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Abbreviation Meaning

AFM

AM 1.5G
APV
APS
APXPS
ARXPS

ATRFTIR

BCP
BSE
CB
CBM
/ &t oL i
DMF
DMSO
DOS
DSSC
=

=
Evac
EIS
EQE
ETL
FF
FTIR
FTO
GIXRD
HOMO
HTL

ITO

Jh
Je

Atomic Force Microscopy

Air Mass 1.5 Global (standard solar spectrum)
Asymmetric Pseud®oigt (peak model)
Atmospheric Pressure Photoelectron Spectroscopy
Ambient Pressure-Kay Photoelectron Spectroscopy
AngleResolved Xay Photoelectron Spectroscopy
Attenuated Total Reflectance Four&ransform Infrared
Spectroscopy

Bathocuproine

Backscattered Electrons (in SEM)

Conduction Band

Conduction Band Minimum

Caesiuniead lodideBromide (perovskite)
N,N-Dimethylformamide

Dimethyl Sulfoxide

Density of States

Dye-Sensitised Solar Cell

Fermi level

Bandgap (energy difference between CBM and VBM)
Vacuum energy level

Electrochemical Impedance Spectroscopy
External Quantum Efficiency

Electron Transport Layer

Fill Factor

Fourier Transform Infrared Spectroscopy
Fluorinedoped Tin Oxide

Grazinglncidence Xay Diffraction

Highest Occupied Molecular Orbital

Hole Transport Layer

lonisation Energy

Indium Tin Oxide

Lightgenerated photocurrent

ShortCircuit Current Density
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KP

LED

LUMO
altolLi
MeO-2PACz
MPP

ND

PCE
PCBM/ we
PL

PSC

PV

Re

Ren

RT

SC

SCR

SE

SEM
{yhi
SRH
TCSPC
TEC

TRPL
UW-Vis

VB

VBM

Voc

2C o6uv
UB

Um

Us

XPS

XRD

Current DensitgVoltage

Kelvin Probe

LightEmitting Diode

Lowest Unoccupied Molecular Orbital
Methylammonium Lead lodide
[2-(3,6-Dimethoxy9H-carbazol9-yl)ethyl]phosphonic acid
Maximum Power Point

Neutral Density (filters)

Power Conversion Efficiency

Phenyt/ Hosdzi @ NA O F OAR YSiKeft
Photoluminescence

Perovskite Solar Cell

Photovoltaic

Series Resistance

Shunt Resistance

Room Temperature

SpinCoating

SpaceCharge Region (depletion region)
Secondary Electrons (in SEM)
Scanning Electron Microscopy

Tin Dioxide (electron transport/interlayer)
ShocklegReadHall (recombination)
TimeCorrelated Single Photon Counting
Thermal Expansion Coefficient
TimeResolved Photoluminescence
Ultraviolet;Visible Spectroscopy
Valence Band

Valence Band Maximum

OpenCircuit Voltage

Work Function

Schottky barrier height

Metal work function

Semiconductor work function

X-ray Photoelectron Spectroscopy

X-ray Diffraction

(¢p))
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The continued development of PSCs was achieved through a broad spectrum of studies that
focused on crystallisation control, stability, and scalability. One of the significant
breakthroughs in the field was reported in 2014 by Jeon, who worked on crystallisation control.
This was achieved by introducing dimethyl sulfoxide (DMSO) to form Pbl,-DMSO adducts to
control the formation of the intermediate phase, as well as developing the antisolvent
deposition method, where toluene is dripped on the perovskite during the spin coating process.
This made a significant improvement in the quality of the perovskite film process, resulting in
a very compact and uniform film, which led to a 16.2% PCE *°. This work inspired many studies

that further develop the anti-solvent deposition technique 2°%6. In 2015, the same group



investigated mixed formadinium (FA) and MA cation perovskites to improve the stability of the
FAPbDI; structure. The rationale was to improve the Goldschmidt tolerance factor (GTF)
through balancing the large FA size with MA (reducing the average A-site ionic radius). Mixed
cations and mixed melas have been further optimised in the following studies to improve phase
stability and tune bandgap 2"'%2. In recent years, the field has also been heading towards
investigating Pb-Sn Perovskites. Besides having better phase stability, this research shift
toward Pb-Sn was inspired by their narrow bandgap which makes them suitable as bottom
sub-cell for all-perovskite tandem solar cells, suppressed Sn oxidation via Pb substitution, and
balanced carrier dynamics which is achieved by the passivation effect of Pb2¢pand high mobility
of Sn2¢ . To date, the highest reported single-junction PSC PCE is 26.7%3*.

In addition to improving stability, incorporating large cations into the perovskite structure also
enabled the development of 2D/3D perovskite, which improves moisture stability, thermal
stability, and acts as a 3D perovskite passivator *4°, To push the technology towards
commercialisation, the research community started addressing the challenges of scalability.
In 2017, researchers at Ecole Polytechnique Fédérale de Lausanne (EPFL) reported
fabricating large area ( ~1 00 ¢ m] ) 2D/ 3D hybrid peroaPCEi te mo
<11.2% over 10,000 hours of continuous operation. This breakthrough was one of the first
steps taken to move the technology closer towards commercialisation, record was later
pushed to a PCE of 23.3% 442, With compositional and crystallisation strategies established,
further advances in PSC research between 2018 and 2023 turned toward tandem integration,
encapsulation, and mechanical robustness. At the time of writing the highest reported

perovskite/silicon tandem solar cell PCE is 34.6% 3.
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This thesis aims to address these challenges by developing scalable, antisolvent-free
fabrication strategies that improve both the reproducibility and the long-term stability of
CsPbIRBr-based devices under ambient processing conditions. Two complementary
approaches are introduced and systematically investigated.

First, we explore the effect of pre-annealing hold time and temperature on film formation
dynamics. By introducing a controlled hold step prior to thermal annealing, we demonstrate
that intermediate-phase formation can be steered towards more uniform crystallisation,
resulting in improved film coverage and reduced buried interface voids. The influence of hold
time (0-40 min) and temperature (RT and 10-20 °C) is systematically studied using a
combination of in-situ structural, optical, and morphological characterisation techniques. This
enables us to establish a clear correlation between processing parameters, void formation,
and device performance, ultimately identifying an optimal hold condition that maximises

reproducibility and efficiency.

Second, we present a warm-air-assisted, slow-cooling processing strategy designed to
st abi | ipBase ahdremrhante photoluminescence intensity under ambient air. This gentle
50 °C processing approach allows controlled oxygen incorporation and gradual strain
relaxation, leading to phase-pure, pinhole-free films with significantly enhanced emission
intensity and improved air stability. The effects of annealing duration and cooling rate are
deconvoluted to distinguish between the roles of oxygen-driven surface doping and lattice-

strain relief in suppressing non-radiative recombination.

Together, these approaches provide a practical and mechanistically informed framework for
improving film quality, device reproducibility, and operational stability, offering valuable

insights into the scalable fabrication of high-efficiency all-inorganic perovskite photovoltaics.
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Figure 1- (a) Potential energy and (b) force between two atoms as a function of distance, showing

equilibrium at x where attraction and repulsion balance. *’
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2. 2Balndgap Fundamentals

| n ssotlaitde physics, band theory describes how at omi

crystalline solid to form extended states called



in a crystal |l attice, their discrete ener gy gluegwel

2, the more atoms are added, the more the number o
energy differences between them di minish, resul ti
and the conduction band (CBf bDmaiWR isd apreisma rwihliy
of antibonding states. These bands are separated
bandgap (Eg), where no el ctronic states are per mi
a
Anbobondi
o0
= / \::\“
o ® @
c ﬁ P
L \ / —
\ / _——=T
——E === —
a
Bondi
2

Number of At o

Figure 2- Evolution of energy levels with increasing atomic orbital overlap. As more atoms interact,
discrete bonding and antibonding molecular orbitals form energy bands. The bonding orbitals (blue)
broaden into the VB, while the antibonding orbitals (orange) form the CB. The energy separation
between these bands corresponds to the bandgap of the material®’.
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Figure 3 - The flat band structures and Fermi levels for three cases: (a) intrinsic, (b) n-type, and (c)
p-type semiconductors, along with the corresponding Fermi-Dirac distribution function f(E, T )*’

2. 2Va3cuum Level, Wor k Functi on, and | nt

The vacuum eBexgysl ehel efergy of a free electron
energy |l evels within a materi al are measured rel a
t hewi t h r e pbetomes particularly important ahd i s
0is defined as the minimum energy Eetqutitligedvt ¢ rem
0) .

The i onisation energy (Il E) is the energy needed t
E,ac On the other hand, the energy rEgjf.@easbdae WBemi an

is referred to @)s Electron affinity (

Al l threetdgdWEgntaardeescefntr al in understanding energd
bet ween different materials. For instance, in org
of these |l evels ensures ndf fmimiiematl eharr Qe dxtsrsac tTi
il 1l ustrFatgeudr ®@nch further el aborated t hrough interf

measurements in surface science.
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2. 3p-Nn1l Junction

When -taypmpe (excess htopees) ( eaxncde sasn en ectrons) semico
contact tno jfurmren iaomp, their band structures must r e
contact, the only common energyri @iy e s/hd igge ftvheee n
each materi al may differ in gener alBgf or de ap sEeadcihing
i sol ated materEj. alThteasiifffer ®atces iam concentration ¢

carrier diffusion once the junction is formed.

As sholwing®bme upon contactypet-vggapt d@i oons, charge
to diffuse due to the concentration gradienypeele
region, diffype Bhte,twbi pe hol ¢het yphe magioon,t ydict

t hetynpe side. As elteycpe ornesgiloem,v et tehye enx pose positi
are no longer neutralised by mobil4€4yekecegonsa, 8i
charged anscep@mtrer lieft behind. These exposed ionic
crystal |l attice, and they accumul ate near the jun

on both sides of the junction twhderknomwrmids tche rdyeep

This region is electrically active despite being
positive and negative charges gener at es -taynp ei nstiedrer
towar dt yhe i de. Thi s ufi-ilal doesehabhl shrd arbates an
opposes further diffusion of carriers. As a resul

where dri ft and diffusion forces are bal angs.edAs an



this charge redistribution progresses, the energ

environment. The €E€FpandidB drentdha omwn watrydp, e asnidd et hboe
upwardThis continues until the systebBhbecamdsesc@mut
t hroughout the entire junction. The electric-fiel

in potigintwhaiilch represents the energy barrier that

cross the junction. It is defined by -ttyhpee dnigfgfeen e
regibnsiz ( ) .

(a) (b) (c)
————— —_——_——— "\\
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Electron Diffusion current P-type material . Depletion region
o Hole = Drift current N-type material
Figbr®chematic ill-ostuatfiobas af @ap equilibrium un

bia&$
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As i llustigdbeduinder f or wiayrpde bsiiadsg @threttpeop i s con
hi gher electrical ptoyment sidaties etat éeveal obitrdhee lm@etors
field established at equdinl ipbortieunnmiigarhda braendour ceeasl |tyh er e
motion of majority carriers. Abyperreasgilon ¢$Hhief tenc
contrast, the-tpbpads epghon hehinft upward, effective
bet ween the CB yypdgegiodbntaednt hd yYWB edge onf. tThe sp m

the band profile decreases the width of the depl e

juncti on.

With the potential barrier | owered, maj ority carr
opposite regionstypgée€Browbhera thein concentrati ol
p-t ype side, driven by ©Oheecbhegntrassohhgr pidyinpeent o |
region and recombine with hol etsypen \ B edIiViBf. wisSgpnei d vaa



side and recombine with el ectrons in the CB. The
current flow under forward bias, as the populatio

of minority carriers in each region.

Whimeaj ority carriers mowmenprimarichyrbgrsi &afaei erp

dr.i fltn-ttylpe pegion, a small popul ation of thlReesal |y
el ectrons, being minority carriers, are influence
and drift -ttymweargsh dpdaeg ad | el , mi nor i-ttyyp eh oM Be sa rper essveenpt !
the juncti ont ytpopewasridd et hiendper t he iinfluence ode the
minority carrier drift currents flow in the oppos
they are much smaller in magnitude and do not co

f orward bias.

Overall, t he reducti on in the potenti al barrier
substanti al increase in the injection of majority
increases exponentially tvaigteh atntde i ap pd eisecdr i fbcerdw abryd

equation:

‘© 0Q op Equathi on

A2 01+ DWw7pRriks 200 qiR WG

On the other hand,i grg ad emljlwmsdtriacdnredi s pl actehde und
pt ype side is connected to a -tlyopme.fishiedseceekt ecahbl pobe
to thenbpibtential, odf ftehcet ijvuenicyt iiommcr easing the tot
carriers must overcome to move across the depleti
VBs bend more steeply, and the depletion re@ildry wi
applied electric f-i ol dsi vweekedpnifnogr creasb itlhee nbhaujiorti ty c a

juncanonfurther depleting the areaemear the interf
As a result, the movement of +myjper iatnyd datl seise disni 6
strongly suppressed, and diffusion current is eff

majority carrier flow beademds cmoegliitgiomlse, nan dc uu i
However, in real semiconductors, a smal/l but fini
arises due to the presence of minorit yt ycpaer rriegiso no
smal popul ation of thermally ge#tgpaet e@geloactt bes ma
holes are present. These minority carriers are co
swept across the juncti on ththy tdlee | ttri @mmg relge otnr. i B e

by the field rather than a concentration gradient



This minodrtfitcantiies known as the | eakagelgcurlrtesnt
magnitude is determined by the rate of ther mal ge
the order of nanoamplealeist yors illeiscso ni nd ihoidgehs . This ¢

opposite to tHhat df ffaosiwwand-tyupeemnit,y psHmoemr €Tvheer pe

saturation current i's mainly independent of the a
temperature, material quality, and intrinsic carr.i
even a slight inccaasd eiand t ®emme rigottuidcee a i loe trhies ee xij
dependence of intrinsic carrier generation on tem
negligible under most operating conditions, it bec
l ow noi se,mper ahugbstewhere | eakage can i mpact de

baseline for the total @a@rént in the SlEgulkitbé yndi

Fer mi Level @plainddrt iphwgndtni @ns

I n -a puncti on, t he EibreittwieeInt ¢ fhéef ogy@reanea eign ons | eads
di ff
oppo
regi

sion across the i ntersfiaee.t-gHItlehcet rgonnds hfd loews ffi
ite direction, establishing an internatiedec
n, where mobile carriers are sBybptomes. ukigto

regi

u
S
0

across the juncitn omgt eemtdi alh ep rbeuv d P8t sTof uerxttheerrd ntehte o
on and enhance carrier separation, an intrins
d

dope regionsisn ffammitngna phe intrinsic | ayer sup
contributingmdrrmrewi caraha@mrge dxtraction anyl Uedaci
no-aquilibrium conditions, such Bspiliorsvar diF@®@r ]m& 0 0 C
l evel s: one Efpramed eacn e Biys.r (Thhod eesngr gy separation
defines the imdbed® nad® .volEHagseel splitting reflects

injection or separation and is esseh’ i al in devic

2. 3Me2t-@é mi conductor Junctions

When metal and semiconductor brought into cobBptact,
to the one Bumiad hecuilloiwkerrat e the chemical potenti al
this electron flow and the resulting bandiy )l agadme
semi condygct odr u(ci al |l vy, the depletion region for ms
ot in the metal. This is due to the vast differeri
densities order of magnitude hnhnghguebbhhnp, thhae 9€r ¢
in the met al is extremely short making the band b

semiconductor exhibits pronounced band®Bending ov



When the metal work function &Beehs thatctofontshd |
the semiconductor into the met al upon contact. Th
ionised donotrypmpd osnemiicnonnduct or s, forming a space
interface. The r es sl ttihreg seelmd cctornidau cftiog | d almnedrsd upwar
barrier blocks electrons from flowing back-li keo t
behaviour. This is called a Schottky cont aecrtf afcoer
i s t he Schottky batyiper skeemi git) d otr% ra.n( Mmotry pe

semiconductors, tidi>0)s aamhe gmnorEgdlhte some t(alo t he VB, f.

injection. Thus, it can form an Ohmic contact for

When t he met al work function is @Bawed, t hahethaodone
from the met al into the semiconductor, accumul ati
downward, and may result in electron accumul ati on

barrier heighexisabemaiwvl ngr mapaority carriers to f|I

pt ype semiconductors, a Schottky barrier for) hole
gi ven% b y% ... 0. Ferype semiconductor s, this resul
electrons, allowing easy extraction or injection.
I n summary, and as showhypa& $emiucendcducat oarsd the,ndn t
functions than typical met al s, makt nwge Stdmit ¢ &ryd uc
generally have higher work functioerd, wiattoapommgnO
I n terms of device functionality, Ohmic contacts
emitting diodes (LEDs), but for different reasons.
requidireson t-hgpe side to allow electrons (majorit
0 >0 on t-hepe side to enable hole extraction into
or Schottky contact is not solely dettyepremionrgep blyu
rat her by the relative alignmemnit)(b&ndvethet hemimeadr
electron affinity or ionisation energy. Careful se

perfor manceaepplni ecattihemn.



Metal Semiconductor . Depletion region

Fi gwrEhe fl at band sjturnuccttiBogne wofedrinei ed ¢ angd( or ange) (-
and I(nb)equilibrium, a Schottky el ectr acnnandndder ohn
f orwar dgabnida sSCR d eexarnedalsfef.y g veiliseendi AGR i°fcrease

Bi as ofSeMeitcaolnduct or Junctions

For electrons, & c>hio)t ,t kwn dceorn t faccrtvgar(d bi as, t he met
potenti alEk rledwmdriiviegt o the semiconduct or .E Sg muflttsan
upward. This r-edupestighhicealbbufdws the depletion reg
energy barrier) (tihmptedes el ectron flow. As a resul't
i ncreases exponent Uadkey wevbr svyeol bage (semiconduc
increagegndhéowgr.s Tthhes wi dens the depletion regio
suppressing thermionic emission. The current becor

current due to minority carriers.

For holes Schat&«kWy oodeacf®r ward bi ask (ghredmd anod
Ef rsi ses, reducing band bending and narrowing the

decreases, enabling forward current fl ow. Under |

o



Eif mi sEsfall s, increasing the width of the depl et

transport and | imits current to a small | eakage c

[ I RWARUURUN

At t hessemeitadnduct or interface, a key phenomenon
behaviiguevel pinning. This occurs when a high den
dangling bonds, or chemical di scontinuities, d o mi
These interface states can trB@at car rsipeercsi famrmd eafef
independent of the metal s work function. As a re
height through met al selection is suppressed, and

t hebdlryThis pinning effect can hinder perf-mrammccp

i-n structures, by introducing contact resistance o0
t his, careful interface eaengimeeéwmnidrg tihe asee mtfi ad L
i nsertion of buffer | ayers, or the selection of C «
reduce the density of interface st.dtes and preser:

SKFISE!I NIIWoOce!l | RJI W7W6¢c2RYel WRUWEWGR]

Ef ficient operation of electronic and optoelectro
transport, and recombination behaviour of <charge

processes affecting carrien, dyesammbsnathohpudi hfgete

|l ength, and the role of trap states.

2. 4Calrri er Generation, Transport, Recom
When a photon with energy above the bandgap i s ab:c
CB, l eaving behind a hol eholTehipsaicrr ecart,e si fa bforuened ebly
an exciton. I'n most semicemeéugt e@erss . alllow ex@itdordil

carriers at room temperature.

Charge carriers move through semi corrdduectteorrnsi nveisa hc

quickly carriers responH),t owhan &k)lieicfitdrteicraef é(ed gle (tvi

recombination, inversely treel aTtheeds et ot woh ep arreacnoentbeirnsa f
di ffusion I ength (L), the average di $t ATt Whar earr
O '—&High mobility and |l ong |ifetime are essenti al
charge collection.



Recombination is the process by which electrons a

Figdrkelustrates the main types of recombinati on:

T Radiative r eadmhriagat ifonn el ectron falls from th
photon. This occurs mainly in direct bemidtgtaipn g

devi®es

T ShockRegdal | ( SRH) r e(Eiogniribg at ilonrnvol ves trap st
bandgap, typically due to defects. A carrier i
opposite carri eradiraetsiuviet irnegc oimmbinnoant i on. Thi s i s

defective’®mdtheérsi dlnmbstdesedr apEiognbé mati on (
T Auger recornfhiigndddE:onA-bbtdyekenteraction where the
is transferred to a third carrier, which is e
significant at high carrier concentrations.

Mi ni mi s-radi abnve recombination is crucial for i mpr

by reducing trap states, which act as key recombi

(a) (b) (c) < @

> g 8 g |
o -
e il s S S
r 4

im
|

Photon = ==l Excitation = == Energy transfar
NN\~ Phonen Relaxation Trap state

Figure 7 - lllustration of (a) photoexcitation of electrons. (b) Band-to-band radiative recombination.

(c) Shockley-Read-Hall non-radiative recombination. (d) Auger non-radiative recombination. 5’

2. 4Tr2ap St at es

Trap states are |l ocalised energy Il evels within th
l attice. These states capture charge carriers,

perfor mance. I n energetic ntedaensp. tShaplsl awet raphear
band edges. SI'i ght [|leantetrigcye pdoiisntto rdteifoencst sort ylpoiw al |
may temporarily delay carriers but often allow th
found eBeai ddhe of the bandgap. Usually originate



i mpurities. They are efficient recombination cent

are either interfacialcuar abtulbko.un dlamti eersf aceet wtereanp sd i
are caused by i ncompl et e bondi ng, oxidati on, or
recombination and instability. Bul k traps are dis
def edcutrsi ng crystal growth or processing. They affe
Reductimagp density is essential for enhancing cha

perfor.mMance
ZHOPEGUYI Dc URHWAII Y2t t RqUWEYGc!l W9 GG
2. 5Pelrovskite Materials: Crystal Struct

Alilnorgani c perovskites hayetnlhet gremerwhemperAdviskia
e..g. s B is a de.yga.l@brtamet 21 i ¢ a bBarlodd.eCllamd ont r(Uc
consi sts-sthifar¢ dgoBaXhedr a f o-dimmegsiaon &lr eret ¢gwoartki,o nwi
occupyi oagb d dteavhoeiddk'sa bet ween oct alré drBaae alTsh es heolwenc t ir

structure is highly sensitive to compositimmvmalh ch
Bw increases the bandgap, shifting the absorpti on
mi x-bedl i de systemsBsublal asc€spPhhse stability with
mentioned in Chapter 1, Section 3, aFikbeystaball amn
photoactive black phase at room temperatur e. Thi s
convert i nt op hao tyoeapchtaisveenomder ambient condiveobns.
wi de r anige roddiiionof the atoms causing an instabil
stability of perovskites is quanti f2%’e'®%®by the Gol
“O"Y“O ‘_l ‘ l ‘
ng 1 |
wherdg, anddenote the ionic radii of the respective
when GTFa1l, while deviations |l ead to ocitndcregdamilc

systemsi,s Gsmal |l er t han or gad¢noirc ¢FcAawthiiocnhs rseudcuhc eads t M/
predi sposes the Fiag8d €eeend od dd espgiedta itohmeg oacrntrméeredr a c
phase and-sthhme ieadgeonfi guration of the inactive p
structure alter the overlap of molecul ar or bistal s
what makeBr CedPbd st absl est hae €8Pbr GTF are 086847 a



Figure 81 (a) Unit cell of a perovskite crystal (b) Three-dimensional perovskite lattice (¢) Corner-
sharing octahedra of the photoactive perovskite phase. (d) Edge-sharing octahedra of a non-

perovskite phase. %7

2. 5BPhRRase Stability and Ther modynamics
The unit cell of a cdy antealsiiomn atl hd ug malli Ings tb,| otctkr & én
form the crewsemiyherattihase, a unique unit cell t hat

the angles between them that define the arrangeme
addition to the interesting GTF of thda ffgerewngkictre
structures to be stabilised, including®’t.%elrnmoarlg aenfi
Cs Bhsed perovskites haaechibuc &mhasa),r atddtiraasga)n,a l
ort hor hogpnmbaisce ikphds®eh&, ammdphases ar e -soffara noo roncetra h

structure and are photoactive phasd@phabeahbhs-owhblek
sharing octahedr al Stiduenteunrs e o rtlchilaktec Haoirmasn g a meln t
photoveaahnhd exhibits a yellow colour. The differe
variatiahedral ocilting and connectivity, which al
and optical propef®% es of the materi al

The -IiPb bond angflveariirmsCsRPlgini fi cantly across its p
t hkGphase, 1®bdAaisre;lt5bé& B Aopmadde and as | ow as 95. 0¢
noperovigkhdee, reflecting the progressi vtei oonc taachreodsi
phase tralnsThi®snshange in tilt affects the dista
orbitals making up the bandgap (specifiotal tgusiheg
change in the bandgap and resulting in tHenoehe cal

reported bandpgpahpass esf IMZssBelix hi bi t s a bandybads Pegpfl ~1 .
shows a theoretical bandgap ranging fr om Me.t6h8o dt o
2-Cs Pphlas an experimental olpt7isChdVabdnypipapves&s RRel. 6 3
di splays a wide bandgafErsfbtiwe®. 8epEanédr phase?,and
e \po&. 73



As wel | as impacting materi al properties, the <cr
decompositiob, eamaphiasesesoBr CHPHB, 06,-0ahd eV,o- maki

phases |l ess stable than the other phases. THhe str.
Uphase transition. Inst-dagendentobkeqwkn¥ew ¢ péraatht
step ngvalgriradual increase in octahedral tilting
studi eisr meanft hat as the perovskites cool s, b-he st
phase, then intophiasertthefrdroenbfiicnal | per ea&khage t he
“This process initiates at the surface of the cr
observed itshiriomiagghi ng 7St vLAdidéds i onal | vy, nanocrystal 1

transition dynamics due to their high surface ener

Environmental factors, including moisture, oxygen.
of -KKEbaspdr ovsWatteers . mol ecules do not deeply penetr
surface, where they driveBddheTmi gratreanhesf hbali dee
the ener gy blardrpihears ef otrr atnhsei t i on, which typically |
surface and pr dpdgaldnedse ri nlwagrhdt , oxygen reacts wit
carriers to produce reactive species |ike sperox
bonds and weakeh’infwhenhsbethbokiygegn and moi sture a
the activity of théstetspasi espnmakshgrihespeciall
l'i dhtl I Il umination boosts their formation, and temp

|l attice movement *a.h’d defect activity

2. 5Fo3r mati on Pat hway and DBEmalmtcer rad d it dt

Phase
The crystallisatiBm patopwagrmoméd CsyPbh sequence of
begin in solution and proceed through a set of st
intermedi ate phases are not just transienthef dodi mat .
perovskite filmés crystallinity, morphology, Fand c
(X = ®ris dissolved dinmetoH wle ng sl sd)ximeda kiyDMBP®)Ha mi de
Dud o their strong Lewis basicity, t hbesa@at sesyehos

solvated adducts oHR DMSO.geTnheersael cfoompm ePxbeXs pl ay a d
precur sor solubility while kinetically slowing d
window for more controllable inter méedii®dtpe np deespeo sfic
these adducts-adbegmibl e oi nsted fl ayered structures i
intercal at ed?JdcettaMeeedhr aRb Xchai ns. The presence of
interl ayer spacing but also stabilises the | ead

struciutes



As

i n

the wet filnibegimns ffoasdrynt@sth®bKmdtewdraky.er Bh
tercalation is energetically fdavnodurtehde deuxep atnod etdh

bet ween the octahedra | ayers formed byyompet BMS@i t
DMSO for bimddggstan®b¥Xeakly coordinated sites, I
solvent moPfPlelthud essystem undergoes a compositional a
a qu2aBii ntermedi ate ph®PbEeDMIMMpotsrewc tod r eCss. Studi es
Fourier TraRed o$medtnfosacopy (FTI R) and XRDsbhalwe ¢
phases, with characteristic shifts indicating bot
79,.80

Further solvent evaporation or mild ther mal actiwv
i ons and Cs systematically displace DMSO. Thi s
framework and the emer gence oeft ansutcalbel aet ii onnt ecremetdri east
intermedi ates, which are often disordered yet <che
precursors fophade perfaPs®himpeokt antly, the rate of
kinetic parameter as slower drying facilitates | ¢
perovskite secondary® phases and pinhol es

2. 5Stdabilising PheBroactive CsPbl
Stabilising the photod®Bniive &3 aerkt ipdhlasfeorofa ClsiPovir
and dtemgn dur a-bhbirggnia petovskite solar cells. Ov
research has converged on a few stabilisatiomr str .
engineering to microstructure control and interfe
strategi e®rfareCsBbion and halide site doping, adc

tming through solvent and atmosphere engineering,

st
K¢,
de

cr

ress relief wvia microstructural esnigtien eaelrkian gj.. dAonm
b angdi tBe i ncorporeadt,g.ofnr Bd | mgatrael swi(dely used to
nsities andphhutppalteptdisavseaord or mati on. However, opt
itical to avoid | & fiidal isde an at oo s ryirtedmradt riodnas g |

substitution further enhances strudt tArdali td tvaebielnigti
wi th hydr opehogiTMALE-)bailongmmoni ums, and small mo |
has demonstrated i mproved cryst8&PF. | iassyi vaantdi canmba gee
as Lewis bases or polymers contribute by¥?reduthedg
processing side, sotswdnwtenengirreeadmemd ,sa,i amtitiecdping
facilitate | arger grain sizes and conptrroonlel ebdo ucnrdyasri
84.85 8Di mensional engi2Meernri lpywsiedg squasit ures enha
and phase °&tabnttéetfyace engineering, including i

o
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onstructi on, addr esses interfaci al recombinati
ustthéds&Finally, suppressing | ocal microstrain I

ess modul ati on has emerged as a novel r*éute to

5Robl e of Solvent EngineeringlBrRati o,

Il nter medi ate Phase For mati on

formatiM®mni ndferGelMbhlate phases is influenced b
rdination strengt h, volatility, and rati o. Thes
rmedi ate phase stability, andt atrg st la¢ | memaphoh

e

oelectronic quality of the final perovskite fi
h stronger -soodoredit satsiurcgh -maest HHPWS QO odri ddne ( NMP) ,
d to controlkitmeticeoeystAmad |exmltaiomed ear ILieavi ,s 6tsh e
e interacfi scnabwlibi )] inter medHdHMSOc ocAnNpN WA e s
s temporary stabilisation delays rapid nucleat]
r crystal growth, wultimately enhdhel higo vwe vad rn, ut
portion of t hese solvents mu st be carefully
rdinating solvent can result in slow crystalld]
persistence of uncoiolredi nadbetli i nker magdi prempt &

i nhomogeneotb®gt3ain growth

sol vent ratio also directly impacts the tran
tance, a 3:1 to 9:1 DMSO: DMF MBatisyshasmsheas wi
ers a practical bal ance between coordination s

d di ssolution of the precursors. At BtriLeDdS O atainc
reproduci bly formed and <domreerftiddsi ntgo’dc’d@rhpaeat
h DMSO content within this optimal window enh
reby promoting | arger grain sizes and reducing

s range can hinder comprledied pala sso lcvwennvte rcsd mml eox

ice pefP?.dr mance

atility plays an equally c+#ipteircoavls kridlee tirmndae ftii
e DMbBuaywdol actone (GBL), which exhibit | ower b
ilitate rapid i mmedgaspi nucbaetthngn Whehest dusi
stallisation, it oftewnnipfrordmcreser shmall d gy riafi nrsota
atsblevemt such ast®DM&ODhese NMPgh boiling point
ral | sol vent evaporation, effectively extendi



crystallisation. As a resol ati Ifiitlynss @plrweretsss edi sawg

orientation, improved phase pguP3i ty, and better sul

The antisolvent step further compounds these effe

and triggering a rapid phase transition. By choosi
volatility, such as c htlloeg oweakzleyn eb oun d i EMF yil s edfhfeir
same time,-coblbeddDM@8O®ed intermediate remains moment
supersaturation event that facilitates a control]l
ither medi at®e®?phiHosweever, i f the primary-vsodlateanti tsyy ssto
the antisolvent may become ineffective in initia

formation or the entrapment oJof °tg€orsensdbbwmwahtant ns
fail to effectively extract excess DMSO, as higher
ultimately | eading to poor film formation. -fThéees | i

fabri dataitcerngises.

Al toget her, solvent engineering emerges as a strat
and crystallisation behaviour. By tuning the coo
solvents nucleation pathmiags aand ©Hel maievol ed.i ofhid
i mproves phase stability and reduces defect den
techniques such as -bileadpr icrotaitngn,g whersel oeaxt ended

controll ed ascel iedsisfeintt.dtaMomeover, ongoing efforts t
|l ess toxic solvent systems highlight the environme

in the devel opmertr foff matn@BEl €, Pbhivghki 1°e’8s°d1 ar cel | s

2. 5Mo6i d For matilBn Fnl @sPb

The way BC€Cpebovskite fil ms crystallize plays a m
performance. When crystallization happens at | ow
is mostly controlled by the sol ventnsovreamehnetr itsh alni
under these conditions, structur al rearrangement ¢
the grains grow through a process call ed @&lsetpwaslid r
onto |l arger oeesgsceThiai hebpsndaries, which is gooc
grain growth is too aggressive, it can |l ead to wu
additives or surface |igands are oftene uwsreidf’d romicto)
During spin coating, the perovskite solution is s
DMSO begin to evaporate. Evaporation happens fast
air, while the bottom eviapoerattee Mmoe esshbhowl gt @as T

gradient in solvent content, Whi%°dm &DIM&dx tssy sht cewnst, h e



|l ayer reaches supersaturation and starts to cryst
surface, and crystallization then modessndpwowasd
hel p align grains vertofphadhyg ¢lwhaige tsagepdrtfor o
or unreacted precursors underneath the surface c
secondary phas’®9’ Vandsvaidsa common fis$smese and CahBl
affect device performance by disrupting charge ¢tr
These voids can form for different?8r% alshcernys aarned uisl

grouped into four main types:

T I'nterfac:i aHowmnd dset ween the perovskite and und:é
wetting or del a%ed crystallisation

T I'ntragranul &opuwndi dasi de grains, often caused b
during sodi dification
I ntergranul &ouwndi et ween grains WwWhé they dono

Surface pi Nhel bbke holes at twhked ts wnrgf @ce,r apd wsed
crystalPtisation

There are sever al mechani sms that can | ead to the
a solid crust forms on the surface while solvent r
create blisters®%.f® Amatelrenral c awasve tii®espoor grain me
grains do not fully coalescel’ avVumg smalihkageds
to voids; as the material transitions from a sol v:
unevenly, i nter nari cgtor ¥¥sosiAdicslai nt i cornead tl ey , gas rel eas:
cause voids. Leftover precursors may decompose al
escape, they form®°Vvoéidghiesei de et semei cmmmon cause
not l'imited to just these mechani sms. Al t hough t
formation is not exclusively due to them. This th
ar e efdi.l

2. bBRo7/l e of OxyeeamcemsdiAigr in the Phase S
Cs PiB r

CsPbIRBr exhibits a unique interaction with ambient oxygen that can either induce degradation or
enhance phase stability depending on processing conditions. While oxygen is commonly associated
with degradation mechanisms in perovskites, particularly in the presence of light and moisture, recent
studies have demonstrated that under controlled conditions, oxygen can play a beneficial role in
stabilising the active phase of CsPbIRBr. The key to this stability lies in the formation of Pb-O bonds.

During air-processing, oxygen atoms interact with undercoordinated Pb?¢ ions to form Pb-O bonds



and stop them from being trap states. This passivation function significantly suppresses the transition
from the p iplaseaamtoetnonweh ol o a ephasev’@ It does not only responsible for
enhanced phase stability but also improves photovoltaic performance and reduces hysteresis by
lowering trap-state density ’. Films prepared under dry air (relative humidity, RH < 15%) demonstrate
enhanced crystallinity and phase retention compared to those fabricated entirely in nitrogen .
Furthermore, oxygen-induced passivation is more effective when oxygen atoms are involved, as
atomic oxygen binds more strongly to halide vacancies and surface Pb sites 1°1. Dry-air processing
allows for the dissociation of OF into reactive oxygen atoms, leading to deeper passivation, lower
defect densities, and improved long-term performance 77191, This mechanism supports the use of
ambient fabrication environments with controlled humidity and oxygen content for scalable and stable
PSC production 771102,

Humidity plays a secondary role. Trace moisture stabilises reactive OF wmpecies, which further
enhance the passivation of Pb2$ and facilitate additional Pb-O bond formation. This stabilises the
perovskite structure even under moderate humidity (30-45% RH), even though higher moisture levels
are known to promote hali-+odi wpaaasrec yt Pficimpordattionrs ar
CsPbIRBr films processed in air exhibit superior long-term stability in both low and moderate humidity
environments compared to their nitrogen-processed counterparts ’’. Moisture promotes halide
mi gration to the film surface, creating hialphaesea
transitions ’®. However, the presence of Pb-O bonds formed early in the film formation stage prevents
t he pr opag a-phase.mhiscekplaihstihe colinterintuitive result that air-processed CsPbIRBr

can be more stable than films formed under nitrogen 677,

2. 5Th8e Rol e of Strain and Microstrain i
Perovskites

Strain and microstrain is an intrinsic mechanical feature that influences the structural and phase
stability of inorganic halide perovskites, such as CsPbl.Br and CsPblf. In these materials, even slight
distortions in the lattice or at grain boundaries can trigger phase transitions, accelerate degradation,
or disrupt charge transport. The issue is especially problematic in all-inorganic compositions since
they typically require higher processing temperatures for full crystallisation, thus experiencing more
intense thermal mismatch strain compared to organic-inorganic perovskites °. This strain emerges
due to differences in thermal expansion coefficients (TECs) between the perovskite layer and adjacent
layers (e.g. substrates or charge transport materials) 1°1%4, Notably, CsPbIRBr exhibits one of the
highest TECs among perovskites, making it highly susceptible to residual stress during cooling from

annealing temperatures 1°2,



The thermal strain formed during film cooling leads to tensile stress in the perovskite layer, particularly
as it transitions from cubic to tetragonal phases 1. This transition involves octahedral tilting and unit
cell distortion, which contributes to lattice asymmetry and strain accumulation. If not properly relieved,
this residual tensile strain can exceed 50 MPa, thus acting as a major driver for instability, cracking,
and eventual device failure 1. Strain also impacts optoelectronic performance. It is now established
that tensile strain not only facilitates defect formation but also increases non-radiative recombination
by lowering the energy barrier for ion migration 16197, These effects are particularly pronounced in
mixed-halide perovskites, where compositional heterogeneity introduces local lattice mismatches and
residual strain that degrade long-term stability 1°819°, As a result, strategies such as strain engineering,
additive passivation, and pre-strain compensation have become essential for achieving phase-stable,

high-performance all-inorganic perovskite solar cells 17,

Microstrain, the local variation in lattice spacing typically at grain boundaries or defect sites, is another

factor affecting phase stability. Microstrain in CsPbIFBr films promotes lattice distortion under
environmental stressors like humidity, accelerating the transformation to the non-p e r o v sphas¢ e
 This transformation is part i c-phhseisthegrmodynamizdlye mat i
favoured at ambient conditions. By contrast, reducing microstrain via gradient cooling, defect healing

via a gradient cooling strategy °, hot-air processing '°, or optimised additive incorporation ® can

enhance lattice coherence and suppress such transitions. For example, SEM and XRD analyses show

that gradient-cooled and hot-air-processed films exhibit narrower diffraction peaks, indicating reduced

microstrain and improved crystallinity 11011,
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All devices were fabricated on indium-t i n oxi de coated gl as 3. Befotest r at
deposition, the substrates were ultrasonically cleaned in deionised water, acetone, and isopropanol

for 15 minutes in each solvent. After cleaning, the substrates were dried under a nitrogen stream and

treated with UV-ozone for 15 minutes to remove residual organic contaminants and improve surface

wettability.

The hole transport layer (HTL) was formed wusing [2-(3,6-dimethoxy-9H-carbazol-9-
yl)ethyllphosphonic acid (MeO-2 PACz ) , purchased from TCI (98. 0%) ,
concentration. The solution was spin-c oat ed at 3000 r pm, 1wiOtOh rgm/ ac c €|
seconds, followed by thermal annealing at 100 AC
was prepared by mixing Csl (99.9%Sigma-Aldrich), PblF (99.99%, TCI or Thermo Fisher Scientific),

and PbBrF (>99.0%, Thermo Fisher) in a 2:1:1 molar ratio. Unless otherwise specified, the solution
concentration was 1 M, and the solvent mixture us
the solution is spin coated at 4000 rpm for varying durations (As specified in the following chapters

then annealed at 160 C. All solvents were anhydrous and obtained from Sigma-Aldrich. Spin-coating
conditions varied depending on the experiment and are specified in each chapter accordingly. For the

electron transport layers (ETLs), C3 €Ossila, >99.5%) and bathocuproine (BCP) (Lum tec, >99.5%)

were sequentially deposited by thermal evaporation under high vacuum (51 10w mbar) to final
thicknesses of 30nm (C3)Cand 8 nm (BCP). A 100 nm layer of silver (Ag) was then thermally
evaporated to serve as the top electrode. A shadow mask was used during the BCP and Ag deposition
steps to define the device area, resulting in a f

The device architecture studied is illustrated in Figure 9.

Figure 91 lllustration of p-i-n device architecture used in this study.
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3. 2X-rlay Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that probes the structural properties of
crystalline materials by irradiating them with incident X-rays and detecting the angles and intensities
of the diffracted beams. By analysing the resulting diffraction pattern, information about the atomic
arrangement, lattice parameters, and microstructural features can be extracted. In this study, grazing-
incidence XRD (GIXRD) was also employed to enhance surface sensitivity and enable depth-resolved
structural analysis by varying the incident angle. Lower angles confine the penetration depth to near-
surface regions, while higher angles progressively access deeper layers, allowing the structural
evolution throughout the film thickness to be mapped. Key information can be extracted from the
position, width, and intensity of the diffraction peaks. XRD peak positions are determined by the
spacing between atomic planes in a crystal, which

€ _ Qi Q¢ — Equation 6

Where aisthe X-r ay wavel ength (1. 54 O0dbistheinferplanarGpacing,E@nddsdi at i
the angle of incidence. Shifts in peak positions and relative intensities are related to the structure and
composition of the material. When considering discrete families of materials, such as the perovskite
systems studied here, shifts in peak position can be correlated with doping or the presence of
macroscopic (uniform) strain. Such strain can be quantified relative to a strain-free reference material

using:
R — —— p EquatrZi on

Where[ corresponds to the unstrained peak position and do the interplanar spacing of the unstrained
reference. A shift to lower 2q indicates tensile strain (lattice expansion), while a shift to higher 2q
indicates compressive strain (lattice contraction). In contrast, microstrain refers to local, non-uniform
distortions in the lattice caused by defects, dislocations, or heterogeneous stress. Unlike macroscopic
strain, microstrain does not shift the peak position; instead, it leads to peak broadening. It can be

estimated from the full width at half maximum (FWHM) of the peak using the Williamson-Hall method:
I wé+ — 1-1 Q& Equatdi on

Where b is the peak broadening in radians (after instrumental correction), L is the crystallite size, d is
the microstrain, and k is the shape factor (typically 0.9). A broader peak may thus reflect either smaller
crystallites or higher microstrain, or both. It is important to note here that we have calculated both the

standard FWHM, which is the spectral width measured at 50% of the peak intensity, and the effective



FWHM, which is simply obtained by dividing the total area under the peak by its maximum height,
giving an equivalent width that accounts for peak asymmetry.

Additionally, the intensity of each diffraction peak reflects the degree of crystallinity and preferred
orientation. High intensity generally indicates strong alignment along specific crystallographic
directions, which is especially relevant for assessing film texture and phase purity.

Thin-film XRD measurements were performed using a PANalytical Empyreand i f f r act omet er

& = 1.5406 ), c damifdencg scans at mdltiple angles ta grobe syructural variations
with depth. During the early stages of this work, it became apparent that conventional XRD sample
holders and encapsulation approaches were insufficient to prevent air exposure of CsPbIFBr films
during intermediate processing stages, particularly during the pre-anneal hold step where the films
are highly sensitive to moisture and oxygen. Multiple sealing and encapsulation strategies were
tested, but residual air exposure led to inconsistent and misleading phase observations. To overcome
this limitation, a glovebox-integrated XRD system was utilised, and the measurement protocol was
adapted to enable truly air-free structural characterisation without the need for encapsulation or
sample transfer. This approach allowed repeated time-resolved scans to be performed directly during
the hold process and thermal treatment, ensuring that the structural evolution observed reflects the
intrinsic behaviour of the films rather than artefacts introduced by environmental exposure. This
measurement strategy was essential for the reliable interpretation of the in-situ XRD results presented
in this thesis. To monitor real-time changes during thermal treatment, in-situ XRD was carried out
under a nitrogen atmosphere using a Rigaku MiniFlexé00( Cu KU, @& = 1.54059

Thein-si t u XRD was performed by Sar ah McTKisconfiguyatioh
was particularly important for the air-sensitive measurements described in Chapter 4, where the

glovebox integration enabled reliable tracking of intermediate phase evolution.

For data processing, the background was removed from the XRD scans (where required for low-
intensity data) using MATCH! software. A custom MATLAB script was then used for automated peak
fitting. The approximate peak positions were specified in advance, and each peak was analysed using
a piecewise asymmetric pseudo-Voigt (APV) model. In this formulation, the peak is divided into two
half-profiles (left and right of the peak centre). Each half is described by a single width parameter
shared between the Gaussian and Lorentzian contributions and an independent Gaussian-Lorentzian
mixing factor, enabling the model to reproduce asymmetric peak shapes with a minimal but flexible

parameter set.

Mathematically, the APV function is given by:

i) i
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where A is the peak amplitude, w is the peak centre, i andi are the left and right widths (used in
both Gaussian and Lorentzian contributions), and — and — are the Gaussian-Lorentzian mixing
factors on the left and right sides of the peak, respectively. This formulation was inspired by prior work
on asymmetric peak modelling in spectroscopy, by Hansen et al. 12, and extended here to allow full
piecewise asymmetry tailored to each peak and scan in diffraction data.

Before fitting, the background-corrected signal was smoothed using a Savitzky-Golay filter (order 9,
frame 35) to suppress noise. For quality control, each scan was plotted showing the raw, smoothed,
and fitted curves, as well as the total fitted profile and the residual (data - fit), to ensure no systematic
deviations remained. The full MATLAB script is provided in the Appendix I.

3.2Fc2uri er Transform I nfrared Spectrosc:

Attenuated total reflectance Fourier transform infra-red spectroscopy (ATR-FTIR) was used to study
the surface chemistry of the films by identifying specific chemical bonds and functional groups. In this
method, an infrared beam is directed into a high-refractive-index crystal (typically diamond), where it
reflects internally at the point of contact with the sample. Although the beam does not pass into the
sample, it generates a short-range field that reaches slightly beyond the surface (only a few microns
deep). This surface-confined interaction allows ATR-FTIR to probe the chemical composition of thin
films without needing transmission through the full thickness. The resulting spectrum shows how
much of the infrared light is absorbed at different wavelengths, each corresponding to the vibrational
motion of a specific bond (such as stretching or bending). The position of each absorption band
reveals the type of chemical bond present, while the intensity gives a relative idea of its concentration.
Shifts in peak position or changes in shape can indicate chemical changes at the surface: such as
hydrogen bonding, degradation, or coordination with additives. The method is especially useful for
detecting residual solvents, surface-bound species, and decomposition products in perovskite films.
In this study, ATR-FTIR measurements were performed using an Agilent Cary 630 FTIR spectrometer
(funded by the chemistry department), which was placed inside a nitrogen-filled glovebox to prevent
exposure to ambient conditions. This allowed chemical analysis to be performed under inert

conditions, preserving the native state of the films.
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3. 3Sclanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was employed to investigate the surface and cross-sectional
structure and morphology of the perovskite films. In this technique, a focused beam of high-energy
electrons is rastered across the surface of a specimen. As these electrons interact with the sample
several types of detectable signal can be generated, for imaging purposes secondary electrons (SE)
and backscattered electrons (BSE) are primarily collected. SE are low energy, typically < 50 eV,
electrons emitted from the surface and are used to produce detailed topographic images.
Backscattered electrons are generated as a result of elastic scattering, where the kinetic energy of
the beam is preserved; consequently, these will be of higher energy, > 50 eV and consequently yield
energy from deeper in the sample relative to SE. Top-view images were collected to evaluate the
grain size, film-coverage, and surface uniformity of the perovskite films. Cross-sectional images were

used to examine the layer thicknesses and the quality of the interfaces between device layers.



To further assess the morphology of buried interfaces, a novel image analysis technique was
developed to quantify the formation of voids. In this method, 15 images were collected for each

sample and analysed using segmentation to isolate and measure void regions. The total void area in

each i mage was normalised to the fixed i maging ar ¢
This enabled comparison of both total void coverage and void size distribution across samples. All

SEM images were acquired using a Zeiss Sigma 300 Gemini 1 SEM under a set of identical imaging
conditions, i.e. fixed accelerating voltage, aperture, contrast, brightness, resolution, and scan speed,
ensuring comparability across all/l dat aset s. The r
voltage was 2.5 kV with a 30 Caround #rem. The instrymergah d a  \
scan speed was set to 6, and brightness and contrast were around 50% and 22%, respectively.

To expose the buried interface for SEM analysis, a thin layer of epoxy was first deposited onto the
perovskite film surface. A glass microscope slide was then gently placed on top to spread the epoxy

uniformly across the film. The epoxy was cured under UV illumination to ensure strong adhesion

between the epoxy and the film surface. After curing, the glass slide was slowly peeled away from the

substrate such that the epoxy remained attached to the slide while adhering to the film. This process
mechanically lifted the perovskite layer from the substrate, thereby exposing the buried interface. The

exposed interface was subsequently imaged using SEM.
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3.4Culrrentvodnad&y (J

Current area-voltage (J-V) measurements were used to evaluate the performance of devices under
dark and illuminated conditions. These measurements provided the key photovoltaic parameters:
open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), power conversion
efficiency (PCE), as well as series resistance (Rs) and shunt resistance (Rsh). Under illumination, the
absorption of photons generates electron-hole pairs, which are separated by the built-in electric field
of the device, producing a photocurrent (J ). The output current can be described by the superposition

of the dark diode current and the light-generated current:

bw LV QO p U Equatlilon
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Figure 10 - (a) J-V curve under dark conditions (blue) and illumination (orange) of an ideal solar cell
(b) Equivalent electrical circuit of a solar cell. >’
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J-V measurements were performed using a Keithley 4200 Source-Measurement Unit at a scan rate
of 25w mVusder AM 1. 5G i | &) providedady dan @mel sélar Sirfulator\iwithcam
Xenon lamp. The light intensity was calibrated using a certified silicon reference cell. All
measurements were carried out in a nitrogen-enclosed chamber, scanning from -0.5 to +1.3 V. Light-
intensity-dependent J-V measurements were performed by varying the illumination using a set of
neutral density (ND) filters. The intensity under each filter was measured and calibrated using the

same certified silicon reference cell.

3. 4dEx2t er nal Quantum Efficiency (EQE)

External quantum efficiency (EQE) measurements were performed to assess device efficiency in
converting incident photons into collected charge carriers across different wavelengths. The EQE
spectrum provides wavelength-resolved insight into the device's photo-response and helps identify
parasitic absorption or spectral losses. EQE, illustrated in Figure 11, is defined as the ratio of the

number of collected charge carriers to the number of incident photons at each wavelength

00 Q Equation 16

It is usually expressed as a percentage and measured over the relevant solar spectrum. A high EQE
across this range indicates good absorption and charge collection efficiency, while dips in the
spectrum can point to reflection, parasitic absorption, or recombination losses. By integrating the EQE

spectrum over the AM1.5G solar spectrum, the expected 0 can be calculated:

0 n,o00Q8 _Q Equatlizon

whered (&)s the incident p &% cithip mrbc¥) and g is thepdtemantary sharge. s
This calculated 0 is often compared with the Jsc from J-V measurements as a consistency check.

The EQE measurements were performed using PVE300 Bentham photovoltaic EQE setup
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Figure 1171 Schematic illustration of a typical EQE plot, the wavelength corresponding to the

bandgap is highlighted (hv/Eg).

3. 4E13ectrochemical | mpedance Spectrosco

Electrochemical impedance spectroscopy (EIS) was used to investigate the internal electrical
behaviour of the devices by applying a small AC signal over a range of frequencies in the dark. The
resulting response was plotted as a Nyquist plot (Figure 12), where the imaginary part of the
impedance (-Z") is plotted against the real part (Z). In perovskite devices, Nyquist plots typically
display one or more semicircles, each representing distinct physical processes. The high-frequency
arc typically relates to charge transport and contact resistance, while the low-frequency arc can reveal
interfacial behaviour or ionic motion. These responses were analysed by fitting the data to equivalent
circuits consisting of resistive and capacitive elements, which allowed us to extract parameters such

as series resistance, charge transfer resistance, and interfacial capacitance.

Contact Transport Recombination

2" (Q)

Z (Q)

Figure 127 lllustration of Nyquist plot showing the equivalent electrical elements of contact,

transport and recombination losses.



All EIS measurements were carried out using a CHIG00E electrochemical workstation. Nyquist plots
were collected over a frequency range of 2 MkbZ Hz, using an AC amplitude of 0.548 mV. Data
analysis and equivalent circuit fitting were performed using Gamry EIS300 EIS software. The EIS
were performed by Amanz Azaden and Kunrou Fu from Prof. Saif Haque group.
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3. 5Ulltr awiiclidl e SpeCtUVWNbsftopy

Ultraviolet-visible spectroscopy (UV-Vis) was used to study the optical absorption behaviour of the
perovskite films by measuring the amount of light transmitted through the sample. A beam of light
with intensity ) is directed at the sample, and the transmitted light intensity is detected. The absorbed

(A) is calculated using:
! 17— 11« Equatli8on

To estimate the optical bandgap, we applied the Tauc method, which is based on the Beer-Lambert
law, | L, where Uis the absorption coefficient and | is the film thickness. The bandgap O was

extracted by plotting the Tauc equation:

| Eu Eu O Equatli9on
Where hi s Pl anc k 6dxsis theofrequéenay ot light, o reflects the nature of the electronic
transition, where 9 = @orresponds to a direct allowed bandgap, and 9=0.5 corresponds to an indirect

allowed bandgap, and Q@ — , where cis the speed of light, and a-is the wavelength. By extrapolating

the linear region of the Tauc plot to intersect the photon energy axis, we obtained the bandgap O.

The onset of absorption was also used to cross-check the bandgap values. All absorption spectra

were collected using an Agilent Cary 60 UV-Vis spectrometer in the range of 300-9 0 0 n m.
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Figure 1371 Schematic illustration of a typical Tauc plot, the tangent to the absorption onset is

used to determine the bandgap.

3. 5St2e alltyat e Photol uminescence (PL)

Steady-state photoluminescence (PL) was used to investigate the radiative recombination behaviour
of the perovskite films. In this technique, the sample is excited with a fixed wavelength light source,
and the emitted light is collected and analysed as a function of wavelength. The resulting spectrum
provides insight into the electronic structure and recombination processes within the material. The PL
peak position reflects the energy gap between the conduction band and valence band. Shifts in this
position can indicate changes in crystallographic phase, compositional variations, or strain. The PL
intensity serves as an indirect indicator of non-radiative losses: higher intensity typically suggests
reduced trap-assisted recombination and improved film quality. All steady-state PL measurements
were performed using a Cary Eclipse Fluorescence Spectrometer with an excitation wavelength of
4 0 4 . Pomn-situ PL measurements (unless otherwise specified), a setup was built using USB2000
Ocean Optics Spectrometer. For the PL scans in the Warm-air-assisted Deposition project,
measurements at the front and back of the samples were performed using the FLS1000 by Nicole

Dong from Thomas Macdonal dés group.

3. 5Tiameorrel ated Single Photon Count

Time-correlated single photon counting (TCSPC) was employed to perform time-resolved
photoluminescence (TRPL) measurements, enabling the investigation of charge -carrier
recombination dynamics in the perovskite films. This method records the time delay between a short
laser excitation pulse and the detection of a single emitted photon, repeated over many cycles to

generate a precise decay profile. In TCSPC, a pulsed laser excites the sample periodically. Each time

ng



a photon is emitted, its arrival time relative to the laser pulse is detected by a highly sensitive photon
detector. The system only records one photon per cycle, ensuring high timing accuracy. After many
excitation-emission events, the instrument builds a histogram of photon arrival times, which reflects
the photoluminescence decay curve of the material. This technique offers high temporal resolution,
making it suitable for analysing fast recombination processes in thin-film semiconductors. For samples

deposited on glass, the decay is modelled using a biexponential function:
™ 6T o6qQ7 Equatidon

Where I(t) is the PL intensity at time t, 6 and 6 are the amplitudes, and 6 and 0 are the lifetimes
of the fast and slow decay components, respectively. The fast component is generally attributed to
non-radiative recombination through trap states, while the slower component corresponds to radiative
recombination. The presence of both reflects second-order recombination processes. For samples
deposited on transport layers, the decay curves required an additional term to account for carrier
extraction or interfacial quenching. They were modelled with a triexponential fit, where the third
component t captures recombination dynamics arising from interactions with the transport layer.
Shorter lifetimes in this region can reflect efficient carrier extraction, while longer lifetimes may
suggest poor interfacial contact or recombination losses. All TCSPC measurements were conducted
using the Horiba DeltaFlex system (PPD-900 detector, Horiba Scientific), equipped with a4 04 nm
pulsed laser as the excitation source. Instrument settings such as laser power and integration time

were kept constant for direct comparison across all samples.
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Figure 14 - Influence of spin-coating time and pre-anneal hold step on phase formation and film
guality in CsPbIRBr. (a) Photographs of films prepared with increasing spin-coating (SC) time from 30
to 180 s, showing improved visual uniformity and colour consistency. (b) XRD patterns of films
prepared with different SC times, demonstrating increased diffraction intensity and reduced
secondary phases with longer SC duration. (c) Measured film thickness as a function of SC time,
showing a reduction in thickness despite improved crystallinity. (d) XRD patterns of films prepared
from different precursor concentrations (1.0 M, 1.3 M, 1.5 M) under direct annealing, where higher
concentrations exhibit i ncr e as ephase pudty (ell &cheynatip h a s e
illustration of the introduced room-temperature hold step prior to annealing at 160 °C. (f) XRD patterns
of films prepared from the same precursor concentrations after applying a 5-minute hold step, showing

consistent f o-phasaand suppression of seandaly phases across all thicknesses.
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Following this, in situ photoluminescence (PL) measurements were performed on the perovskite films
during the hold process to investigate the species formed during this time. The setup for these
measurements, including the experimental design and hardware modifications, was developed during
this PhD study, and complete specifications are provided in the experimental methods chapter. As
shown in Figure 15e, no PL signal was detected during the early stages of the hold step (t < 30
minutes). However, emission peaks were observed beyond 30 minutes. A peak at 567 nm (2.19 eV)
was first detected and was attributed to CsPbIBr, . At longer hold durations, a strong feature centred
at ~810 nm appeared in the spectrum. This wavelength corresponds almost exactly to twice the
excitation wavelength (405 nm) and is therefore attributed to a second-order diffraction artefact of the
spectrometer rather than a genuine photoluminescence signal from the film. Such features are
commonly observed in grating-based detection systems under short-wavelength excitation and do

not represent a real electronic transition in the perovskite material.
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Figure 15- Characterisation of solvent evaporation, intermediate phase formation, and optical
evolution during the pre-anneal hold step. (a) Time-resolved ATR-FTIR spectra of neat DMSO. (b)
Time-resolved ATR-FTIR spectra of neat DMF. (c) Time-resolved ATR-FTIR spectra of a 9:1
DMSO:DMF mixture, showing slower evaporation compared to the neat solvents. (d) Time-resolved
ATR-FTIR spectra of the 9:1 DMSO:DMF mixture containing Csl, PblF, and PbBrF, demonstrating
spectral changes associated with solvent coordination and intermediate phase formation; inset shows
optical images of films during the hold step illustrating the gradual colour change with increasing hold
time. (e) In-situ photoluminescence (PL) intensity map collected during the hold step, with inset

highlighting the emergence of the emission band near ~810 nm at longer hold durations.
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Figure 16 - Time-resolved XRD during the room-temperature hold step and subsequent annealing.
(a) Stacked XRD scans collected every 4 minutes in a narrowed 28i3 1 A 2d wi ndow, enab
measurements and improved time resolution to follow structural evolution during the hold step; Peaks
17 3 are marked. (b) Integrated intensities of the three peaks as a function of hold time. (c) Evolution
of peak positions with hold time. (d) FWHM and corresponding integral breadth versus hold time. (e)
XRD comparison of films held for 150 minutes at room temperature with and without subsequent
annealing at 160 °C, as indicated by the legend. (f) Reference diffraction patterns of CsPblF,
CsPbIRBr, and CsPbIBrFshown overthesame 28i32 A 2d range for phase iden
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Figure 17 - Effect of room-temperature hold duration before annealing on film formation and buried-
interface quality. (a) Photographs of films held for 0, 10, 20, 30, and 40 minutes, shown from the top
and from the back; increased haze from the back with longer hold times indicates changes at the
buried interface (Substrate is 12x12 mm?). (b) Schematic illustration of top-down crystallisation during
the hold step, leading to solvent entrapment and void formation at the buried interface upon annealing.
(c) Absorption spectra and corresponding band gaps for films held for different durations, showing
similar absorption onsets and compositional homogeneity in films other than the photoinactive film.
(d) XRD patterns after annealing at 160 °C for films held 07 40 minutes, demonstrating that changes

in appearance arise from microstructural differences rather than phase changes.



To further confirm the impact of reduced buried interface quality on overall film performance, light
intensity-dependent time-correlated single-photon counting (TCSPC) measurements were conducted
to reveal how different recombination pathways compete and change with excitation density. TCSPC
was performed on films deposited on bare glass and SnO,-coated glass with pre-annealing hold times
ranging from 10 to 40 minutes. The data for the bare glass samples were fitted using a bi-exponential
decay model, while those on SnO- were fitted with a tri-exponential model, as summarised in Table
1. According to Yuan et. al. 3, the longest lifetime corresponds to radiative recombination, the second
longest to non-radiative recombination, and the shortest to ETL interaction. This is consistent with
Sidhiket. al. %%, who report that tg (fastest) and tF (fast) are associated with non-radiative

recombination, whereas tf (slowest) reflects radiative recombination.

As shown in Table 1, longer hold times, specially 40 minutes, result in extended t, in the back-side
measurements of the glass samples (e.g., 52.38 ns at 40 minutes). Longer lifetime elements,t,, are
associated with radiative recombination, and looking at its relative contributions of , A, we observe it
increases with the increase of the pre-hold time. It goes from 0.24 in the samples 10 and 20 mins to
to 0.5 in the 40 mins sample where it significantly increases. This indicates that prolonged hold times
results in better quality at the back side of the films despite the increase in voides. Front-side
measurements show relatively shorter and more consistent t; values across hold times from 20 to 40
mins (e.g., 32.86 ns at 40 min vs 30.49 ns at 20 min). The shortest hold time (10 min) shows
significantly longer t. for front-side excitation of 58.10 ns. The A; trend in front side is similar to that
at the back side. As for the shorter lifetime ti, it is associated with non-radiative recombination. We
observe a drop in relative contributions, A;, of non-radiative recombination with the increased per-
hold time on both the front and back, suggesting reduced nonradiative recombination with increased
per-annelaing hold time likely due to enhanced film quality. For the SnO.-coated samples, the fastist
lifetime t1 corresponds to non-radiative recombination, and the slightly slower lifetime, t,, corresponds
to interfacialy non-radiative recombination due to the introduction of the transport layer. Table 1
shows consistently lower radiative recombination lifetime compared to the glass samples which
reflects a quinching effect due to the charge extraction. Across samples, the increased hold time
increases the lifetime of radiative recombination on both sides, especially at the back side. This
reflects the enhanced film quality as a result of increased hols time. These results highlight the defects
passivation effect of SnO-, which suppresses non-radiative pathways Across samples, increased hold
time reduces the non-radiative recombination at the back side but increases it at the front, which
possibly confirming the passivation effect at the back side. As for the interfacial non-radiative element
we obsereve that it icreases with the increase of the epr annealing hold time at the back side
measurement. This is likely due to the increased back voids resulting in lower contact area and
hindered charge extractions. Overall, these findings demonstrate that optimising pre-annealing hold

time is critical for reducing interface defect density.



Table 1 - The TCSPC parameters summary of films fabricated with different pre-annealing times,

measured on glass substrates. F is for front and B is for back

40 min 30 min 20 min 10 min

F B F B F B F B

Glass
A1 0.40 0.35 0.53 0.60 0.68 0.79 0.72 0.76
t1 (ns) 1.23 1.54 1.44 0.71 0.69 0.49 0.72 0.51
Az 0.47 0.50 0.29 0.30 0.20 0.24 0.18 0.24
t2 (ns) 32.86 52.38 34.29 34.58 30.49 40.37 58.10 48.60

taverage (ns) 31.89 51.37 31.96 33.25 28.41 38.83 55.33 47.09

Sno;
A 0.89 0.28 0.76 0.31 0.66 0.66 0.57 0.60
t1 (ns) 0.33 1.62 0.22 1.28 0.26 0.21 0.30 0.20
Az 0.25 0.92 0.40 0.88 0.35 0.37 0.49 0.43
t2 (ns) 191 0.21 1.36 0.23 2.64 2.01 2.03 1.52
Az 0.05 0.04 0.05 0.04 0.16 0.16 0.07 0.15
t3 (ns) 14.76 13.01 7.14 9.10 10.03 7.88 10.46 4.93
Taverage (ns) 1.27 0.95 0.91 0.76 2.34 1.81 1.65 1.29
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To study the impact of hold duration and temperature on the films formed, scanning electron
microscopy (SEM) of the buried interface was carried out (Figure 18 and Figure A 1 in appendix II). It
was immediately apparent that the average grain size increased as the hold time increased and as
the temperature was reduced (Figure 18). This trend is consistent with slower nucleation and
crystallisation during the pre-anneal step *%1% Taken together, the observations suggest that pre-
annealing allows intermediate phases to form fully and promotes a more controlled crystallisation,
giving larger grains, which can benefit device performance by reducing the number of grain

boundaries.



From the large image set collected, a simple image-processing workflow was developed to quantify
the density and size distribution of voids at the buried interface. Full details are provided in the
Experimental Methods chapter. Briefly, 15 SEM images per condition were analysed; voids were
segmented, and both total void area and the size distribution were extracted. For each image, the
void area was normalised to the imaged area and treated as a single data point. Each image covers
128. 34 ¢em], istenssampling gcross alhcenditions. Representative segmented images
used for the void analysis are shown in Figure 18 and Figure A 1 in the Appendix Il. Voids are present
even when no pre-anneal is used, showing that pre-annealing alone does not introduce interfacial
defects and that processing temperature is also important. For samples prepared at RT, the void size
increases with hold time and the size distribution broadens; by 40 minutes, the number of voids is low
because a few large voids dominate. This behaviour is consistent with coalescence of nearby voids,

analogous to an Ostwald-type ripening process.
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Figure 18 - Buried-interface SEM images as a function of hold duration and hold temperature. A
reference micrograph for 0 min hold is shown at the top left. Columns correspond to films held for 10,
20, 30, and 40 minutes prior to annealing, while rows correspond to different temperatures used
during the hold step. All images are taken at the same magnification and scale, enabling direct
comparison of void size and distribution at the buried interface. These images were used for the void
segmentation and quantitative analysis described in the text. Scale bar: 500 nm.

The box plot analysis (Figure 19a) quantifies these observations, showing significantly larger void-to-
film ratios in samples prepared without temperature control (RT). The variability in these samples is
evident from the wider interquartile ranges and extended whiskers, reflecting the substantial
heterogeneity in void size distribution under these conditions. In contrast, reducing the pre-annealing
temperature to below 20 °C leads to a marked decrease in void density across most samples, except
for the shortest hold time at 20 °C. This indicates that controlling the pre-annealing temperature is an
effective strategy to manage void formation. Since the glovebox typically operates close to 20 °C, it
is unsurprising that the data for 20 °C samples closely match those of the uncontrolled RT samples.
As the pre-annealing time increases, there is a gradual broadening of the distribution and a shift
towards larger void sizes, as seen in the box plots. This spread, while still present, is less pronounced



at lower temperatures compared to RT, suggesting that lower temperatures slow down void growth.
At 15 °C, void counts are generally lower and more consistent than at RT, as indicated by the narrower
spread in the box plots. This suggests that cooler preparation temperatures help suppress void
formation during fabrication, consistent with the results reported by Matsuda et. al. **’, who found that
spin-coating below 20 °C yields pinhole-free, dense grain structures, while higher temperatures lead
to voids and reduced film coverage. It is also worth noting that the total void areas reported for 15 °C
samples are comparable to those prepared with a pre-annealing step. When the temperature is further
reduced to 10 °C, similar behaviour to that observed at 15 °C and 20 °C is seen, but with greater
variability, as shown by the broader data spread in Figure 19a. Despite careful image segmentation,
sample cracking between void regions may not have been fully accounted for, possibly affecting the
results (Figure 19bi ¢). This behaviour can be explained by considering the thermal stress induced
when the sample transitions from cooling to the 160 °C hotplate; thus, 10 °C likely represents the
lower limit of effective cooling treatment. The glass substrates showed no signs of thermal shock

during this process.

The void size distributions (Figure 19di g) reveal that in all conditions, void sizes are predominantly
clustered at the lower end of the scale, confirming that small voids are more common while large
voids are relatively rare. In the RT samples, shorter hold times show a higher frequency of smaller
voids, while longer hold times shift the distribution towards larger void sizes. In contrast, the 10 °C
samples show no clear correlation between hold time and void size. Interestingly, shorter hold times
(107 20 min) in the 10 °C samples exhibit a larger number of voids than the longer hold times (207 30
min), which may be attributed to cracking effects introducing significant error. The samples fabricated
at 15 °C and 10 °C show very similar void size distributions, suggesting a more uniform interface and

improved film quality.
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Figure 19 - Quantification of buried-interface voids as a function of hold temperature and duration.
(a) Box plots of void-to-film area fraction extracted from segmented SEM images for samples
prepared at RT, 20 °C, 15 °C, and 10 °C across different hold times; boxes represent interquartile
range with whiskers showing data spread. (bi ¢) Representative segmented SEM images from 10 °C
samples highlighting cracking between void regions that can influence void quantification. (di g) Log-
scale void-size distributions for RT, 20 °C, 15 °C, and 10 °C, respectively, showing the frequency of
void sizes with fitted trend curves to illustrate distribution behaviour. Colours correspond to different

hold durations as indicated in the legends.
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Figure 20 - Device performance and long-term stability as a function of pre-anneal hold duration and

temperature. (ai d) Box plots of Jsc, Voc, FF, and PCE for devices fabricated with hold times of 07 40
minutes at RT (blue) and 15 °C (orange). (e) Evolution of Jsc, Voc, FF, and PCE over 3000 hours for
representative devices stored under NF, corresponding to the optimal processing conditions identified

in (aid). (f) Photographs of the back side of the same devices after ageing, illustrating visual

degradation trends associated with increased void formation.
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behaviour to buried-interface morphology.
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In this chapter, we have demonstrated how careful control of spin-coating time, pre-anneal hold
duration, and temperature enables precise control over crystallisation dynamics, void formation, and

interface quality in CsPbl»Br films. Through a combination of in situ characterisation technigques and

systematic optimisation, we established clear links between processing parameters, buried-interface



morphology, and final device performance. Importantly, we showed that a short room-temperature
hold or a moderate hold at 15 °C reliably produces phase-pure, uniform films with reduced void density
and improved interfacial contact. When integrated into photovoltaic devices, these optimised films
delivered highly reproducible performance, minimal hysteresis, and excellent operational stability
under inert storage.

These findings highlight the critical role of pre-anneal processing in determining the quality and
reliability of all-inorganic perovskite absorbers. The methodology presented here provides a practical
framework for fabricating high-performance, stable CsPbl>Br solar cells and offers valuable insights
for scaling up perovskitei silicon tandem technologies. Future work could extend this approach to
other mixed-halide systems and explore automated process control for even greater reproducibility in
large-area devices.
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In this study, solvent engineering was employed to investigate its impact on film formation and optical
characterisation. This was done by systematically varying the ratio of dimethyl sulfoxide to
dimethylformamide (DMSO:DMF) and N-methyl-2-pyrrolidone (DMSO:NMP) from pure DMSO to pure
DMF or NMP, and examined the impact on the CsPbl.Br film morphology, as shown in Figure 22a.
The effect of the solvent on film coverage and continuity is evident in the SEM images. The impact of
introducing NMP into pure DMSO was studied first. Although all warm-air-processed films show
compact grains, the NMP-based films suffer from poor coverage. It is evident that coverage improves
with increasing DMSO and reduced NMP content. The pure DMSO films exhibit improved coverage,
but with extensive pinholes. Higher NMP content weakens Pb?* coordination, resulting in fewer stable

Pbl.compl exes and sparse nucleation. Al 't hough NMP6s

slow evaporation allows isolated grain growth, leaving gaps and pinholes.



In contrast, when partially substituting DMSO with DMF, the solution viscosity decreases, and
although it remains slightly higher than in the DMSO:NMP system 4344 it is still low enough to enable
uni form spreading. DMFO0s moderate coordination de|
and its faster evaporation accelerates supersaturation, leading to dense nucleation and the formation
of a smooth, continuous film. This is reflected in the significantly reduced pinhole density, with the
DMSO:DMF 1:3 (25 % DMSO and 75 % DMF) films exhibiting the most uniform and well-covered
morphology. In contrast, the pure DMF film shows very poor film coverage, which, consistent with this
explanation, is likely due to the extremely low viscosity and insufficient complexation, leading to

premature nucleation.

The optical properties of the films chankieg&beni fi

and c. Consi der i-sntgatfei rPsLt tthhaet sstheoawdsy s ever al change
is varied. Perhaps most notable are the changes
emi ssion. Closer examinati oen eanhissos iroenv enaal vEesl Selhbgttlhe f

composition driven by changes Hing @thee TBlod vieing h &etmpe
intensities are observed for the DMSO: DMF composi
similar intensities-systlematti cwivar i amme . ndNmot abl vy,
DMSO: NMP 3:1 film isierttemehygy wemk. DREDati | ms, mc
shifted emission, with the DMSO: NMP 1:3 film showi
pure DMF exhistiSfucdh -artheébd e can be attributed to se

iodide enrichment arising from partial halide se;
within the |l attice, hi gher absorptiomnduoned hbahega
renor malli°d4% loon contrasis,hi ftthe olthd aurev e d may-r iocrhi gi
mi cmeowgi ons, smaller grains exhibiting quantum conf
dielectric screening becaus#3fCompir de widresd atblsa tr Y 4
dat a, a distinctly sharper absorption eThlgies icars el
partially explained by improved film covetrlargeeughwhi
However, the parallel reduction in Urbach energy

effect also reflects a genuilhle Agadwmgt itarkiinmg @mue rec

reference solvent, all/l films preparsehdi,f te xicne ptth et haak
onset (pure DMFhisfhto)ws Basreedd on t hese results, a 3
which is verbyesgetd onfser miong heol vent composition of 1
made to simplify the solution preparation process
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Figure 22 - Optical and morphological characterisation of CsPbIRBr films fabricated using different
DMSOi DMFi NMP solvent mixtures. (a) SEM images showing changes in film coverage, grain
compactness, and pinhole formation with solvent composition; insets show the corresponding films
under UV illumination. (b) Steady-state PL spectra with inset showing extracted peak positions,
illustrating solvent-dependent changes in emission intensity and wavelength. (c) UVi Vis absorption
spectra with inset showing calculated Urbach energies, indicating variations in absorption edge
sharpness and energetic disorder with solvent composition.
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bandgap values obtakingd®dé rCaxfBTalu.cO Op |leoM)B,;,. Qs POl e V) ,
CsPbhid(BRr. 14 eV), z@h.d3 sePWH)Brare consistent %18 HI htehe
(kB)ojnsets are |inear over comparable rgapgpebehavi al
wi th si npgialpart asiub ng, and the extracted Eg 1increa
agreement with-rakgedPLfr d¢reeivoénal p atthteermrsesence of e
orientation in all fgbmef twi aht tihkrutaend itco phabkbdde
ot herwi se phdad g amer eCofnislinsst,ent with halide substit
to hidwietrh 2i ncreasing Br content (lattice contrac
within the detection | imit, the same tcehnhdnss S8Ilis
peak broadeningaliinde heamplxeesd suggests comparabl e
mi crostrain contribution. For t h@s REBRMmai nder of th
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Figure 23 - Optical and structural characterisation of CsPb(l,Br)F compositions under the slow-cooling

process: CsPbIRBr (red), CsPblg.4Brg.4 (orange), CsPbIBrF (yellow), and CsPbBrf (green). (a) Steady-

state photoluminescence spectra showing the systematic blue-shift in emission with increasing Br

content; inset photographs show the corresponding films under UV illumination, confirming the colour
progression from green to red. (b) Tauc plots derived from UVi Vis absorption data, showing direct

bandgap behaviour and a monotonic increase in bandgap with Br incorporation, consistent with the

PL trends. (c) XRD patterns of the films demonstrating phase purity, preferred <101> orientation, and
systematic peak shifts to higher 2d with increasi
substitution. No secondary phases are observed within the detection limit.
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Al t hough the 1:3 DMSO: DMF films exhibit the best
size remains | imited. Because graitmgei deyiBagsand
removal, we hypothesi @a¢d tekapto smrooemnactadull faidl mtat olad e s «
further i mprove the film cover-age aoddi hcpeaswege:
Initially, fil ms-awer @ ugx pmagsaahaet idnogt eadlunrsaptiinon ( 30 s €
how t he onsaetr oaff fwatreng eea@arlyy ng and coverage, we t



the treat ment. Fil ms weaier ptrregatrmantwi d dimniehrec iwagr na
seconds. Al resulting films showed common grain
grains with smaller grains deinskil¢y2veac kElleneatwagdh
notable change in the dimensions of the | arg-er gr
air treatment commencedo8tsrgonds iIisathnaWwe ®k@pto sium
before theoionptt ilneuamdsp t o premature solvent removal
a |l ess compact film composed of 1&8maltl icsr yosbtseelrlvietde
del aiy.se .3 s) yield smaller grains, which could be
nuclei formed before film drying. As these nucl ei
rapidly interact, hinderingefugrlhéemsgsewiahaard beg:
of bounéf®™fies contrast, a delay of 3 seconds perr
subsequeswt rwantmp favours growth over new nucl eati

s del ay-aofr waxrpmsure was chosen testprodcéedhse tshardryes.

to note that the SEM i mages 1in

50°C,5ms’ 60°C,5ms’! ’ 70°C,5ms! 80°C,5ms!
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Fi grde were obtained from films deposited on gl ass
However, when dgEBabinteetd blxayr b-&yd) et hyl ] phosphoni c
assembled monol ayer, StArMg n sapnodr tc ommamoent iihao [)exo m-ei f diT
2PACz), the films display significantly improved ¢
all films were deppdPACzed udbtsap alt BO/ Me O

Subsequentl vy, two additional variabl es wer eaisrt udi
treat ment . Up until this point, sampaleswhahe abesemr
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Figure it was seen that |l ower temperatures produc
crystallites seenl!®t Theaismmboumrdpriras ure range W
however, this time, the velocity was increased to
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50°C,8 ms’’ 60°C, 8 ms’! 80°C,8ms’




Fi g wrge) . I n this case, compact, continuous fil ms
grains seen at the grain boundari e8* tThhats asrueg gaelslt s

l ow air speed, tthanpifmeoeed, i meaeianhg it i s governe
the waarrm can reach the wet film to supply the

Consequently, reducimagddrheaet easi rs alevrepretr art aameev a | and
nucl eation, yielding compact films with few bound:

the drying rate becomes dominated by airdilrowstrap

fwours grain growth over nucleati on, the stronger
nucl eati on, |l eading to compact films with similar
185 Thus, in this system, the drying kinetics ar
temperatur e. Therefore, the remainder of t he work
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Up to this point, al | films were fabricated using
role of precursor concentration on film quality w
0.25 M, as shown in Ffigamet Weaa.hiFgHh enst ptrwee acemdcentr
a significantly reduced number of ©pinhol es. Howeyv
1 M precursors was somewhat |l ess reflective than

contidnwsing 0.75 M solutions. A com@ampdr-$twem dagsosait
met hods. | n t hsitse pc asnev,oltvhees ttwioe deposition of two

a 60 s annegl ibreg weleth0 depositions. This results in

as shown in Figure 4b. Notabl vy, there is -abempptr
deposition is employed. This i s expleanitneuds ebdy ftohre I
causingdipasaeliatdti on of |l ayer 1. Additionally, t he
enhances the spread (wettability) of the substrat
Combining the results obtained in the above secti

defined that yiel dsBrt hfei Ibmstwham|lprngyc & €sPebd ful |y
Further results presented i n -sttheps dcehpaogpstietri ane | pyr oocne
C waaimr treatmendurni8ngn kot h depegiothidstno st k@ ss @if n e
process using 0.75 M precursor solutions (3:7 DMS
during this PhD project, rigorously investigated,
structur al propeirhi €l m6 pasobekntedehti figadl wittyh

fil ms.
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Figure 25 - Effect of precursor solution concentration and deposition sequence on CsPbIBr film
morphology. (a) SEM images of films prepared using 1.0 M, 0.75 M, 0.50 M, and 0.25 M precursor
solutions, showing an increase in pinhole density as concentration decreases, with 0.75 M providing
the most uniform coverage. (b) Top-view and cross-sectional SEM images comparing one-step and
two-step deposition (0.75 M), demonstrating elimination of pinholes without a significant increase in

film thickness. Scale bars as indicated.
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The results presented thus far have beenCobtwrmimngd
processing, then slowly cooled by ramping down t he
PhD this was identified as a critical step becaus:ce
on the room temperathirtethe wheé zthhemaamgeés| evads t o va

precise control of cdesliihreg@tii s go xtoand nNXenda lytesdii 1f gh saard ¢ o
wheryet XRD data were obt aC nmlidn daoli ingg 4f0€6 mwl § &

The resultimg gR®B dsahtoaw, t he (100) , (110), and (20
phot oalepthiasee o0#BrCsmhlith no additional phases detec
films exhibit a preferred <100> orientatidpasi andn:
when cool ed,Fiag2®8ehassxnwelnl . This shift is almost |
l attice conf¥.até&tiiom irmgertant to note that potent



expansion or contraction of the sample stage were
performed at 160 AC prior to initiating the cool
film returned to room tempeabitignmenfNowmsashbhsablV ed:c
two conditions, indicating t hatr atyh eb esaarmprl eemap onseidt |
throughout the experiment. This confirms that the
changes wiithinnr ahleer than mechanical movement or
principleindonogedtahbieft could be quantified-flryeer ep

reference materi al (e. g., Si) underabiseeacti od!l atl h e
change in this experiment i ndicates .t WHsakei fstucihn cp
position indicates that the tensile strain becom
suggesting the devel opment of compressive strain
di ffraction peaks acr d&s g 6% tAemp grsatsurod rtaregeef f e
hamdxi mum (effective FWHM) of all thredidiafefer akct i
subtle reduction in effective G WHM Iwhweend choyo | ae ds tf erc
In all cases, t he €f fiesctgrveatFeWEBM hdeem cdadt, 1 &H&® corr
mi crostrain followers a similafFigdeé&@ddeaodetnbhsdt:
Fige2®e ntensity trend can be attributed to-up poédu

compressive strain and the accompanying rise in mi
which reduces coherent scatteyi pphpasasher than ind
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Figure 26 - In situ XRD analysis of CsPbIRBr films during controlled cooling at 5 °C mings from 160
AC to 40 AC. (a) Stacked diffraction patterns sho



phase and their systematic shift with decreasing temperature. (b) Peak position as a function of
temperatur e, showing an approximately Jlinear shif
evolution derived from peak positions. (d) Effective FWHM (integral breadth) of the three peaks,
indicating peak broadening during cooling. (e) Microstrain calculated from the effective FWHM,
showing a transition around 140 °C. (f) Peak intensity variation with temperature, reflecting changes

in coherent scattering during cooling.

An additional comparison was made between two fil/
anneal ing atl owdy fA@.onlAvhs controll ably cotod @d on |
over a period orfapi2dl ywiamnpd lemdvdhsa di rectly removed

10 mins and | eft to ocflomtlh dTFidemshROvgp2adat ewinsh o wh e

coolseadnpl e showing a slight increase in the intensi
i n FWHM, i ndicating i mproved csrlyswl al fldodgonl aepdhs ¢ ex W
shift in peaks poeaniahedl g¢f idomgheidnd2d cat-ofpgame sdial
spacing at room temper atguirtea ol Gonngs idsattean,t twhiitsh ctohrer

negative (compressive) gsleecwldwbdddnaed nceapt dhghcbhb

fidtentains a slightly expanded | attice and therefor
As il lustpgafed we performed theagrdzifhgaichciode N Ge
t wo samples. The position, tensile strain, Intensi

traced as a fhBhg@idbn dhedppshtion of the (110) pea
angle is wvaried, however, the (100) dypmdit20h)s @s;:
incidenwiandlne Fegead, Arguablowl yhf@dansed how a | ess
position i n rceaopmpdalryi( dadado)lteednd (200) peaks. This is
trapped near the surface of rapidly cooled fil ms
sl owly fddonl edemains unmiel oe’mednhdi st nai &d,g Raés sthhoann

there are wwahséesi 6ornpoth samples where the tren
their tensile strain changes. These transitioning
rapi dl ys acnopolAdesd. al ues bel ow these transitioning poi
and begins woncedasesasThe reduction Yiwmaltueenssiilse n3c
pronounced in the slowly cooled sampl e aanmpdel eddi
behaviour indicateootl Rat fiilmsthestrapindliy strongly
relaxes gradually with depth, whereas the sl owly c
through the thickness. I n Figure 27fnotdédet hat enismt
rockcurgve geometry, the diffracdizdoindi ¢énsint ywhereo
from a given set of planes is only geometemacabkly

comparabl e to or agymalalhegfl et hath t @mlp®ctoiacrm.esAg,r e xc

the effective diffracting volume for t hat refl ec
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intensity irrespective of microstructur alycamamges.
be interpreted solely as changes in crystallinity
alongside this geomet raird altiimint dtni are.l aHe nveee ,i ntt een sy
peaks vywihtolul d be interpreted -daesp ean dceomtb i sntartd iom rod!| a
changing geometric accessi bislrietfyl eocft i tomesd esvit dnf Izescat!
(@a0)) are favoured due to a |l arger efrfreecftliecect idamdd
ardefuch as (200)) become more geometrically favo
crossiéd¥W®rs. expected, for the eff &¢tgi2vgeh ) F WHNM mad n da r mit
are observed. Both show w riemdicdaadtoinngwiltahr gienrc rceraysd
strain at dékpevhilayaliso reflecting the i mproved

condi tiyampracssaches t haé&f Brr atglgpe ssengrleef | ect i ons.
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Figure 27 - Comparison of crystallographic behaviour in rapidly and slowly cooled CsPbIRBr films. (a)
Conventional XRD patterns showing slightly sharpe
cooled film. (b7 c) Stacked GIXRD scans for the slowly cooled and rapidly cooled films, respectively,
showing the (100), (110), and (200) reflections as ¥ ii$) Paramneterg ektractdd dfom the
Gl XRD data as a function of grazing incidence angl
(f) peak intensity, (g) effective FWHM (integral breadth), and (h) microstrain, illustrating depth-

dependent strain relaxation and geometric effects inherent to the GIXRD configuration.
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Using ambient photoelectron spectroscopy (APS) an
and Fer mi Fapednd fs-tt cheelsgpdnpl es were measuredE; Both
energwpround 1.9 eV, whichBri sprepmp ®&rdahbulned etr®d | &R L |
ambi-aptr ocessed samples have | ower i oniiss@&ndocpobae
band mini mum (CBM) and valance band maxi mum ( VBM)
| evreilgd @ ¢®8¢8 Trhaepi d| ys aonpd lee s hows vay-5.hh2 | oWweswiEwl ¢ t
coolsadnpl e has vay-dd.eHeaV.E Corresgioined . aljd yeQ taed &£V
orrapadcldy owl vy sampll e, respectively. Taigprrearemis elde

—

samples is shifted much closer to the VBM as a res
nto the cr¥%t2alT hset rencetrgrye Edvf $ e0 eB @ ec¥pif dlir yftidao | e
and 0.28 <«IVowloyfddiaml. edhi s suggests| gwepsampiiegi nd-e

can be attributed to greater oxygen incorporation

Xray photoelectron spectroscopy -$XiPSacaevacompedsi ttic
sl eandapi dl ys acnppdHeeg@ ®e. The signals for Pb 4f, Cs
similar across both sample types indicating si mil
Pb 4f spectra for both samples show tlwaot tdiicse isnicgn e
a | ower i|iOtemgintay . PMhatltsitcet hdkcouPbbl et s are seen at
there is a notable shift i n-Ot beghasko wiy ecaemplyed (
shows a sl i ghrtdlyatledveRb o4xfi dbei nrda pnigd leys acnogoyleet 0B yvb6 + @ e
eV) , which we attribute to a relativleilke).owlem telid
spect Ky ,-HPbapod aHH e seen inFboBe sdmel adsolute O 1
hi gher sfowltyhH@ dol,edut t0eBifir achi ghapi Hinyftidha@o | eldn t
sl owly fddol,edt he O 1s envelope is centred near ~ |
OH/B; | at-®OiweulPb be expected at H58@eeVDhindnadgPéndr
13-843 eV range. Overal IR/ @ hienrhd fggidcelr yf id acarcltadndain & |h e H s
| ower reeXiadeed PbshoOowBEfiibol e e consi stent with a r

mor e l|oaxtitldieke surface &f3ter slow cooling

Angt esol ved XRS (ARXPS) has been also performed o

90 degrees where the emission angle is measured fr
most dveptglhhted scan and 9WAightelegd@stogear iacei ndi
a cl ear vertical chemical gradient in both fil me
magnitude. -dmoltehdd ifgl2d@pw, ( t he O 1s signal i's -highe

wei ghted angles and deeceweeiagshetse dt ocwanrddi tti hoen sd e pctom s i

|l ocalised oxygen contribution (e.g., adofbemabkyg



during air exposure). I n contrast, Pb 4f and Br

becomes mowei glitetpead, while Cs 3d shows the -opmpfosadcae e
region is -eefiathecel|l-gels®tbeé @dyorvei tRhd/aBr composi tion -
bul k. Tchoeo | feadB tfg e (shows the same directional bel

gradient, suggesting that rapid cooling kinetical
Fig2sleinks these compositional trends to Pb chemic
fractionandheaskew films exhibit different oxidat
indicating that Pb oxi dastuirdmmggemasiupghad tatheére t
composition. Mechanistically, these trends are co!
surface process during cooling in air, dkeipleadehe
crystalligdatni am/dr eloamxantobi |l ity during the cooling
time for chemical relaxation that can reduce extr

l'imits redistribution and retaisfmat imom er erbaiurgpd @

confined t ewvetihgehtseuwdr fraecgeg on sampl ed at high emissio
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Figure 28 - Band alignment and surface chemistry of rapidly and slowly cooled CsPbIRBr films. (a)
Band alignment derived from APS and Kelvin probe measurements, with literature values for NF
processed CsPbIRBr shown for comparison. High-resolution XPS spectra showing (b) Pb 4f
deconvolution into Pb-lattice and Pbi O components, (c) Cs 4d, (d) | 3d, (e) Br 3d, and (f) O 1s
deconvolution into Pbi O, Oi H, and HFO contributions. Angle-resolved XPS (ARXPS) showing atomic
concentration as a function of emission angle for the (g) slowly cooled and (h) rapidly cooled films. (i)
Fraction of oxidised Pb as a function of emission angle, linking Pb chemical state to the near-surface
oxygen distribution,66:167.174
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The previous results suggest very distinct O-incorporation, which may be the result of the different
samples being exposed to air under 160°C annealing temperature for different times. To fully
understand the O-incorporation into the surface of the film as a function of time, the annealing time
under the rapid-cooling condition was varied to 10, 20, and 30 min and compared to the classically

slowly cooled sample optimised in this study, while keeping all other parameters constant. Following



the establishment of the fabrication conditions, the effect of oxygen incorporation differences on the

filmsé photoluminescence behaviour was investigat

To understand the influence of oxygen doping and cooling rate on PL, different fabrication conditions
were tested: films annealed at 160 °C for 10, 20, and 30 min and then rapidly cooled by removing
them directly from the hotplate, as well as films slowly cooled from 160 °C to 40 °C at a rate of 5 °C
mint. The fastly cooled samples are referred to by their annealing times (10-, 20-, and 30-min
samples). To further investigate the interaction of these films with transport layers in p-i- devices,
perovskite films fabricated under the stated conditions were deposited on three substrates: bare glass,
MeO-2PACz-modified ITO-coated glass, and glass where the perovskite layer was subsequently
coated with a thin layer of Ceo. The excitation wavelength was 404 nm, and data were collected for
both front- and back-side excitation. In all cases, the PL signal from the slowly cooled film was
approximately an order of magnitude greater than that of any comparable rapidly cooled sample, and
the PL intensity for all samples excited from the back side (i.e., PL originating from the buried interface
of the perovskite) was higher than when excited from the front side (Figure 29a-d). As expected, both
Cesoand ITO/MeO-2PACz act as strong PL quenchers, with the latter being a very efficient quenching
layer. The fullerene layer also exhibits strong quenching under front-side illumination. However, it is
important to note that Ceo absorbs a portion of the excitation light, making this geometry less ideal for
assessing intrinsic quenching (Figure 29a). In C3-€apped samples excited from the back side, a
feature near 670 nm was observed, particularly in the 10-, 20-, and 30-min samples. This coincides
with the Ceo absorption edge (Figure A 3 in Appendix Il), indicating that PL from the perovskite is
partially reabsorbed by Ceo at wavelengths below 670 nm, and the observed emission corresponds to
the tail of the spectrum at energies below the bandgap of C3.qQt should also be noted that in the slowly
cooled samples, there were very subtle shifts in the PL peak position between front- and back-side
excitation. These shifts may be attributed to the changes in surface electronic properties and
composition identified in earlier analysis. However, the magnitude of these changes and their

implications are considered beyond the scope of this work.
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Excitation-intensity-dependent time-correlated single-photon counting (TCSPC) provides deeper
insight than measurements at a fixed excitation intensity, as it reveals how different recombination
pathways compete and evolve with excitation density. By varying excitation intensity, intrinsic effects
such as trap filling can be distinguished from extrinsic influences, and nonlinear processes such as
trap saturation and Auger recombination can be uncovered, which remain hidden under constant
excitation. Therefore, excitation-intensity-dependent TCSPC was performed on the same sample set,
tracking the a\wdR @aged the itrifexponened weights(Ag, AF, Af): Ag (i, fast)
corresponds to non-radiative capture, AF ((F, intermediate) to shallow-trap-mediated transfer, and Af
(¢, slow) to bulk radiative recombination. All samples show an increase in average lifetime with
excitation intensity (Figure 29Figure 29i). This behaviour is consistent with trap filling at higher carrier
densities, which suppresses non-radiative pathways and prolongs the effective lifetime. The increase
is noticeably smaller for the rapidly cooled films compared with the slowly cooled film, which also
shows more pronounced front/back differences, with the front-illuminated sample exhibiting a shorter
lifetime. Overall, Ag decreases with increasing excitation intensity, suggesting reduced non-radiative
recombination via trap filling or defect passivation at higher carrier densities, Figure 29j. For the rapidly
cooled samples, front excitation consistently yields a higher non-radiative weight (Ag) compared with
back excitation. The weight of Ag is significantly lower in the slowly cooled sample than in any of the
rapidly cooled samples, indicating improved bulk defect passivation. For AF, Figure 29k, distinct
behaviours are observed: AF increases with excitation intensity for the 30 mins sample, decreases
gradually for the 20 mins and slowly cooled samples, and drops sharply for the 10 mins sample. The
difference in AFbetween front- and back-side excitation widens with intensity for the 30 mins sample
but narrows for the 10 mins sample, suggesting a non-uniform shallow-trap distribution that depends
on carrier density, with the surface likely having fewer shallow traps, possibly due to oxygen
passivation. The 20 mins sample shows a more uniform shallow-trap-assisted recombination profile.
In the slowly cooled sample, the front/back difference in AFremains nearly constant across excitation
intensities, indicating a stable shallow-trap distribution, with AF consistently higher at the front.
Consistent with suppressed non-radiative loss, Af (the slow, radiative channel) increases with
excitation intensity and is systematically higher for the slowly cooled film than for the rapidly cooled

films (Figure 29I), indicating a larger fraction of carriers recombine radiatively.
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Figure 29 - PL of CsPbIRBr under 404 nm excitation vs cooling/stack: (a) slowly cooled, (b) fast-30

min, (c) fast-20 min, (d) fast-10 min spectra for front and back excitation. The slowly cooled film shows
significantly higher PL intensity, while ITO/MeO-2PACz and C?3 @ct as strong quenchers; a feature

near ~670 nm in C3-€apped samples arises from partial reabsorption of perovskite emission by C3.¢
UrbachZ a i | | n (39 ITOMeCe2PACZ,qyd (g) glass. (A)i | ms
Mean Urbach energy, showing generally lower energetic disorder when transport layers are present,

anal ysis: mean
particularly for rapidly cooled samples. Excitation-intensity-dependent TCSPC of CsPbIRBr films (front
vs back): (i) average lifetime (U ), (j) Ag fraction (&, non-radiative), (k) AFfraction (UF, shallow-trap),
and (I) AFf r a c tf,iradliativej for 30 min, 10 min, 20 min, and slowly cooled films as functions of
excitation intensity. The slowly cooled film consistently shows longer lifetimes, reduced non-radiative
contribution, and enhanced radiative recombination compared with rapidly cooled films, indicating
improved defect passivation and more uniform recombination behaviour.
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To assess the stability of the films prepared, in-situ UV-Vis and PL measurements were carried out

at 25 °C and 50 % relative humidity (RH). The evolution of absorption and emission peaks as a

function of time is shown in Figure 30. From the absorption data (Figure 30a-d), it is inferred that most

changes occur within the first few minutes. The film annealed for 10 min shows the lowest stability,

with a phase change observed after only ~2 min. This phase change is indicated by a shift in

absorption from around 650 nm to around 500 nm. The other samples exhibit longer phase stability



but show a drop in absorption intensity, which could be indicative of a partial phase change.
Specifically, after 2 min, the absorption intensity of the 20 min and 30 min samples is reduced by ~55
% and ~74 %, respectively. In contrast, the slowly cooled film shows no change even after 300 min

of testing, demonstrating considerably improved stability.

This behaviour is mirrored in the PL data (Figure 30e-h): in the 10 min sample, emission is observed
only for a few minutes, consi st-etnot-phasea. Thie endssion
behaviour in the 20 min and 30 min films is unusual: both show intense PL for the first 5-10 min, which
then drops in intensity before recovering. For both samples, the initial drop occurs by around 50 min
into the measurement, followed by recovery. The 20 min sample reaches maximum emission lasting
for 10-15 min at around 200 min, whereas the 30 min film reaches maximum intensity around 100
min and maintains it for nearly 100 min. In both cases, the emission intensity then decays at a rate
similar to the preceding rise. It is speculated that this rise-fall behaviour reflects a competition between
defect passivation and the onset of phase change observed in the absorption spectra. This behaviour
is not observed in the slowly cooled sample (Figure 30h). During the first 175 min, this sample exhibits
a gradual increase in PL intensity accompanied by spectral broadening. The broadening then

stabilises while the intensity continues to increase steadily throughout the 300 min measurement.

Consequently, it is likely that the 10 min annealing step does little to passivate electronic defects and
traps; hence emission guenching is rapid. Annealing for 20-30 min results in partial recovery of
emission, attributed to the interplay between defect passivation and phase change. Slow cooling
results in excellent phase stability, as evidenced by the steady absorption and strong, sustained PL

emission.
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Figure 30- In-situ stability of CsPblMBr films in ambient air (25 °C, ~50 % RH). (ai d) Timei wavelength
absorption maps and (ei h) corresponding PL maps for films annealed for 10 min, 20 min, 30 min,
and slowly cooled, respectively. Rapid spectral shift from ~650 nm to ~500 nm in the 10 min film
indi cates fast UYU phase transition. The 20 and 3¢
partial recovery before gradual degradation, whereas the slowly cooled film maintains stable
absorption and steadily increasing PL over 300 min, demonstrating superior phase and electronic

stability.
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Figure 31- Device performance and electrical characterisation of CsPbIFBr devices prepared under
different cooling/annealing conditions. (ai d) Box plots of PCE, Jsc, Voc, and FF for devices annealed
for 10, 20, and 30 min with rapid cooling, and for slowly cooled films, showing optimum performance
and reproducibility for the 20 min condition. (e) EQE spectrum of the champion 20 min device with
integrated Jsc. (f) Forward and reverse JiV curves highlighting hysteresis behaviour across

processing conditions. (g) Dark Ji V curves showing differences in current injection and near-Voc
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behaviour. (h) Equivalent-circuit model used for EIS fitting. (ii j) Nyquist plots measured at 0.00 V and
0.85V, respectively, showing reduced transport resistance and weaker ionic response for the 20 min

device compared to the others.
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Introducing a low-temperature pre-annealing hold at 15 °C provides a simple yet powerful lever to
improve the robustness of industrial CsPbIRBr fabrication. Unlike conventional room-temperature
holds, where crystallization accelerates unpredictably with time, the 15 °C condition sustains the
intermediate phase regardless of hold duration. This decouples crystallization from the exact timing
of subsequent annealing, eliminating one of the largest sources of variability in blade coting, where
precise timing control is difficult to maintain across large substrates and multiple production lines
120178 By ensuring uniform intermediate formation and suppressing void generation at the buried
interface, the 15 °C hold step stabilizes film quality against fluctuations in operator handling, substrate
loading, and line throughput. In practice, this transforms pre-annealing from a bottleneck into a
tolerance-building step, making the overall process far more reproducible and compatible with

scalable industrial manufacturing.

Although the buried-interface SEM analysis presented in Chapter 4 reveals a very clear and

consistent trend in void formation as a function of hold time and temperature, a useful additional
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verification in future work would be to image the substrate surface after the perovskite film has been
peeled away during sample preparation. By examining whether any residual perovskite remains
adhered to the substrate in regions corresponding to observed voids, it would be possible to
conclusively rule out any contribution from the peeling process itself to the apparent void structure.
This would serve as a confirmatory control, reinforcing that the observed interfacial voids originate
from intrinsic crystallization dynamics during film formation rather than artefacts of sample

preparation.
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This section details the script used in fitting X

functeéesswmlt = fit_expected_peaks(data, temperature, | abel _prefix, out
% I nput s:

% dat a: [N x 2] array, columns = [2theta, intensity]
% temperature: scalar, used for | abeling

% | abeRagppirdeléyi x: ST ow'

% output_dir: folder to save plots

% all peaks: vector of target 2theta positions

% search_windowisdt hec(tiom ddgrhemdd) around each peak

= data(:,1);
y = data(:,2);

%- Baackground & -smoothing

bg = polyfeintdeh)lyX:15)8;h-de@d . 1)
y_cor-pod ywal (bg, x);

y_corr(y_corr < 0) = 0;

y_smooth = sgol ayf i(lotr(dyrc ®r,r ,fr9%,me3 53)5;)

%- -Results e€eentainer

result = struct('Label"', {}, "Center', {}, '"Height', {1},
"WidthL', {}, '"WidthR', {}, "EtaL"', {3}, "EtaR', {});
total _fit = zeros(size(x));

%- -F-i gure (headl ess -for batch runs)

fig = figure('Visible","off");

subplot(2,1,1); hold on;

pl ot (x, vy, Yk, '"Di spl ayName' , "Raw' ) ;

plot(x, y_smooth, '"b', 'DisplayName', 'Smoothed'),;
title(sprintf (' %s %d AC', |l abel _prefix, temperature));

x|l abehéta (A)'); ylabel ('Intensity"');

%- F-it each expected peakVonirgeth asymmetric pseudo

% Model parameters per peak: H, a, sl etlaefRt) width), s2 (right widtt
model = fittype(@H,a,sl,s2,bl, b2, x) .

(x<a).*H.*a) /bsll)/ M2)( Eheoxgpl(2a))*/(s(1¥) . ~2) ) +

(x>=a).*H. &a()/b2)/-{R) (feoxgpl(2a)*/(s(2¥) . ~2) ),

'independent', ' x"',"coefficients',{"H" ,"a","sl1l","s2","b1","b2"});
foar = 1:1ength(all _peaks)
[x_fit, y_fit] = extract_peak_region(x, y_smooth, all _peaks(i), s

iifsempt yc(oxn_tfienmue,

% I nitial guesses from | ocal max
[ ~, idx_max] = max(y_fit);

a0 = x_fit(idx_max);

HO = y_fit(idx_max);
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% Optional stabilizers for specific peaks (documented tweak)
idbs(all -peaky(k)0.05
a0 = 29.5;
HO = HO * 1. 2;
end
idbs(all -pea&y(k)0.05
a0 = 30. 3;
HO = HO * 1. 2;
end
% Bounds: keep widths modest; mi xing factors in [0, 1]
opts = fitoptions(' Method'," ' NonlinearlLeastSquares
'"StartPoint', [HO, ao, 0.1, 0.1, 0.5, 0.5],
‘Lower',-0.2, pOO1, #0001, O, 0],
Upper ', [Inf, a0O+0.2, 0.30, O0.30, 1, 11);
try
fitobj = fit(x_fit, y_fit, model, opts)
y_model = feval (fitobj, x);
total _fit = total _fit + y_model;
plot(x, -y-,modelhnheWi dth', 1.2, .
Di splayName', sprintf('Fit @ %. 1fA', all _peaks(i)))
resandl() = struct (
Label ', sprintf (' %s %d P%. 1f', | abel _prefix, temperature,
Center', fitobj.a,
Height', fitobj.H,
"WidthL', fitobj.s1, "W dthR'", fitobj.s2,
EtalL', fitobj.b1l, Et aR', fitobj.b2);
catch
% silently skip on failure
end
end
% Overlay tot al fit
plot(x, d4oeotalLihiew dtm', 2, 'DisplayName', "Tot al Fit');
|l egend(' Location', ' best"');
% Residuals subpl ot
subplot (2,1, 2);
residual-totyalcdrin,;
pl ot (x, residual, "r', ' DisplayName', "Residual ') ;
x|l abehéta (A)'):; ylabel (' Residual ')
title('Fit Residual'); grid on;
% Save & close
saveas(fig, fullfile(output _dir, sprintf("'%s_%d_fit.png', |l abe

close(fig);

end
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Table A 1- Reported photoluminescence Peak Positions of CsPblf, CsPbl.Br, and CsPbIBr;

Perovskite Films.

Composition | PL Emission | Reference (ACS Style)
(nm)

CsPbl; 700.6 (~1.77 eV) | Yi, C.; Luo, J.; Meloni, S.; Boziki, A.; Ashari-Astani, N.;
Gratzel, C.; Zakeeruddin, S. M.; Rothlisberger, U.; Gratzel, M.
Nat. Commun. 2020, 11, 2278.
https://doi.org/10.1038/s41467-020-15639-x

CsPbls 700 Wu, Z.; Chen, W.; Zhang, J.; et al. Opt. Express 2020, 28 (15),
21805-21814. https://doi.org/10.1364/0OE.28.021805

CsPbls 697-706 Gao, F.; Zhao, X.; Li, J.; et al. Adv. Energy Sustain. Res.
2022, 3 (7), 2200015.
https://doi.org/10.1002/aesr.202200015

CsPbl,Br 652-659 Fan, Q.; Meng, F.; Ma, Q.; et al. Joule 2019, 3 (2), 372-386.
https://doi.org/10.1016/j.joule.2018.10.011

CsPbl,Br 653 He, Z.; Xu, Z.; et al. RSC Adv. 2019, 9, 31168-31174.
https://doi.org/10.1039/C9RA06621A

CsPblBr; 610 Stewart, R.; Lee, T.; et al. J. Mater. Sci. 2021, 56, 13410-
13421. https://doi.org/10.1007/s10853-021-06552-3

CsPbIBr; 585 Xu, Z.; Zhang, X.; et al. Physica B 2024, 665, 415004.
https://doi.org/10.1016/j.physb.2023.415004

CsPbIBr; 598-607 Zhang, H.; Wang, Y.; et al. Energy Technol. 2022, 10 (5),
2101285. https://doi.org/10.1002/ente.202101285

CsPDbBrs 525 Chen, J.; Dong, H.; et al. J. Am. Chem. Soc. 2017, 139 (40),
13525-13532. https://doi.org/10.1021/jacs.7b07719

CsPbBrs 525 Yan, Y.; et al. Opt. Express 2020, 28 (9), 13484-13493.
https://doi.org/10.1364/0E.386237

CsPbBrs; 520 Bai, S.; Yuan, Z.; et al. ACS Omega 2022, 7 (3), 2584-2592.
https://doi.org/10.1021/acsomega.1c05938



https://doi.org/10.1038/s41467-020-15639-x
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Figure A 1 - Buried-interface SEM as a function of hold duration and hold temperature at multiple
magnifications. Columns show films held for 10, 20, 30, and 40 min; rows correspond to the indicated

hold temperatures.

bars), as shown.

Magni fi cat i on500 mmeane 208 mrsscafer o m

NC

t









