrated previously by Sehlgf?®* UsingEquation6 and
Equation7 we can determine— by inputting the molecular volum¥, calculated from referenced
species densities, and tH& @ values from the publicly available list of neutron scattering
lengths from the National Institute of Standards and Technology Centre for Neutron Re€8aitwh.
calculatedg-positions for predicted phases are shownTiable6 (Appendix13.2). Kratky plot peaks
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are fitted as per theexamples of MAPBbI after 12 hours exposure irFigure 18 and
FA s€Cs.1Pb(b.sBro.17)s after 8 hours exposure to 90%rHRigurel9 using OriginPro.

As previously outtied, scattering experiments at different angular ranges will return different
structural information. This is exploited to investigate different characteristics of perovskite films
under the varying conditions associated with processing of films, degoaiatnd during operation.

BaseLine:Constant

Chin2=1.23815E-003 Adj. R-Square=9.99567E-001 # of Data Points=40
SS=2.22866E-002 Degrees of Freedom=18
6.0x10° h

4.0x10°

| x g?(A2)

2.0x10°

0.0

T T T T T
0.00 0.02 0.04

- 0. (A%)
Fitting Results

Peakindex | PeakType | Arealintg | FWHM | Max Height | Center Grvty Area IntgP
1 Gaussian 6.39655E-4 8.05472E-4 0.74604 0.01485 1.57116
2 Gaussian 0.00894 0.00641 1.31134 0.01494 21.96291
3 Gaussian 0.02139 0.00468 4.2957 0.01813 52.54368
4 Gaussian 0.00445 0.00267 1.56848 0.01977 10.93153
5 Gaussian 4.54902E-4 6.99893E-4 0.6106 0.00795 1.11736
6 Gaussian 0.00353 0.0148 0.22491 0.02291 8.66597
7 Gaussian 0.00131 8.15973E-4 1.50339 0.02291 3.20739

Figurel8: Example fitting of Kratky plot of Horizontal scattering from a838A incident neutron wavelength
band. This shows MARIafter 8 hrs of degradation. The peaks relate to different phasspectively for Peak
indices 16; (5) 0.00795: MAPbmixed hydrogen isotope (D+H) hydrate, (1) 0.01485 (MAMRbho-heavy
hydrate +PbOL), (2) 0.01494 (PbQGH+ Phbt), (3,4) 0.01813,0.01977 (Deuterated MAPHVono-heavy
hydrate), (6,7) 0.02291 (Deuterat€6 Deuterium) MAPBbI
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BaseLine:Constant

Chin2=1.07735E-005 Adj. R-Square=9.99835E-001 # of Data Points=40
SS=1.29282E-004 Degrees of Freedom=12
1.0x10° .
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x
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» Az (A7)
Fitting Results

Peakindex | PeakType | Arealntg | FWHM | MaxHeight | CenterGrty | Area IntgP
1 Gaussian 0.00165 0.00291 0.53324 0.01409 23.76754
2 Gaussian 5.60517E-4 0.00186 0.28268 0.01672 8.06111
3 Gaussian 0.0034 0.00318 1.00718 0.01931 48.96346
4 Gaussian 2.8422E-4 0.00317 0.08413 0.00986 4.08753
5 Gaussian 7.39734E-5 0.00139 0.04996 0.02882 1.06385
6 Gaussian 2.39312E-4 0.01183 0.01933 0.02882 3.44168
7 Gaussian 1.87701E-4 8.00092E-4 0.22039 0.0229 2.69943
8 Gaussian 2.86418E-4 0.00293 0.09168 0.02436 4.11914
9 Gaussian 2.63968E-4 7.68275E-4 0.32278 0.00791 3.79627

Figurel9: Example fitting of Kratky plot of Horizontal scattering from a838A incident neutron wavelength
band. This shows bAC3%.17/Pb(bsBro.17)3 after 8 hrs of degradation. The peaks relatedifferent phases
respectively for Peak indices6l (1) q=0.01409HAPbd+CsPH4Br), (2) 0.01672 (Csl+FAPBIono-heavy
hydrate), (3) 0.1931 (PbB# Deuterated FAPYI(7) 0.0229 (Deuterated FACs in which Wydrogen atoms
are replaced by Deuterium)8) 0.02436 (PbO or Deuterated FAP)ES,6)0.02882 (PbOD?2)

5.1.5 Experimental setup for GISANS Experiment

An insitu degradation study of perovskite films upon exposure to a relative humidity of 90% levels
was done using GISANS. Degradation of thin films cciassd with hydrated phases moisture,
change in particle size andsgale. The experimental setup for thesesitu measurements is shown

in Figure20. Precursor solutions were made up and were spun on cleanedf8is. Samples were
placed in a humidity chamber containing saturated salt solution baths of either NaCl or LiCl and an
Arduino connected hygrometer which was linked to a laptop. The chamber was provided by ISIS,
while the humidity measurement system wadsvised inhouse (hygrometer + Arduino code and
laptop control). The chamber had neutrdransparent windows, facilitating igsitu GISANS
measurements of the film as moisture is adsorbed on the surface and chemical and morphological
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changes occur. Saltlstions of NaCl were used to attain a relative humidity of 90%, while LiCl was
used to dry the experimental chamber, and create a constant base humidity of approximately 25%.
The issue of humidity measurement was resolved with measured humidity as pertatpes from
review of humidity control in the laboratgrusing Salt Solutions by YouigPlots of humidity are
shown inFigure21 (measurements at ISIS).

Saturated Salt
solutions

Perovskite Thin Film on

Si Slab .
Hygrometer, To computer
Thermometer

Figure20: Small Angle Neutron Scatteringperiment setup for irsitu moisture degradation
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Figure21: Plot of relative humidity over time for hygrometer during the ISIS experiment. Also shown is
temperature A saturated salt solution was used (NaCl), giving an rH gliggtier than the predicted 70%.
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5.2 Wide AngleXray Scattering

X-ray scattering is used for structural investigation of perovskite thin films in either transmission or
grazing incidence geometrie¥-rays are scattered from thin film samples with intensjigak
positions and spacing determined by the specific crystal structures present. Different crystal
structures will provided 2 f dzi A 2y a (2 ectiohb. AR differeritséts ofchat&eridtic

exit angles org-values, allowing the determination of phases. The 2D scattering intensities can be
reduced to 1D diffractograms which can be fitted in various software (or technically through manual
calculation) to determine lattice parameters defining inf#ganar spacing; spaegroups, and
thereby crystal systems. Different phases will possess distinct space gfdapsribing the
symmetries)and lattice parameters. By comparing the fitted peak positions to diffraction patterns
available in the literature orarious libraries, peaks can be assigned millers indices which denote the
family of lattice planes from which the peak originates, as well as the phase possessing those planes
Peaks with higher intensity will occur for lattice planes with greater ordehis may arise due to

the orientation of the planes with regards to the incident beam resulting in a greater density of
scattering centres, or typically will increase due to preferential formation of the crystal in that
orientation due to conditions spedifito the growth process of the phase. GIWAXS and WAXS
experiments were performed on the 107 beamline at the Diamond Light Source, Didcot, UK. Beam
energy was 12.4keV.

5.2.1 Understanding peak broadening and shifting

The position, intensity and width of the scated peak is also influenced by the ordering and size of
the crystallites interacting with the incident beam. As crystalline packing density increases the
intensity of the scattered beam also increases due to a greater volume of interaction meaning a
greater proportion of the beam is reflected. As crystalline ordering increases this will increase the
intensity of peaks satisfying the Bragguation, producing more pronounced phases in tkeay
diffractogram against the background scattering. Preferentiekraations can occur during
processes such as annealing where a particular growth direction is thermodynamically favoured for
the crystallites. Peak broadening occurs due to matrains in the crystal lattice (due to defects and
concentration gradients)Broadening is exacerbated by the instrumental contribution which arises
due to the finite size of the beam spotthe diffracting volume is therefore also finite and diffraction

will always occur off the true centre of the incident beam.

Broadening andrystallite size are reciprocally relatedas the number of scattering centres tends
towards infinity the scattering interference increases leading to sharper and sharper peaks until it
reaches a fundamental limit such as the inherent instrumental broadgerBroadening will hence

be largest for small crystallites and generally decrease as they grow. Growth can also reduce the
prevalence of defects in some materials as domain boundary reorientation and atomic motion
restores a regular lattice and mitigatése formation of point and line defects. Crystallite strain,
arising for example due to mismatches in thermal expansion coefficient between perovskite and
contacting layers and substrates also impacts peak position. Compressive strain, which reduces the
distance between lattice atoms, resultsan increasen g-positions of lattice peak&n increase in
reciprocal space), whereas a tensile strain, expanding the distance between atoms results in a
decrease in gosition of lattice peaks
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This theoretical nderstanding is useful in deducing the mechaniamsderway during thin film
crystallisation and decomposition, and is used to interpret phase evolutions in perovskite thin films
during spircoating and annealing.

5.2.2 Methodological Summary for WAXS

Wide-Angke Xray Scattering performed in transmission geometry enablessitn structural
characterisation of tjuid and solid surfaces at interatomic and intermolecular length scales. Complex
liquid surfaces involving §eassembling nanoparticles aptly descrilpesovskite film formation.

A major challenge in understanding such systems is probing both local nanoscale structure and
mesoscale heterogeneities (such as multiple phases and morphologies). Typical specular reflectivity
and grazing incidence experimerfta probing surfaces rely on small incidence angles, which cast
large beam footprints on the order of mm. This makes it difficult to resolve heterogeneities on the
order ofnm and um. Another issue is the need to sample a large parameter space: the gonvers

to perovskite is influenced by thermodynamic factors arising from atmospheric conditions (partial
pressures, heat), chemical composition, and processing variables such-apesgihand drying time.
Taken together, a high sign@l noise ratio is needk to collect statistically significant data from
which these can be investigated. Using a transmission geometry increases sensitivity to ordering in
the in-plane direction, while also increasing the interrogated sample depth, which can be powerful
for investigating phase changes in the vertical direction in the fifhit also reduces losses arising
from multiple interfacial scattering events in Grazingidence methods.

A rotating stagdnelps to compensate for the smaller scattering volume relative to a grazing incidence
experiment. As the¢ray beam is offset from the axis of rotation of the sample, the beam precedes
in a circular path, and probing a larger number of crystallites. fdssthe effect of averaging out
counts across the detector area during the integration stage of data reduction and helps to
compensate for the relatively low signal of the scattered beam. A larger number of crystallites are
interrogated in a dynamic expenient when compared to a static one. As long as theidi phase

does not severely attenuate the incident beam, and background scattering in the region of interest
is low, data should be analytically useful. In this experiment, the microscope slides oskertqnt
significant broad background scattering upon the area detector. Subtracting the glass background
was done using the DAWN Pipeline briefly outline®amema 1As the scattering from the glass
substrate is broad it can readily be subtracted withaffiecting the peaks of interest. Scattering
beam intensities, measured as a function of the scattering vector in terntpaain be readily
manipulated using the Bragggeation to give values of5 d, and phase information through
comparison to diffractionspectra in the literature. However, it is less sensitive to vertical
heterogeneity and poor in spatially resolving these features. Furthermore, it cannot investigate the
preferential orientation of crystallites relative to the substrate surface or ingasdi different
sample depths. Scattering data will be a product of all interacting phases. This makestthique
complimentary to grazing incidendechniques. Some researchers have in fact combined the
techniques to take advantage of the best aspeofsboth in Grazing Incidence Transmissiray
scattering where measurements are taken at a small incident angle near the edge of the sample in
order to avoid refraction effects while also sampling a larger scattering volume andogAtall
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Schema loutlines the reduction methodology for converting the 2D distribution of scattering
intensities at the detector to 1D diffractogramkhis was dsigned after studyinthe i22 DAWN user
manual and guidelines by Filik e&In brief, this method of reducing the data first converts Bragg
scattering peaks distributed in reciprocal space and intersecting with the Ewald Sphere bto a 2
detector image. This image is then azithumally integrated to givelian&nsional plot of scattering
peaks as a function of-2 Finally, the sscale is converted from-2to g, measured irll/Angstroms

(A1), and measurements are plotted in tinseries with intensity as either a tertiaryaxis or colour
coded in a contour plotFigure22 shows 1D diffractograms for MARIaifter 100 sof spin coating
before and after removal of the glass substrate background. The code for generating contour plots
was written in Python and ran using a Jupyter Notebook f§geendix). Phase determination is
approached through comparison with existing datasets where possible.

Schema 1Reduction Methodology for WAXS

1. Detector Calibratioh 1- Imports the detector calibration file. The data is calibrated usi
(Silver Behenate a silver behenate reference in the powder calibration
Reference pergective.
2. The threshold mask defines invalid pixels (dead and hot or
> Threshold Mask overexposed) on the detector, so they are not considered in
1 I subsejuent corrections.
3. Dilate Mask 3. The dilate mask applies the hot pixel correction to neighbouring
=~ > pixels within a defined radius.
4. Set Poisson Error| 4. Calailates the Poisson (photon counting) error for each pixel on
<~ = the detector face, this is done with the Set Poisson Error
5. SeliAbsorption processing step, which has no options and simply has to be
~ = placed into the pipeline to calculate theqired error values
g”"amport Mask from| g Selfabsorptbn corrects for the increased probability of
1 scattered rays that are absorbed as they travel through slightly
7. Subtract Frame increased amounts of sample after the scattering event. This
=& accounts for transmission effects due to the measurement
o0
L 6. Applies beam blockask
9. Aithumal 7. Subtracts Substrate background
Integration 8. Corrects for projection of 3D scattering on 2D detector
J [ 9. Reduces the data from a 2D image to a line plot with the

10. Export Results Azimuthal Integration processing step to produce ¢jvdata.
Data is averaged through the entire detectoea.
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Figure22: Scattering from a MAPbsample after 10 sof spin coating bre and after application of the
substrate frame subtraction operation in Schema 1. Broad scattering from the glass background is clear before.

5.2.3 Experimental Setup for transmission mode WAXS

A transmission mode WAXS experiment was designed to investigat@rocess of perovskite
formation during different steps in the widely used and basic-spiatingplus-annealing fabrication
method. A bespoke, ihouse designed vertical spagoater was used to take measurements during
spin-coating of perovskite precuss solution as shown ifigure23A. The spircoater was replaced
with a hotplate in the same geometry, and-§itu annealing data was taken for films which were
spirtcoated in the lab prior to the expienent.

All samples were fabricated following a ostep deposition process. Samples fabricated in the lab
prior to annealing during ksitu WAXS were prepared using Program 2 describdd3id. 40> bf
solution was dripped otthe static substrate surfaceand 100> bf ethyl acetate was appliedsls
after the beginning of spinning. In the case of theiilni spin coating experiment, 50 6f solution is
dripped onto the surface, and the sample vaain at 4000pm for 30 s The insitu spin coater was
optimised prior to use to determine the voltagpm relationship, as shown iRigure23B, with a
linear relationship.

A substrate was mounted on the custdmilt spin coater which has a hollow shaft to allow the
propagation of Xays to the detector. Rotation occurs in a vertical plane approximately
perpendicular to the incident-¥ay beam. As the-Ky is perpendicular to the sample surface, it is
sensitive b in-plane ordering through the depth of the sample, but less sensitive to out of plane
ordering. For irsitu spin coating, 56 t 2 F LINBOdzNE2NJ a2t dziA2y ol & F
with a pipette just above the measurement point, filled from anely operated syringe injection
pump. The spinning process was started shortly after the solution begins to run down the static
surface, dynamically spreading the material over the surface. Thecepier was surrounded by a
custom built chamber in franof a beamstop and after a series of slits to reduce background
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scattering and to ensure solvent vapour is extracted by a ventilation system placed directly above
the chamber. Kapton windows are used as they are transparentrayxand prevent the spghing

of ejected leaecontaining material outside the chamber. Wiping the Kapton windows is avoided, as
this smears material and scratches the Kapton, but when necessary this is done. A splash guarc
captures the majority of excess material which is lostteigally during spinning. The chamber is

not air-tight, and thus the inner atmosphere will be a combination of He (overpressure applied in
chamber), air and solvent vapour. When the sample is static, the scattering is restricted to a few
spots on the 2DWVAXS images, because only a small volume of crystallites being measured. By
spinning the sample during measurement, a greater volume of material passes through the beam (as
the beam is offset relative to the centre of rotation of the spin coater by ~2mmje crystals are
probed. Thus, in the dynamic spinning experiment, a much larger number of crystallites are sampled,
and the WAXS data is more representative of the sample. Additionally, beam damage is limited as a
fast shutter is used to block the beamhen the 5 s measurements are not being taken.
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Figure23: WAXS stage setup with 2D detector image and spin coater calibration.

In the insitu annealing experiments, the spioater is replaced with a hqilate, once again taking
advantage of the transmission geometry via a hollow shaft through which the measurement is made.
The hotplate takes approximately2minutes to reach 100°C. Samples are placed on the hotplate,
and then the beam anthe hotplate are turned on. The-gplues and intensity scale wealibrated

using a sample of silver behenate, which has a-defihed structurewith well-defined peak
positions and intensitiesThe samples were interrogatedth a 10.5keV beam, over the ide-angle

H NJ-40°Fad canverted tq (0-3.5A%). The beam resulted in a spot size on the sample which
was approximately 100 um high by 200 um wide. Data is shown as a functign gingstroms as

this will not change with instrument parameters loeam wavelength for a given sample. Relative
humidity in the beam hutch was 55/%, and the temperature varied between-22°C. WAXS data
was reduced using DAWN. Individual spectra were fitted in DAWN to determine FWHMs and peak
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areas for peaks at differs times. Fits were undertaken with a pseutfoigt model. 2D contour plots
were generated via Python from 2Bray spectra in time series.

5.2.4 Methodological Summary for GIWAXS

In this experiment the incident angle was varied in order to explore the deptardignce of various
LKIFasSQa LINBGFHfSyOoSs +ta ¢Sttt a adNIXrAy STFFSOIQ
performed on the 107 beamline at the Diamond Light Source, Didcot, UK. Beam energy Wwa3/12.4
The angle of incidence was varied betweed.B°. Decreasing-has the effect of increasing surface
sensitivity as the resultant scattering becomes dominated by waves scattered from the imaginary
component of the incident wave which becomes evanescently coupled to the surface.
Measurements at 0.3° were used foomparison between samples as it gave the highest scattering
intensity, suggesting it was close to the. During measurement samples were housed inside a
custom built sample chamber flooded with a continuous overpressure of dry He to prevent the
samples reaction with ambient air affecting samples during measurement.

Phases are assigned to peaks by comparing tippisitions tog-positions of peaks as shown in
calculated diffraction patterns of expected phases according to materials projeétoffpese
simulated peaks are benchmarked as much as possible against experimental values frem peer
reviewed publications, accessible from the website. Peak fitting was done using DAWN. Space
Groups were determined by fitting diffraction spectra exported from DRMW GSAS Il. Plots were
made in OriginPRO. The pipeline in DAWN was relatively simple. The pipeline was the same a:
Pipeline 2, though the frame subtraction is not necessary in this geometry as the beam does not
interact with the substrate.

5.3 Spectroscopitethods

5.3.1 UltravioletVisible Spectroscopy

U\Vis spectroscopy is a method for characterising the optical properties of a thin sample. This
techniqueuses light in the visible, near UV, and near IR spectral regions to characterise absorption
and reflectance Absorption of photons in the visible light range of the electromagnetic spectrum
causes transitions of electrons from the ground state to the excited gtatee lower the energy

gap between the ground state and the excited state, the longer the wavttleridight absorbed i.e.

lower energy photons.

The BeeiLambert law relates the absorbance of light to the concentration of absorbing species in
the direction of light propagation.df clarification, the measuredbsorbance is the attenuation of
light, which can be caused by absorption, reflection, scattering and other processes, whereas
absorption refers to the physical process of absorbing light (the aldegeribed electronic transition

to an excited state). Assuming a uniform concentration of abseepecies, this expression is:

N ) N . .
0 a e % 11" | dw Equation10

Tis the transmittance, logarithmically proportional to absorbamgeandl, and I; are incident and
transmitted intensity respctively.h is the absorptivity of the attenuating species (molar attenuation
or absorption coefficient as a function of wavelength)the optical path length, and the
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concentration of attenuating species. Hence, for a fixed path lengthYis\épectrosopy can be

used to determine the concentration of the absorber in a solutioh,isfknown. However, this does

not account for species which are highly scattering as opposed to absorbing, which will also
attenuate the transmitted beam. In a uniform peskite film, under flux normal to the surface there

will be negligible scatter. For some of the samples in this work this is not the case, and scattering
contributes to the absorbance, most obviously recognisable where the baseline of the data appears
abovezero.

In semiconductors, there are different mechanisms for this absorption to occur. There can be inter
band (responsible for colour), intf@and (free carriers excited within a band), or excitonic
absorption. Absorption can also occur in dopants in lditéice. Excitonic absorption differs from
inter-band absorption in that the electrehole pair produced by absorbing a photon is still loosely
bound. Not enough energy has been transferred to overcome the coulomb attraction between them.
In materials whee this occurs, the optical band gap can be distinguished from the electrical band
gap as the threshold for absorbing photons, whereas the electrical band gap is the threshold for
creating an unbound electrehole pair. In MAPbklfree carriers predominate hile coexisting with
SEOAG2ya i NR2Y (& vlisdeled thaNdkbphsta@icitayos (@edafdtirdy a
state density in excess of #&n®) at room temperature will lead to a reduced ratio of carriers to
excitons, as the opportunity forde electronhole capture events increasé¥ Nonetheless, excitons

in perovskites tend to be loosely bound with exciton binding energies betweetb20eV at room
temperature?®®For most perovskites this means room temperatures measurenwraptical band
gapwith U\AVis spectroscopy witlive a fairly accurate estimate of the electrical band gap (~1.5
1.6eVior MAPD3).

Inter-band transitions in semiconductors can be either direct or indirect due to differences in band
structures arising from the overlaps of bonding (valence band) abamiling (conducting band)
orbitals. In materials with an indirect transition, photonsquire the assistance of phonons
(oscillations of the crystal lattice) to shift to the high energy state. Whether a band gap is direct or
indirect can be simply determéd by plotting absorption coefficient against photon energy and using
the following ejuations:

For a direct band gap, assuming only ifband excitations and roughly parabolic bands:

| 00’ © Equation11

Where' QA & LJ I y | Qigfreqdengy&iAlay Gizk S . 2 £ G 17Vid tgfmpe@aiure@dsy & (0 |
afrequencyindependent constant that is characteristic of the material and related to the effective
masses of the carriers, agis the energy ofhe phonon which facilitates the transition. A Tauc plot
of'Q versus| 'Q 7 allows determination of the bad gap occurring in the materiébeeFigure70,
Appendix13.3). Herer is a fitting parameter that can be used to interpret the behaviour of the
material absorption spectrum near the baiedige. The plot will show a distinctly linear region which

can be extrapolated to the-axis wherg T to determine theonset of absorption, giving the
energy of the optical band gap. If a linear plot is yielded from a plot with T@® then there is a

direct band gap while far ¢, there is an indirect band gap.
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The degree of structural disorder (defects arising from-atwichiometric chemistries, impurities,

and other factors) in the semiconductor introduces localised states within the optical band gap that
have the effect of smearing the absorption edge. Urbach endfgyafso indicates the disorder of
electronicstates in the film. The absorption coefficient can be related to the Urbach energy as:

0
oA 3 Equation12
| 8

Where® is a constant. Plotting § against incident photon enerd® (SeeFigure71, 13.3) will
allow'O to be obtained from the slope of the graphical fi,O . A higherO implies adisordered
absorption edge.

In this work, UWis absorbance spectra of films were obtained using a spectrometer (USB2@00+UV
VIKES) quipped with a deuterium halogen light source @WWSNIR_DTMINI¢2-GS), both from

Ocean optics. Data was collected using the Ocean Optics SpectraSuite software and the recordec
data was plotted using Origin Pro v 8.1 software:-\lJ&/spectroscopy is used moeasure films of
approximate thickness between 2@80nm. By analysing the shape of the Absorbance plot the
presence of absorbing species can be deduced by peaks in the absorbance plot or steep absorbanc
increases coinciding with absorption at a band .gapw transmittance in the absence of strong
absorption can typically be attributed to a high level of scattering as a result of a film with poor
morphology. A rough surface can scatter incident light in different directions, reducing both
absorption and fansmittance. Scrutinising the absorption onset through Tauc and Urbach plots
allows comparison of band gap energy and disorder of the {smlg across samples.

5.3.2 Ellipsometry®®

In an Ellipsometry experiment, a beam of known polarisation is reflected or transmitted from the
sample, and the output polarisation is measured. The polarisation state of the output beam can be
split into itsi and fcomponents, where the amplide of each arel andi (i: reflected)
respectivelysrefers to being perpendicularly polarised light relative to the plane of incidence, while
f is polarised parallel to the plane of incidence. The change in polariqatios measuredn terms

of the amplitude component () and phase differencey in degrees.

The detector will convert elliptically polarised light from the material to electronic signal to
determine the overall final reflected polarisation. This is compared to the knoput polarisation

to determine the difference. From this, properties such as thickness and optical constémeasl
refractive index) and (extinction coefficienbr imaginary componentmay be determined using a
valid physical modell correspondswith absorption, indicating the amount of attenuation that
occurs when the incident light propagates through the matetlals related to the absorption
coefficient | ) as:

™ Equation13

Materials typically corist of more than a single bulk layeri.e. multiple thin film layers on a
substrate, and so data analysis is usually conducted using a regression analysis:
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1. Sample is measuredbtaining a dataset of andwvalues

2. Model is constructed to describe thersgle layers and materials.

3. a2RSt dzaSR G2 Ot Odzf I G S K §uatlaimsRtiech @egcBbie NI &
each materiatelating andwto &, Il, thickness and roughnes®R an estimate is given.

4. Calculated values are compared to empiricalekpental data. Unknown material
properties can be integrated to improve the match between experimental data and model
calculated data. This is achieved using regression, where a minimisation method such as
the Mean §uared Error method igeratively usedo quantify the difference between
curves (for example property versus wavelengkihding the global minimum in the
estimator allows the correct material property to be determined for a given property
measurement dataset.

Thickness measurementsqgaire that a portion of light travel through the entire film and return to
the surface. Ellipsometry is used for films of thickness ranging frormisuto a few>m. Above this
range, interference oscillations are difficult to resolve, except at long waveleliRhsAlso, as a
result of this, phase information fromis very sensitive to films down to sutonolayer thickness.

Thickness affects the path length of light, lButletermines phase velocitp) andrefracted angle,
thus both¢ and thickness conifoute to the delay between the output beam and input beam. Both
¢, I and thickness must be known to get the correct results. These constants vary depending on
and so fitting calculated data to experimental data can use a dispersion relationshigticdl op
constant versus to fit the model.

For transparent materials, the refractive index is often described using the Cauchy relationship
Equation14, where three terms (Amplitudé), Broadeningg) and Cente Energy© ) are adjusted
to match¢ for a given material:

¢ 0 Equationl4

6 O

The absorbing region must account for b@thand I, for which oscillator theories can be used to
describeabsorption, such as Lorentz, Harmonic and Gaussian oscillators. An offset to the real
component is added to account for absorption outside the measured spectral region. A Lorentz
oscillator could be used to model an absorbing materiglexEquationl5:

, 00 .

e’ - . Equationl5

O O "Mo0

Where¥ oiisetiS the offset index (explained in the Optical Model section) Biglthe energy'©
‘We p ¢ 11 ). More advanced optical dispersion s will also account for absorption at the
band gap energy. In this work, the absorbing region is modelled usirgphn® dispersion model
consistent with Kramer&ronig dispersion relatiorngiven inEquationl6, appropriate for modelling
optical constants of semiconductor materid&:2°2 KramersKronig consistency is used to calcalat
the shape of the real component after the imaginary behaviour is described by the oscillator.
E) I Q Equationl6

p
70



Theory and Characterisation MethodSpectroscopic Methods

The real refractive indexé( can be determined at anfyequercy ( by the values taken by the
extinction coefficient for all frequencies (a complex variable)denotes the Cauchy Principal value,
which is a method of assigning values to the improper integral whgplation16 becomes when
approaching infinity.By measuring one part of the complex refractive index (¢ @), the
KramersKronig relations allows the other to be determined.

Variable angle spectroscopic ellipsometry has been used by other researchaéetetmine the
complex refractive index and dielectric function of perovskite thin films, to investigate changes in
optical constants during hydration as perovskite react with moisture to form hydrate phases, and to
compare MAPb3&ingle crystals opticarpperties as the halide species X varfi£>2%E|lipsometry

can dso be used to determine roughness by modelling the surface of the film as a mixed layer of
absorbing material and air. It is important to note that roughness induces an extra phasé/shift (
So if the surface roughness layer increases in thicknessp¢heasedpwill have a knock on effect,
increasingl and therefore the calculated .?®® This can be understood as opticaldoupling from
surface roughness increasing the extrinsic or effective absorption coefficient.

Optical model

Modelling simultaneously takes into account three incident angle% @B, 75°). It incorporates the
3 layers shown in

Figure24; a glass slide modelled using a Cauchy model, absorbing layer modelled witisftlieeB
dispersion, and a roughness layer which assumes 50% of the layerdoenppsed of air (same
refractive index as air). The model defines a nessplhe layer for each sample, determining
thickness and surface roughness in conjunction with optical constants. -Bpdiri® layer specifies

the optical constants versus wavelengising a series of nodes which are equally spaced in eV. The
approximate spacing of the nodes is controlled by the resolution, set to 0.1 eV. A transparent region
is set by applying the transparent wavelength range abover8fd® 4t KA & R2Say i y S
YR GKS a2FGglFNB gAff NBFAYS (GKAaAOD® ¢KS Y2RS
Lw . NJ G2 Y2RSt (GKS | 0a&2NLJiA 29 abinfiifg 8nd isIadddd ¥sSali S N.
constant offset to thes; curve, accounting for effects of absorption at energies far above the
YSFadz2NBR &LISOGNIt NIFy3ISd -énergy oscivatdé acchbuntingifér $he G 1 f
effects of absorption at low argies outside the measured spectral range, for example due to free
OF NNASNI F0AdA2NLIJiA2y® ¢Lw . NE NBFSNBR (2 GKS 0N
be set to zero, which will make the IR Amp act as an IR Pole, tilting theve davn at lower
wavelengths. However here it is fitted, allowing IR Amp to account for a Drude absorption tail; there
is evidence of photénduced lattice fluctuations leading to carrier localization that impacts the
absorption profile?®®2%7In this work a J.A. Woollam alpis& ellipsometer is used alongside their
CompleteEASE software for ellispometry measurements. Ellipsometry is thus a useful non
destructive method for determining optical constamsand k, from which absorptio can be
calculated. Fron? (<) K and By can be determined using the approaches outline5i8.1 and
compared to UWis spectroscopy. It can also be used to measure thickness and surface roughness,
though idealy these values could be corroborated with other characterisation methods to verify
them, such as profilometry or atomic force microscopy.
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Perovskite Absorbing Layer:

B-spline dispersion model

Transparent Glass slide: Cauchy Model

Figure24:Ellipsometry Model showing glass substrate, perovskite absorber layer, andestoteghness layer
assuming 50% void space, 50% perovskite.

5.3.3 XrayPhotoelectron Spectroscopy:

X-ray photoelectron spectroscopy (XPS) is an elemental and chemical composition characterisation
techniquebased on the photoelectric effect. It has surface sévigjt within the top 1620 nm of
material. In short, XPS shows both what elements are present andeldraents they are bonded
too. A (typically) conducting sample is irradiated with monochromaXeays. (2 keV), emitting
photoelectrons originating fnm either core shells or the valence band (with respectively distinct
binding energies). An electron population spectrum iquited from the emitted photoelectrons
incident on the detector a plot of the number of electrons detected at specific kinetiergies
(B). Specific chemical states and their abundance are determined by calculatialgti®nbinding
energy E&) from E and measuring the number of ejected electrofg.of emitted photoelectrons
relates to the binding energy guationl?:

0 B O Equationl7

Where hais the energy of the incidentray photons, and can be thought of as an adjustable
instrument correction factor accounting for the few eV Efgiven up the photoelectron as is
emitted from the bulk and absorbed by the detector.

Elements produce characteristic XPS peaks with positions corresponding to the chemical state of
their atoms. The number of electrons detected (intensities) relates to the amount of element present
within the sampling volume. Raw XPS intensities are divided by a relative sensitivity factor (RSF) anc
normalised over all elements. A wide survey spectrum is obtained showing peaks across all binding
energies within the measurement range. The intensity ba approximated by the Bedmambert
Lawin Equationl8, to expresghe intensityof photoelectrorsescaping the sample surface and being
detected.
_ Equationl8
‘0 0OQ

The photoemitted electron densitlf is the intensity after the photoelectron has travelled through
solid of depthd. I is damped exponentially with increasidgand as the angle of emissierstrays

away from the detector position. This due to inelastic interactions with atoms in the sample,
quantified by the inelastic mean free pathurr <imrris the average distance an electron travels
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through a solid before an inelastic scattering event reduces its intensity to 1/e of itsvalti@.<mep
is a function oand atomic density.

High energy resolution of the characteristic peaks of elementsasined to accurately determine

the specific bonding environment/chemical states. The resulting spectra contain peaks defined by
the PAVHM, which is aonvolutionof X-ray characteristic line width, width of the photo emitted
electron lines, surface charging and the spectrometer resolution.

X-ray photoelectron spectroscopy (XPS) was performed with a Kratos Axis Ultra DLD, using a
monochranated A}l (1486 eV Xray source. Measured spectra were fitted using CasaXPS
software. A U 2 Tougaard background was used. Wide scans were performed with a pass energy o
160 eV, 2minute aguisition time, and resolution of &V. Specific region scans reedone with a

high resolution of 0.01 eV 0&aaquisition time, and pass energy of 8¥. The beam penetrates the

first L0nmof the film, with anX-rayspot size of 700*306 Y 2 measurements are taken on different
points of the film surface for 3 film& each condition, and the results are averaged out. Signal
averaging is used to improve the signal:noise ratio, as At% concentratioamttative analysis can

be as low as 680% of the true value in weaker peaks withA% of the intensity of the mingest

peaks. Due to¢ray induced degradation, Pb is measured in the first pass, to mitigate the effect of
beam damage on the chemical state of Pb atoms. The adventitious carbon peak &\~28%ed

to determine the charge correction factor necessamycompensate for charge induced shift of
experimental binding energies. This typically occurs due to a surface chargaipwidpositive
charge due to photeemission of electrons. A low energy charge neutralising electron beam is used
to partially compasate for this effect. Species were determined by comparing fitted peaks to
references available at the National institute of Standards and Technology Photoelectron
database’®®

5.4 MicroscopiclTechniqes

5.4.1 Scanning Electron Microscopy

Scanning electron Microscopy uses a beam of electrons to interrogate a sample, facilitating,
elemental, phase, and microstructural characterisation. An electron beam is accelerated using an
applied bias (10025kV) and guidd through a combination of electromagnetic lenses before
interacting with the sample. Electrons can interact with the sample in a variety of different ways, and
penetrate to different depths depending on the acasling voltage, atomic numbe(2), and
density. These factors will determine the interaction volume, a usually-deap shaped volume of
matter below the incident beam in which different radiation and emission events occur, as shown in
Figure25. In thiswork, a JSMB010LA (JEOL) SEM is utilised. The beam is typically operated at
accelerating voltages 12 kV and 15 kV and a working distance of 10 mm.

SEM is limited in that the sample needs to be condudtivi@is is not an issue for perovskites, which

are typically semiconducting at roostemperature due to their intrinsically high defect density.
Furthermore, electrons can damage the sample as the ionisation of atoms at GBs and surfaces will
lead to fragmentation of the crystal structure. Notwithstandirngstit is still a very useful technique

due to the highresolution images, with a resolution reaching ~100 nm in the JEOL SEM.

73



Theory and Characterisation MethoédBlicroscopic Techniques

Electron Beam
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¥
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Figure25: (Right)The intercalation volume in SEM, showing where different radiation and emissiots eve
occur. (left) Inset; Bohr model of atom showing how different events occur. SE (Secondary electron): generated
by energy tranter from incident electrorio electron in atomic orbital. BSE (Bastattered electron) Blue line
representing incident elecky G KIF G A& Waf dzy3Q | NP dzy Ré¢ray) Kiaractadgstich G A &
emission analysed in EDXnergy Dispersiverdy Spectroscopy)

Secondary electrons are emitted from inelastic interactions between incident electrons and surface
electrors in the sample. Secondary electrons receive enough energy from the beam to overcome
their binding energy and escape the sample. This is very useful for inspecting topography, although
the low escape depth makes it less useful for seeing beyond a deptliesf nm. The topographic
differences also introduce contrast due to the variation in atomic density as a function of these
features crystal packing density, orientation and morphology.

Secondary electrons are emitted and pass up through the electronmeolf the beam, wherein

they are deflected by an array of electromagnetic coils towards the SE detector, mounted above the
objective lens, and positioned laterally with respect to the column. This is made possible by both the
minimum working distance of th JEOL microscope of4fhm, ensuring adequate collection of
secondary electrons, as well as the low energy required for their deflectioke¥2This helps to
maximise contrast arising from differences in work function between different phases in théesamp

5.4.2 Particle Size Analysis using ImageJ

Analysis of images was done using Imagdinages (Mx200) underwent the following processing:

3D Gaussian Blur, 3D Median, Threshold {amkonvert to binary &it image), Erosion or dilation

to better define GBs, and Analyse Particles (Overlay) to obtain a list of particle sizes. The results of
each stage are shown in the exampld=afure26 for a CsFAMA film on silicon.
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Figure26: Sample ImageJ processing of a CsFAMA perovskite film on a silicon substrate. 1: 3D Gaussian Blu
and 3D Median. 2: Threshold Tool. 3: Erosion tool.

5.5 Device Characterisation

Current dengy-voltage J(V) characterisation was performed using a Newport 922808 solar
simulator with a Xenon lamp, and an Ossila test board where the switchers for contacts correspond
to solar cell pixels. This is an instrument which reproduces radiationpioxi S G2 (G KS adz
ALISOGNHzY 6! ANJ alaa o6!ald0 mdpu |0 (R SefdeledbhdetQd
of measurements, the lamp intensity was calibrated with an NREL certified Si reference cell at 100
mWcnm? at room temperature. Solarells were masked, to define a consistent pixel area (0.02365 +
0.00012 cm for 8 pixel devices). The conductivity measurement unit was a Keithley 2400 high
voltage source measure unit. Measurements were automated by a MATLAB script; the voltage swept
bet6 SSYy btnodu = (2 wmdu HI(V)olrves OF efich piXelTadxher2be plottain m
showing performance under forward and reverse bias. PCE is taken as the average PCE in the revers
scan direction.

Solar cell performance can be compared vhdracteristic parameters. Open Circuit Voltaged
Short Circuit Current Densitysd, Fill Factor (FF%), and Power Conversion Efficiency (PCE%). These
are depicted inFigure27. Efficiency is defined as th@wer conversion efficiency, calculated from
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the maximum current at short circuitkg, the voltage at open circuitvgg, fill factor £B, and
incident light power densityR), given byEquation19:

_ Y (*3 00 Equation19
0
_15;. V{V/ ] ..I + . IJ
o Eaa, | EfW
h n \.
5 VaYt t ."'l-. L
=
@ -10
=
(@]
o
£
(&)
< 51
E
K +
T +
NES 2ttt |
; .

0.0 0.2 0.4 0.6 0.8 1.0
V (V)

Figure27: Example Current Density and Power as a function of Voltage for an 11.8% efficient MeMVRid.
Short Circuit Current Densitys@JMaximum Bwer Point current density ¢dp) and voltage (Mpp), Open Circuit
Voltage (M9, and the numerator and denominator represented graphically of the Fill Factor (FF)= A/B.

The value oflat w  Ttis termed thekg which reveals the maximum current densifiytbe device,

which for an ideal solar cell (with minimal resistance) is the same as the maximum current density
generated by photon absorptionkcis the short circuit currentldd in terms of mA cr (due to
convenience (small devices), historical cemion, and consistency with PV standards) to remove
the effect of solar cell area. If surfaces are perfectly passivated, and material type and generation is
uniform, kcis ultimately dependent on the carrier generation rate and carrier diffusion leriRgil
devices deviate from this ideal, witbcalso affected by optical losses, carrier collection losses, and
the incident light intensity (and spectrum).

The value o¥/atv  Tis termed the Vo9, and reveals the maximum voltage available from the solar
OStt 4 1T SNB OdzNNB Yoidependson tHe rgv@rde\sdtuiafofd cudbityravarsel y
current caused by diffusion of minority carriers from neutral regions to the depletion width; i.e.
recombination) and the lighgenerated current (whicklepends on the carrier generation rate and
diffusion length). As the liglgenerated current only varies by a small amount in typical devices, the
saturation current is the predominant factor, and hendgc can also be used as a measure of
recombination.

The fill factor(FF expressed as®A & | Fdzy Ot A2y 2F GKS OSftfQa Yl
voltageVi and corresponding current densidy; Pu=3Viu) relative to thekcandVog
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00 U W Equation20

0 W

Ji.e. the area of guare A/ gluare B inFigure27. FFdecreases due to shunt resistance and series
NBaAaAllIyOS {2338 NBRKEDEKONBRAZORS 1 W8+ Wa OdzNIBS @
current being lost via lower resistance alternative pathways to the solar cell junction. These
pathways typically arise during fabrication; morphological defects such aslembceate facile

shunt paths.Series resistance emerge from inherent resistanae the device, with interfacial
contact resistances the dominant contributofhe PCE is defined as the fraction of incident light
energy converted to electrical enerdgquation19). In order to make more generatatements and
comparisons of solar cells, the conditions they are measured undgmiefly light and temperature

must be standardised.

5.5.1 Device Fabrication Procedure

A colloidal dispersion of tin(IV) oxide (Shd DI HO (15%, Alfa Aesar, diluted t&63 was filtered
through a 0.45m PVDF filter and 49 6f the solution spin coated on ITO at 20@Mn for 30s. The
deposited Sn@was patterned to reexpose the ~6Bnm ITO cathode using a cotton bud dipped in DI
HO. The Snayer was then annealed orhatplate at 100°C for 30 minutes. #06f 1.3M or 1.4M
perovskite solutions was dripped statically on the cooled substrate, and spun with eitherspaed

or singlespeed program. Films were either spun at 180® for 10s and 5000pm for 20s (Progam

1) or at 3000rpm for D s(Program 2). AlcAanti-solvent process was used to improve the film
quality.*'® EAwas dynamically applied drpise to the substrate centre between 10 and 2&fter

the start of spinning. The spin coated films were placed on a hotplate to anneal at 100°C for various
anneal times. For devices, Program 2 was used to prepare pem\gkis on the SnOcoated
substrate. After annealing, excess perovskite was removed with a combination of a razor blade and
cotton bud dipped in acetonitrile. The substrate was dried with argair. A 15mg/mL solution of

PTAA in toluene was prepared.J&0 mg/mL solution of LTFSI in acetonitrile and 1:1 volumetric
mixture of tBP in acetonitrile was mixed with the PTAA in a PFARISitBP volumetric mixture of
1000:7.5:7.5. This was stirred for 30 minutes at room temperature> 30 2 ¥ & 2 f tdzliiyA 2 v
spin coated at 3000pm for 30s. Excess solution was removed with a cotton bud dipped in
acetonitrile to expose the ITO cathode contacts. The samples were mounted on a shadow mask for
thermal evaporation of the metal back contact. Au/Ag pelletsaveeated and a layer of Au/Ag
deposited with an initial rate of 0.0dm/s for the first 2nm, 0.05nm/s until 10nm, and ~0.-hm/s

until a layer 110m thick was aquired. Metal deposition was done with &dwards 306 thermal
evaporator at a pressure <801 mbar.Non-encapsulated devices were immediately characterised.

All processes (not including thermal evaporation) weerformed under ambient conditions of
47%rH +2%. For film characterisation thin films of perovskite were deposited as above, ylivectl
glass substrates using either Progrd or 2 as per the experiment.

For resultsSection5, Devices were fabricated with the same conventionaprstructure, with an
SnQ ETL, perovskite precursor solution prepared ad.in3 stirred for 48 hours, and cast as per
Program 1. A PTAATFSI:tBP HTL was applied as above. An Ag cathode wasiiijeevaporated
onto the HTLThe device wasubsequenly characterised as describedS$ections.5.
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wSadz 0a
The results element of this thesis have been structured in order of their occurrence and narrated
using a papestyle. The findings o$ections6 are unpubished, whereas &®n 8 constitutes a
publicationin preparationand the work inSection7 has been published as a conference paper. In
brief, Section6 follows efforts to describe ltie effect of supesstoichiometric additions of either MAI
or Pb} precursor salts in MAPHIwhile optimising the application of ethyl acetate antisolvent to
obtain high performing films under ambient conditions. Following on from the insights gained into
the stability of MAPRIperovskite films during various aspects of processing an@éuachbient, i.e.
wet conditions, noisture induced degradation of various perovskite systems was then investigated
using ionic substitution as the stabilising methadSetion 6. Findly, in Section 7the stabilisation
of MAPb} under wet and ambient conditions with Zn, Cs, and Cl substituiadnvestigated to

observe how this strategy affectiegradation of MAPBIfilms fabricated under ambient conditions
and how well @vices perform.

Sections 5 and @ise experimental methods which provide gue insights relative to standard
approaches with the applied instrumentatioBection Sapplies wide angl&-ray scattering (WAXS)

in a transmission geometry with a rotating stadygring dynamic experiments, increasing count rate
while reducing beam damage to the sam@@ection Gpplies Timeof-Flight Grazing Incidence Small
Angle Neutron Scattering (TE@HSANS) to gather data on phase composition and characteristic
length scalesimultaneously in one measurement, allowing temporal analysis of sang#etion 7
provides a revievand investigatiorof Zn as an additive in the active layer in perovskite solar cells,
while demonstrating the importance of testing promising new celhredlogies against adgiately
rigorous performance standards.
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Beneficial Effect of Supstoichiometric MAI Addition on MA2Pb3I8(DM3®prmationg Abstract
e Beneficial fect of Superstoichiometric MAI Addition on
MAPsls(DMSOy) Formation

6.1 Abstract

Perovskite stoichiometry hgweviouslybeen shown to influence the optoelectronic characteristics,
phase stability, and film formation in perovskite solar cells, as has the application of antisolvent
dripping of ethyl acetate (EA). Herein the effect of a 10wt% excess addition in solution of either MAI
or Pb} on the evolution of the perovskite film dugnspin coating is characterised with widegle

Xray Scattering (WAXS). EA is applied in antisolvent dripping in conjunction with- super
stoichiometric precursor solutions to investigate the combined influence of kinetic antiselvent
induced crystallisatiorand excesses of either precursor salt on film formatins found that a
10wt%excess of MAI affects the formation of the DMBrcalated intermediategenhancing its
growth-rate by both increasing growth of this crystalline pheesed suppressing lasof DMSOANd
extending the antisolvent application windowlAl enrichment improves fill factor and power
conversion efficiency in devices, while Paririchment improveskcand Voc An understanding of

the interaction between antisolvent and MARMfilms as a function of stoichiometig developed,
enablingthe optimal application of EA on MARKImMs, producing a device with 16.1+0.2% average
efficiency prepared entirely in ambient conditiowith a 10wt% MAI excess

6.2 Background

The stoichiometric depedence of perovskite formation in conjunction with antisolvent application
under allambient conditions is investigated (all fabrication processes done in air) by varying addition
of either Lead (Pb) or Methylammonium lodide (MAI) salts in a 10% molarsekiezsin perovskite

films are spircoated on substrates at ambient temperature, to identify the stages in intermediate
film formation from the sol gel andubsequentlyperovskite film formation from the crystalline
intermediate.

The antisolvent processyrwindow has been shown to be extended by halide and cation substitution
on the Asite and Xsite of the ABXperovskite!®® By substituting the Aite of FA dominated
perovskite formulations with MACS, and Rb, Wanget al. extended the processing window for
obtaining uniform, high quality films and found that it is dependent on the crystallisatidheof
disordered sol gel state and the degree of crystallingimducts. By mixing cations and other halide
species with MAPB)I the production of the byroducts is delayed® In their work, perovskite
solutions were prepared in a mixture of DMF:DMSO, in a ratio of 4:1, with resulting intermediate
peaks in GIWAXS during spin coating around 044 ~0.7 A. Theyattribute the peak at 0.48°A

1 to the MAPbi-DMSO cecrystal, while the 0.7 Ascattering is not defined. In mixed cation (Cs, FA)
precursor solutions, higher amounts of DMSO prolong the duration of the colloidal gel, extending
the antisolvent processingindow, and thereby making it easier to obtain a uniform, high quality
film after dripping EAThe time available to obtain crystalline intermediates beneficial to the
formation of perovskite films is extenderystalline intermediates are more stableath the
amorphous sebel state which precede them as the precursor solution dries, and their consistent
formation is correlated with more reproducible perovskite conversion during thermal annealing. The
Lewisadduct intermediate has been exploited to obtahigh performing perovskite films for
PSCg§,113,114
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In this work, EA is used as an antisolvent facilitating conversion to perovskite due to a lower
proportion of crystalline byroducts and undesired DMhtercalated complexes. EA has been
shown to provide humidity tolerant fabrication, drtherefore provide better films under ambient
conditions!?” EA has high volatility, optimal polarity, and high affinity for moistt&he relatve
humidity of the ambient environment where casting occurs influences the crystallisation kinetics,
with a higher rH delaying the onset of intermediate crystallisation due to slower evaporation of DMF.
The volume of EA applied can compensate for the stoswaporation rate of DMF in a humid
atmosphere, facilitating more consistent formation of films with morphologies comparable to films
formed under dry conditions. This is important as the increasing presence of moisture has been
shown to reduce the duratih of the solgel state in intermediate films. This is becaus® ldtrongly
conjugates with Pb forming white PbO and Pb({Qidfcipitates which lead to reduced crystallinity

of the perovskite film after annealing?H,O competes with DMSO, DMRQ¥»DMSO>DMF) and
lodide ions to coordinate with the Pb atom, limiting and destabilising the formation of the DMSO
intermediate. Retaining a fraction of this intermediate is correlated with smooatfase morphology

with a higher charge carrier lifetime and fill facfé?.Meanwhile perovskite hydrates may act as
shunting pathwag that can significantly reducéc''® In summary, ideally antisolvent should be
applied when the intermediate s@el layer is dry enough to reach supersaturation. The presence of
moisturecloses the window of opportunity for antisolvent application; perovskite film quality under
humid conditions is more sensitive to the timing of the antisolvent drip.

6.3 Results

6.3.1 Formation of the intermediatehase

During the insitu WAXS experiments, the prgsor solutions were ejected from the syringe and
spun on the substrate at 400@m for 30 sin air with a relative humidity of 55%igure28A shows

the formation mechanism of the crystalline intermediate from th&-gel during spircoating. As
shown in the 1D diffratogram ifigure28B the humpat low g (0.2-0.6 A is of the disordered
colloidal solgel precursor. Peaks occur at 04Y, 0.52A, 0.66A%, and 0.84 consistent with the
MAI-Pbb-DMSO intermediate phase (similar to work by Mutial).”” There is also strong scattering
around 1.71.8 A, which also arises from the MRbb-DMSO intermediate (as per Hai al. in
GIXRDY?, as well as the peak at ~0&%, corresponding with MAlseeFigure73in Appendix) The
contour ploss in Figure29(A-C) show that all films are characterised by the emergence of intense
peaks within a minuteAccording to WAXS diffractograms of the crystalline MAI precursor, the (001)
plane of the MAI crystal haa peak at 0.71&%. This correlates very closely with the observed
scattering at 0.70&%. Pb} peaks occur at 1.54*and 1.83&1. DMSO molecules compete with DMF,
HO and MAI to coordinate with Phiwith the result being the formation of various @rtnediates

and hydrated phases. In the equimolar filfigure29B), the crystalline intermediate takes the
longest to appear after 45 shave elapsed. In the films with excess of either precursor it crystallises
from the solgel phase sooner, appearing aftert80sin the film with an excess of MAI anéigure
29A), and 255 sin the film with an excess of Bi§Figure29C). Comparsons of each stoichiometry

30 safter the beginning of sphiroating are shown ifrigure28C, showing the emergence of the
crystalline intermediate peaks at legvin both films with an excess of either precursot.sauper
stoichiometric precursor solutions hasten the crystallisation of the intermediate under humid
conditions.
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Figure 28 (A) Formation of crystalline solveimtercalated intermediate during spicoating. Solvent
molecdes S (DMSO, DMF) are lost from the-gall as the spinning chuck rotates, and the crystalline
intermediate forms. (B) Diffuse scattering from the-gel precurson( and scattering peaks from the DMSO
intercalated intermediate{). Also shown are peaks from Pht q = 1.54 Aand 1.83 A. The broad diffuse
scattering from the glass substrate lies between®.5 AL (C) The emergence of the legvintermediate paks

after 30 sof spincoating in different stoichiometries. Notably the intermediate has as of yet not appeared in
the equimolar film, in contrast to the MAI and Pbnriched films.
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Figure29: Contour plots over the first 10s of spincoating for (A) MAI enriched, (Bjjuimolar& (C) Phl
enriched precursor solutions ejected via syringe onto the substrate surface andaadied for 6@ sin air.
Observable are peaks at 0.47%, 0.52A1, 0.66A*, 0.84A* & 1.77/1.78A™.
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The evolution of the intermediate can be understood by plotting peak area (Figure 29A,B) and FWHM
(Figure 29C,D) for the intermediate peaks present in the evolving precursoff fiendifference in

onset time visually apparent between the contour platsd plots of peak area vs time arise due to

the smoothing function used in python to generate the intensity scale between discrete
measurements.In the equimolar film, the onset of DMSO intermediate crystallisation occurs
between 3040 s after which thereis a rapid increase in the peak area of the crystalline DMSO
intermediate between 40 § driven by nucleation (as shown in Figures 29A,B of the changing area
of the intermediate peaks). As solvent evaporates many small intermediary nuclei precipitate,
increasing the width of the peak (Figure 29C (See Séestibf). Crystallisation of the intermediate
occurs more rapidly in supatoichiometric films. Thereafter there is a gradual increase in the
crystalliniy of this phase. Driven by growth of the intermediate, evidencthbydecreasingummed
FWHM, indicative of increasing crystallinity (Figure 29C,D) (See Section 1.2.1). Further evidence
comes from the shiftingj-position of the 1.77/1.78 peak for which gle splitting is observed. Here

g increases rapidly over the first 8D s suggesting increasing compressive strain as solvent is lost
and grains squeeze together.

Cao et al. have identified two similar DMSO intermediates forming prior to annealing; an
orthorhombic Phirich, DMSO rich, and | deficieMtAPhsls(DMSO)which forms when the ratio of
MALI:Pb}is 1:1; and a monoclinic MAI rich, | rich, ¥BMSO)PBkiwhich forms when the ratio >1:1.

They also find anrich phase which forms after annealing ithe loss of solvent: MiRRbk. The
monoclinic and orthorhombic phases have peak positions close together, often appearing as a split
peak®’. These paks are plotted ifrigure30A, showing the variation between sample stoichiometry.
The summed FWHM of the intermediates peakg=t.77/1.78A* decreases after 560 sacross alll

films (Figure 32D), pointing to either decreasing strain, increasing crystal size, or decreasing
crystallite sampling.
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Figure30:(A) Crystalline MAPbb-DMSO intermediate peak splitting at 1.77/1.28" after 300 § showing
increasing peak intensity, rightward peak shift, and broadening of right shoulder as the ratio of IMAI:Pbl
decreases. (B) Peak position of intermediate phases in equimolar film during spin casting and subsequent
drying over 30 s

Increasing areauggests increasing crystallinity, and hence the decreasing FWHM of thg high
intermediate peak may indicate decreasing strain between crystallites as solvent evaporates. The
smaller dspacing crystals denoted by the syi#tak are subsumed by the largguspacing crystals
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denoted by the lowg peaks which show a slight decreasejiposition (dspacing expansioffrigure
30B)) and annicrease in peak scattering area (Figures 29Ag. position of thej=1.77/1.78&* peak
increases with decreasing MAI:Rhitio (Figure31C), showing that increasing the concentration of
nucleation centres leads to lattice contraction of the intermediate phase or reorientaliom peaks
shiftto higherq as the ratio of MAI:Pbbecreases, and the intensity of the MAI rich phase increases
relative to the DMSO rich phase. This suggests more rapid loss of DMSO in.teriebéed film
during spincoating.
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Figure31: g-position of (A) g=1.77-Aand (B) q=1.78Asplit-peaks during 8 sof spin casting and subsequent
drying for perovskite films with a 10wt% MAI excess, equimolar stoichiometry and a 10wtéx¢dds. (C)
Averaged q position of 1.77/78 sppeaks.

The sample with a 10wt% excess of MAg(re29a) shows an onset for intermediate crystallisation

of 305 s The maxima in nuclei density occurs @isfFigure32C). Lowg intermediate peaks increase

in area rapidly between 380 sand thereafter gradually increases, while the FWHM decreases after
80 s suggesting crystals are getting bigger. Peak positions of the| logaks change very little,
suggesting the FWHM decreaarises from crystal growth with very little strain associated with
solvent loss. The scattering from tige1.54A* and 1.83A* peaks of Phlin Figure32E fluctuates

over the first 20 s and then becomes neglble.The maximum summed FWHM igure32F)of the

Pbb peaks corresponding to the peak nuclei density occurs aflerBhe highgA Y G SNY SRA | G S
area rapidly increases between-30 s but thereafter the aga remains fairly constant. The high

peak position shifts to highex over the first © s(shown inFigure31A,B) suggesting compressive
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strain, while the FWHMHjgure32D) reaches a maximum ab 4and then decreases suggesting there
is an initial burst of crystallisation which is then hindered with increasing strain. Aftgrtbe film
dries with little nucleation of new intermediate crystals. Rather the intermedidtaspe grows
through reorientation and fusion of the crystallites present, evidenced by an increase in tkep low
peaks intensity. MAI enrichment ensures more complete reaction with the Bbidenced by a
diminished Pblpeak in this sampleFgure32E). After 18 s there is evidence of the perovskite
phase forming, with the (110) peak @¢1.07A! appearing and growing in intensity.

The Phl excess sampld={gure29C) showan onset for intermediate crystallisation of 88§ with

one experiment giving an onset time of&0s This may be due to its sensitivity to inrsample
variation in spircoating atmospheret as the ambient solvent concentration increases the
nucleation rate decreases as solvent evaporation is suppressed. ThexXebss film may show more
variation due to higher sensitivity to small changes in processing condiffo@ensidering a sample
with onset time (® 9 closest to the group average &9, area increases rapidly between-30 s

and thereafter remains fairly constant. The FHWRQ(re29)) of the internediate peaks trends
downwards over the 30 5 suggesting fewer nuclei being sampled or growing crystal size, while
solvent evaporation mostly occurs between30 sevidenced by a shift in thg-position of the high

g peaks (shown ifrigure31c). This downward trend in FWHM is particularly pronounced for the
high-q peaks of the intermediate. The FWHM of PFimilarly decreases, however its area increases,
suggesting increasing crystallinity of the remaining.Plble nucleation density of the intermediate
phase is high immediately after the spdl collapses to a serniystalline state. This high
intermediate nucleation density results in a high nucleation density of perovskite nuclei upon
annealing Typicallyduring spincoating the substrate will be removed from the chuck after4P0s

when the nucleation density is still high, which implies the Bbtiched film will produce a dense
perovskite film with many smaller crystals. This is observed in BEM (
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Figure32: Plots of integrated peak area and FWHM vs time from fits of 1D diffractograms at each measurement
interval; for (A,C) lovg intermediate peaks, (B,D) high q 1.77/78 intermediate geakd (E,F) Poior MAI
enriched, equimolar and Phénriched precursor solutions during spin coatifie highq (1.77/1.78&%) and

low-q (0.47A%, 0.52A1, 0.66A", 0.84A) points are the summed areas of the denoted peaks, correlating with
peaksfrom GIWAXS by Munir et al. (low g) and GIXD by Hu et al. (hgffq).
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6.3.2 Effect of ethyl acetate on intermediate and perovskite formation

In order to understand the influence of stoichiometry after spin coating and upon annealing
following application of antisolvent, characterisation was conducted of films spin cast with and
without EA antisolvent in the ambient conditions of a fume cupboard (on a conventionatcaier)
before being rapidly transferred to the hutch of the beamline foeasurement during Hsitu
annealingDue to the beamline setup, it was not possible to apply both the precursor solution in spin
casting and the antisolvent on the horizontal axis spin coafhen EA is applied, the solute
precursors become super satueat encouraging the formation of the solveintercalated
intermediates!?’ EA has a high affinity for both DMF and moisture, meaning both solvents are
removed dung application and providing humiditgsistant fabricatiort?’ EAapplication removes
moisture (EA can dissolve 3%CHat room temperature) and drives the nucleat of perovskite
either directly from the sebel or from the crystalline DMSi@termediate phase, while reducing the
presence of hydrated perovskites intercalated solvent including DMSO is removed from the
intermediate film302

The change in crystallisation onset time is particularly interesting due to the implications for
antisolvent dripping during spiaoating. In all issitu annealed films treated witBA, the antisolvent

was applied after & s There will be a difference in the crystallisation dynamics due to the different
state of the film upon antisolvent application. As antisolvents reduce solubility of precursors in the
solvent (thus increasing therecursor species saturation in the solvent mixture, and raising their
reaction rate), the removal of DMF by EA encourages the rapid generation of -DitéBGediate

nuclei across the substrate. Upon annealing, DMSO evaporates and exchanges with MAingrodu

a dense, homogenous perovskite film, with a high concentration of smaller crystallites (See Section
2.3.3. Earlier intermediate crystallisation implies a higher saturation rate of nuclei in thgekdf

EA is applied after the crystalline intermediate has formed, some DMSO in the intermediate will be
removed, leading to early perovskite nucleation.

Annealing of films without ethyl acetate application.

The contour plots inFigure 33show the presence offaint streaks denoting the crystalline
intermediate precursor, which rapidly transforms to the perovskite phase within the fiGtsb?
annealing at 10TC. The tetragonatubic perovskite phase transformatiomtg@erature lies between
60-70°C (perovskite nucleation is temperature dependent), and as the hotplate reachd3°60
after approximately 9100 s have elapsed, it takes 62sfor the intermediate to transform to
perovskite. As labelled iRigure35B for equimolar filmsg values (with miller indices) of 1.0%*
(110), 2.11X1(220), 2.35%*(310) correspond with peaks of perovskite. Less visible but also present
are peaks at 2.94&*(400) and 3.11A(411), wlich are also attributed to perovskite. There are
distinct peaks at values of 0.54, 0.56A%, and 0.71A*, corresponding with peaks for the DMSO
intermediate, DMFntermediate, and crystlline MAI respectively, whilgigonal Pblalso nucleates,
asindicated by the peaks aj values of 1.51A* and 1.83A™. The Pblappears after 10 sin the
equimolar film, and after 1% s in both enriched films. The integrated intensity under the
corresponding peaks over 10&shows the phase evolution during agading inFigure35. Figure
35(A-0) show the changing integrated scattering intensity from the intermediate peaks specifically.
Evidence of the comrsion of intermediateand MAIto perovskite (and trigonal Phlfor MAPb]
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upon annealing can be seen Kigure 74A-Q (Supplementaryl3.2), where declining solvent
intermediate and MAI scring is associated with increasing perovskite scattering.
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Figure33: Contour plots over the first 600 s of annealing for perovskite films with (left column) and without
(right column) EA application for (A,B) MAI enriched, Y@duimolar, and (E,F) BRkénriched precursor

a 2 t dzihAGenbteshthe Wmerging perovskite phase at ~ q=1.67 211 A, and 2.35 A. Thecrystalline
intermediate DMSO is shown by streaksga®.51 A, 0.56 AL, and 0.71 A The code that was wiién to
construct these plots can be seen in ApperitBx2.
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There is a steep increase in the integrated intensity of MAI betweeB04) followed by a steep
decrease thereafterRigure34A). The FWHM of the MAI peak increases up @ 44nd is mainly
correlated with its transformation to the intermediate phase via reaction with &dl DMSO as well
as MAI sublimation. This results in shrinking MAI crystallites, iscrg&WHM, highlighted iRigure
34B. Some small crystallites of the final perovskite are also formed afterF8Qure35B andFigure
35C show the crystallinity of the intermediates increases during annealing as excess solvent
evaporates and Pb coordinates with DMSO, DMF and MAI. In the equimolar3¥ikiPhot treated
with EA, a peak is observed from a DMF intermediate aftey, 8dth a smaller peak associated with
the DMSO intermediates after 50 The DMF intermediate lingers in the film for 30rhe DMSO
intermediate in contrast disappears after@5t despite the lower boiling point for DMF, suggesting
the DMF is more stngly coordinated than the DMSO. In the Pbkcess film, the DMSO
intermediate peak appears 15 sbefore the DMF intermediate peak.
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Figure34: Conversion of MAI to Perovskite in Equimolar MARIohs. (A) Change in peak arg8) Change in
peak FWHM

The FWHM of perovskite peaks in the equimolar film reaches a maxima stdécreasing gradually
thereafter, suggesting fewer crystallites are sampled and grain growth. Aftel0~q 85te FWHM of

the perovskite peak increaseseésFigure34B) and this is probably due to grain degradation. The
area decreases after 80sin both the equimolar and Pbknriched films, suggesting decreasing
crystallinity. This also (in the equimolar film)rcdes with the loss of the DMF intermediate, hinting

at the role of intermediate phases in grain growth. In contrast, the perovskite peak area and FWHM
both diminish after 30 sin the MAI enriched film, suggesting grain growth concurrent with
decreasingrystallinity; although excess MAI promotes rapid conversion of the intermediate phases
to perovskite, it also seems to be associated with earlier degradation during annealing’@t 100

89



Beneficial Effect of Supstoichiometric MAI Addition on MA2Pb3I8(DMSO)2 Formatigasults
0! 0

A
1.5 7 ° —=— DMSO-Int, 0.51 A*
1 e DMF-Int, 0.56 A*
1 61 A —4 MAI 0.71 A1
® |
- 54
£ 1.0 1 - °
S €44
< 9 3
<
0.5 5] :
o wm Ma .
1- W RS S
0.0 . . 0
10 100 - - -
. 10 100 1000
ime (s
I4 ©) ’ Time (s)
o/ U
2.5 ’
A
. o
2.0 I
— A
s
5151
©
o
<10
.
0.5
0.0 +— :
10 100

Time (s)

Figure35: Plots of area vs time showimgtermediate phases, and MAI for A) MAI enriched, B) Equimolar and
C) Pl enriched films fabricated without antisolvent over first 5 minutes of annealing on a hotplate (which
takes ~19 sto reach 100°C from room temperature) The peaks at q =A%5056 A, and 0.71&* correspond

with the crystalline solvent intercalated DMS$@ermediate, DMF intermediate and MAI respectively.

Annealing of films with ethyl acetate application.

EA application, as shown kgure36(A-C) suppresses the DMF peak, with scattering from both
intermediate complexes disappearing after 91&n the equimolar sampl&igure36B, presumably
because the DMF is preferentially removed during aisnt rinsing. The proportion of DMF
intermediate to DMSO intermediate is greatly reduced, while the scattering from the MAI
intermediate is relatively higher. EA application significantly reduces scattering from the solvent
complexes due to the enhancadlvent removal rate, with solveqirecursor complexes converting
after 150 s as opposed to 9Dsin untreated equimolar films. The reduced solubility of precursors in
the solution with EA antisolvent also leads to perovskite nucleatihgehbrlier thanin untreated
films. In equimolar films, EA application delays the conversion or decomposition of MAI®@g ~12
The more rapid solvent removal may retard the diffusion mediated growth of MAiRtallites,
leading to unreacted crystalline MAI being rekaa within the sample and persisting there for €12
sduring the anneal, and so although the nucleation rate is higher, the growth rate may be lower as
MAI less readily reacts to form perovskite. Finally, EA application induces eadiend¥étion, wih

the 1.83A™ peak appearing after®sin the equimolar film. The 1.54* Pb} peak appears after 18
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s, as opposed to 4Dsin the equimolar film. Earlier Plrtucleation suggests the antisolvent volume
used is too large under these conditions, leadim¢he washing away of some organic precursors or
excessive removal of precursor solventsleading to film compositions including both perovskite
and Pbl. This is similar to excessively high temperature annealing resulting in higher MAX
sublimation anddMSO diffusion observed by Ragteal,, resulting in Phformation Figureg).t?
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Figure36: Plots of area vdrme showing intermediate phases, and MAI for (A) MAI enricheddBimolarand

(C) Pdenriched films treated with ethyl acetate over first 5 minutes of annealing on a hotplate (which takes
~150 sto reach 100°C from room temperature) The peaks at 24?2, 0.56A7, and 0.71&* correspond with

the crystalline solvent intercalated DMS@ermediate, DMF intermediate and MAI respectively.
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6.3.3 Effect of excess MAI aeacesbb

In equimolar films, EA application leads tguicker completion of the intenediateperovskite
conversion, and earlier perovskite nucleation. However, MAI incorporation into the perovskite is
delayed when EA is applied to tleguimolarfilm. When excess MAI is used, scattering from the
intermediate phases is reduced earlier thaneither theequimolaror Pb} enriched films Figure

37). The nucleation of perovskite is delayed by4BGsrelative toequimolarl.3M perovskite in MAI
enriched films. Crystalline MAI lingers for more than enas long before reacting to form perovskite

or volatilising.

Adding an excess of MAI delays nucleation of perovskite, but also hastens interrqasliatskite
conversion once it occurs. This may be due to the excess MAI ensuyimckar reaction of Pbko
MAPb} once a critical saturation is reached, with excess MAI ions mitigating reduced diffusion
caused by solvent removal, by diffusing to the perovsiggtion front. Without application of EA,
solvent molecules dominate over MAI in coordinatingwvi#bb, explaining why there is the lingering
crystalline MAI peak in the untreated MAI enriched film afte® 25The presence of excess MAI may
delay perovskite nucleation due to suppressed solvent evaporation over the first few minutes of
annealing. Ta higher solution concentration due to excess MAI cations may encourage more solvent
retention in intermediate phases, prolonging the scattering from intermediate peaks. The MAI
enriched film also shows continuous growth in area over the course of angeabtmpared to the
other films which show a decline in area after 830 This points to the beneficial effect of MAI on
grain growth. An MAI excess of 20% has been linked to production of the monoclinic, MAI rich
(MA)X(DMSO)Phintermediate as opposedtPb}and DMSO rich MRksls(DMSO) (seeFigure304)

prior to annealing® This intermediate also coordinates fewer Pbl potentially leading to the
production of Phl precipitating as a result of und@oordination as solvent evaporates. This may
explain the earlier prevalence of RBtattering in the MAI excess films upon EA application relative
to equimolarfilms, as shan inFigure75A)(Supplementant3.2). The raw data showed that trigonal

Pbb emerges after merely@sin the film treated with EA, denoted by the 1.83 peak, with 1h&1

peak emerging after Bs(500 sin untreated film).

When an excess of Bhik added, perovskite nucleation is delayed Wy slin both treated and
untreated films. Intermediates are converted more rapidly than in the equimolar film, but slower
thanin the MAI enriched film. This may be due to a larger proportion of intermediateplexes
having crystallised in the film with more Pb atoms providing more opportunities for solvent
coordination. Insufficient MAI availability however means that formatidrMAPbt may be less
favourable then in the equimolar film, delaying its nucleation. MAI takes longer to be incorporated
into perovskite as the high nucleation density limits the diffusion of MAI to the perovskite growth
front, resulting in the nucleatioand retention of crystalline MAI for ~80s The higher proportion

of Pb} also promotes nucleation of Phafter just 2 s(1.83) and 1Q s(1.51). compared to Ibs
(1.83) and 20 s(1.51) in the untreated film.

Figure37 summarises the temporal changes in key stages during film formatidfighse37 shows,

EA application reduces the intermediate conversion time (here defined as the time at which
intermediate peaks @& no longer resolved above the background) and perovskite nucleation time.
Excess MAI is associated with the most rapid completion of the reaction, due to the rapid conversion
of intermediates, and reaction of MAI. It is also evident that perovskite stibira i.e., the time it
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takes for the film to reach a critical saturation density of perovskite nuclei upon annealing prior to
growth predominatinge occurs more rapidly in films treated with EA.
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Figure37: Stages in film fornmtéon as observed by WAXS under the influence of varying stoichiometry and
application of ethyl acetateEquimolarfilms have a 1.1 ratio of MAI:Rbwhereas Exs. MAI and Exs.2Pbl
(addition of 10wt% excess of MAI and Rirecursors respectively) films @ molar ratios of 1.1:1 and 1:1.1
respectivelyad 5 A &+ LILISF NRAy 3¢ 2F a! L ONEA&( | ffaimatiah & SublEnation2 i K S

6.3.4 UMVIS Spectroscopy

U\AVis spectroscopy is used to investigate the influence of EA drip delay and drip voluitme on
optoelectronic properties of films spin cast at with a sirgeed deposition at 300fpm (in-situ
spirtcast films in WAXS were spun at 40@0n to ensure adequate substrate coverage). The
presence of secondary phases such as hydrates and@&bégpond with a more disordered bard
edge (Urbach Energi,) and redshifted optical banejap &). Tauc plots off( K% wersusK /and
Urbach plots of If() versusK 7are calculated from absorbance data (see Methods Sed&iar)
Values foilss and | are calculated by taking slopes of the linear region which can be exatayg to

the xaxis wherg TL It is expected that EA application improves the perovskite crystallinity,
reducing the presence of secondary phases. As drip time is delayed, it is expected the presence of
secondary phases to increase due to the inteattah of HO as HO competes with DMF and DMSO
to coordinate with PB. Ambient HO also reduces the duration of the sg#l state, reducing the
processing window for antisolvent applicatiéii.As drip volume increases, the excess solvent
removal rate increases. Above a certain threshold this will result in perovskite nuclezitione38
shows that use of a larger EA volume seems to increase the electronic disordel, witheasing
with each measured addition of EA in films treateds<s2
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Figure38: Bar chart of Urbach EnergyufEs a dinction of drip volume and drigime in films processed at
54%rHwith ethyl acetate and line plot of average Bot including films witta 25 sethyl acetate driptime.

This is attributed to the driving force of antisolvent on nucleation of both the inésliate and
perovskite. For volumes of EA <18(@the film generally forms the intermediate during sioating,
denoted by a green translucent film. This turns brown and then black upon annealing as it converts
firsttol and thenh-perovskite. Conversely 1006r more EA causes nucleation of peskite during

spin casting, driving through the Lewvaidduct intermediate with & -perovskite film produced prior

to annealing. To understand the effect of dtime, and explain the disparity at52s E, &, and
thickness are determined as a functiondsip-time.

According to the Meyerhofer Model, early in spinning coating, thinning of the film by centrifugal flow
of solution dominates. Later in the process, when the film is thinner and the flow is slower,
evaporation dominate€?* This may point towards a delayed drip time providing more time for
intermediate crystallisation as excess solvent evaporates. Simultaneously, prolonged exposure to
ambient moisture increases the generation of hydrated interratei, where ambient ¥D displaces
coordinated DMF and DMSO due to its higher coordination potential. Stable hydrates form which
have larger cell parameters than the solvemtiercalated intermediates. After delayed EA dripping,
some moisture and intercalatl solvent is removed, but a proportion of the stable intermediates
and secondary phases persist, shown by the incredSirgg a function of time ifrigure38. Upon
annealing, films with later drip time have highéhickness due to this greater prevalence of
secondary phases, with visibly greyer, more matte in appearance, and rougher films. Another
observation of delayed drip time during spin casting is enhanced pinhole formation. Adsorption of
ambient moisture leds to formation of a hydrated intermediate at the film surface, entrapping
solvent. Upon annealing, voids form in the film as trapped solvent bursts through this intermediate
crust® These voids reduce charge transfer leading to shunting losses.
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Figure39: (A) Urbach energy (f (B) Optical band gapgjEand (C) Thickness with standard deviation bars, as
a function of EA dripime for films of Equimolar, MAI enriched and Rbiriched stoichiometries

By changing the EA drip time for films spast at3000rpm, it is found as EA drip time increases
there is a small increase in Urbach energy (Figure39B), and reeshift in bandgap Figure39A).

The intermediate Lewdadduct formed in Tdrip s(drip delay time of @ sfrom start of spinning),
Tdripiss, and Tdrigo sfilms, denoted by the films adopting a translucent green colour during spinning.
TdripssTAE Ya FT2N¥SR || WOf 2dzRA SN B, (leyagddally S R A
and then black (pseudaecubic) perovskite. This suggests the formation of hydrated phases in this
film, and explains the greately, as shown inFigure 39B.”® Dripping EA before intermediate
crystallisation due to solvent evaporation improves the ba&dde ordering of the resulting
perovskite, plausibly by the rapid nucleation of the Leadsgluct phase aoss the whole film surface
simultaneouslyk; and thickness are loosely correlated, with an increase in thickness coinciding with
an increase i, shown by theequimolar (0-25s) and MAI exs. (185s) films inFigure39c. In the

Pbb exs. films, delayingntil Tdripssdecreases thickness. This may be due to loss of organic cations
as the Pb cations have reacted to form stablenptrates.
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It is found that a 10wt% excess Padldition is associated with a strgar relationship between drip
time, electronic disorder and optical baigdp &) than in equimolar film, as shown ifrigure39A

and B The film treated at & shas similar properties to the equimolar film treatati15s, whereas
films treated later have a more reshifted bandgap, and greateE,. The higher concentration of
PE** nucleation centres may lead to a higher rate of formation for hydrated intermediates,
exacerbating the deleterious influence of ambienoisture described above and leading to larger
electronic disorder in films >1& MAI enriched films had a highgrthan Pbj enriched films, and
the highestg; at Tdripos An earlier drip time is associated with lowr and higheig,.

It is hypothessed earlier EA application minimisegHncorporation into the intermediate film and
increases the conversion to perovskite which it achieves by enhanced solvent extraction. Applying
EA earlier minimises production of hydrate phases and improve perevidkit purity (the ratio of
perovskite to secondary phases &pgsoducts).

6.3.5 Scanning Electron Microscopy

SEM is used to investigate film morphology under different spinning conditions and with different
excess precursor additions. Films cast with a-spio speed regime (100@m for 10 sand 5000 pm

for 20 9§ as per imsitu annealed samples, are contrasted to films cast with a single speed regime
(3000rpm, 30 9 as per irsitu spin cast samples. This was useful to identify any distinct morphological
differences arising from the different spinning regimes. As the saturation of solutions increases, the
crystallisation rate rises. As previously described, as th@ Bhs concentration increases,
nucleation density increases, leading to denser films. §péed and EA application also influences
morphology, affecting the precursor super saturation rate, solvent evaporation rate, and thickness.
The twospin speed regime has a relatively higher evaporative thinning component at the start of
spirtcoating due ¢ the lower spin speed than the single speed regime.

(A-Q show equimolafilms spun with a twespeed regime with a 108 EA drip after 15, 20, andb2

s. They show a combination of needle and grain like crystal structures. These needles are more
obvious in the samples with a shorter drip time. These nedékiée features originate from the
deleterious orthorhombic DMHntercalated intermediateé® The film becomes less compact with
increasing drip time with larger voids between neighbouring crystalliths is due to more solvent
being removed during the spin daw process prior to EA dripping leading to a lower nucleation
density of intermediary crystals as compared to earlier drip tirddsearlier drip times a larger
proportion of Pb is coordinated by the DMF and DSMO solvents (as opposed to ambient maristure
MAI). As the film dries, the less strongly coordinated DMF evaporates more rapidly than DMSO,
changing the ratio of DMF to DMSO in favour of DMSO leading to a lower proportion of needles at
later drip time.In contrast,(D-F) shows the film cast with an optimal deposition of 30pth for 30

swith a 200> @rip. Here, an early drip time is associated with a compact film with crystallites on the
sub-micrometre scale. The higher initial spin speed and greater aetiEle removes more DMF
early in the process prior to EA dripping. When EA is dripped dten&ve elapsed there is evidence

of spherulitic perovskite growth iRigure41C. This sort of growth typically occurs when there is slow
crystallisation from a saturated solutidff The high precursor saturation of the film due to enhanced
solvent evaporation may drive perovskite nucleation upon EA dripping, leadingse gpherulitic
clusters alongside the significantly smaller grafidhis open, coarse structure of radiating fibril
structures fans out from heterogeneously formed nuclei where the nucleation rate is low, and
normally under isothermal conditiors indicating the nucleation of these structures during spin
casting. Irsubsequentainnealing, secondary crystallisation occurs, with slow coarsening of the
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Figure40: Equimolar MAPblcastwith two-phase spinning programme at 1000 rpm f@rdand 5000rpm for 20 swith an
antisolvent drip of 106 f ¢ A (iine of (ARBSABYD s (C) B s MAPb4 cast with twephase spinning programme at

1000 rpm for D sand 5000rpm for 20 swith an antisolvent drip of 108 fvith a driptime of 15 swith a (D) 10 wt% Pbl
excess stoichiometry, (E) equimolar stoichiometry, (F) 10wt% MAI excess stoichiometry.

fibres3%” During EA application the film colour progresses from a light green tsansiparent colour to a
brown, semitransparent colour, suggesting the formation of first thevMisadduct intermediate via removal of
DMF and excess DMSO and then browgerovskite after subsequent DMSO removal. This alludes to the higher
crystallisation driving force in this film. Slow growth of the spherulitic clusters occurs prior to annealing.
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SElI 20kV WD11mmSS60 x2,000 10um  — SEl 20kV WD11mmSS60 x2,000 10pum  —

SElI 15kV  WD10mmSS60 x2,000 10um

Figured41: Equimolar MAPbIcast at 300@pm for 30 swith an EA drigime of a) D s b) 5 5 ¢) 5 s Mx2000

Comparing films of differing stoichiometry while maintaining constant EA volume and drip time, shows clear
differences in grain size Figure40(D-F). The ratio of MAIl:Pbtorrelates with a larger grain size, from <x00

in the case of the Phtich film to ~500nr#2 > Yfor the MAI rich film. This is strong evidence for the beneficial
effect of excess MAI on enhancing perovskite grain growth. The lower GB area of the MAI enriched films shoulc
result in fewer defects at GBs contributing to parasitic charge loss. Therahip time ensures a compact film

with fewer pinholes, reducing shunting losses, and improving fill factor. These films will have a greater
proportion of nonradiative defects due to the excess lodine, leading to a redukednd Vog which may
mitigate device improvements due to the film morphology.

Figure 42 and Figure 43 shows films cast from solutions with a Pleixcess with evidence of the DMF
intermediate derivel needle crystals on the scale of-2300> Y There are also residual Rbrystallitest the
brighter larger crystals evident in SEMwhich result from insufficient MAI for conversion to MARPbThese

Pbb crystals have lowest prevalence in films caghwai Tdripss (Figure42b). Pbi enriched films have a greater
sensitivity to EA drip time, with the delay more strongly linked to the crystallisation of unreactezhElrieedle

like structures. The needles ocamore sporadically at Tdrigsthan at either Tdrigs, or Tdripos Tdripss At
Tdripiss the needles are also more defined and larger, suggesting more optimum growth of the DMF
intermediate. At later drip time, ambient moisture is displacing DMF and DM&@ing to the formation of Pl
secondary phases. This is evidenced by the smaller needles and increasing proportiecrgsetiites at later

drip time. A MAI excess as shownFigure44 is associated witlthe formation of exceptionally smooth films
with grains on the order of hundreds of nanometres. As drip time increases so does the presence of
inhomogeneities in the film morphology; pinholes and secondary phases richviffFBlore45).
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Figure43: 10wt% Phlexcess MAPblkcast at 300 rpm for 30 swith an EAdrip-time of a) Ds b) 5sc) Dsd) 5 s
Mx2000
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Figure44: 10wt% MAI excess MARBst at 3000pm for 30 swith EAdrip-timesofa) 0 s b) 55 ¢) D 5 d) 5 s Mx2000

Figure45: 10wt% MAI excess MARIgast at 300Gpm for 30 swith an EAdrip-time of (A) Ds (B 15s(Q20s (D 5 s
Mx200
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