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Over the past three decades, organic lghtitting diodes
(OLEDs) have been consistently employed in display
technologies by virtue of their lightweight, foldable, and
thin configurations, exhibiting high electroluminescence
(EL) efficiencies. Neverthetestheir exorbitant cost and
low color purity of the organic emitter materials impede
the emergence of products with sharp, natural color
displays. Since 2014, metal halide perovskites (MHPs) have
garnered enormous interest as negéneration emitting
materials, enabling external quantum efficiencies (EQES)
exceeding 30%. The feat of MHPs stems from their
outstanding optoelectronic properties, easy solution
processability, defect tolerance, tunable bandgap, and high
color purity, endowing MHPs with highieiiéncy. Although
much of the advancement is attributed to the exploration
of new composites, defect passivation strategies, and
synthesis protocol optimization, environmental stability
remains a bottleneck to be resolved for |aspale
production. Theradre, overcoming concerns, relating to
the fast degradation of perovskites under high humid
conditions, are crucial to match the conventional industrial
standards.

Perovskite nanocrystals (NCs) are commonly synthesized
via wetchemical synthesis, following ligaasisisted
reprecipitation (LARP) or hotjection (HI) methods. These
reactions involve lonrghain organic ligands, imparting
stability in the norpolar solents. However, the capping
ligands easily desorb from the surface during the
purification process due to the ionic nature of perovskite,
resulting in poor colloidal stability. Moreover, letitain
organic ligands also possess insulating properties, which
impede the charge injection or transport properties in
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perovskite NCbased LEDs (PeLEDs). Thus, it is essential to
achieve a fine balance between the stabilizing though
insulating hydrophobic ligands and chatgsport
properties. To this end, severataegies, e.g. use of multi
dentate ligands, additives, pestatment, etc., have been
employed to alleviate the stability concerns. Nevertheless,
stability is still far below the expectation bar.

This Ph.D. dissertation focuses on enhancing the sgabili
and optoelectronic properties of Formamidinium lead
bromide (FAPDbBy nanocrystals (NCs) for their application
in perovskitebased lightemitting diodes (PeLEDs). The
thesis addresses the challenges associated with stability
using various strategies, cinding compositional
engineering, dimensionality tuning, pdstatment, and
additive incorporation, while also performing and&pth
investigation of the resulting changes in physicochemical
properties.

Chapter 1provides an overview of the prevalentlloalal
synthesis protocols employed for the synthesis of FAPbBr
NCs, along with emerging surface engineering techniques.
It discusses the structural and physicochemical
characteristics of FAPRBNCs, with a specific focus on
their remarkable defeetolerant properties. The chapter
extensively discusses the strategies, such as ligand and
compositional engineering, to improve the stability of
FAPbBr NCs. Furthermore, it reviews the notable
advancements made in FAPBBased LEDs and sheds
light on the pesisting challenges encountered in this field.

Chapter 2outlines the challenges and goals that this thesis
aims to address.

Chapter 3 explores the impact of compositional and
dimensionality tuning on the properties of FAROWBCSs. By
adjusting the stoiclimetric ratio of precursors (PhEfABr

Xl
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= 1:3), the perovskite structure is tuned from 3D to quasi
2D. This transformation results in a shift in emission color
from green to blue and a significant improvement in the
photoluminescence quantum yield (PLQM)e enhanced
PLQY is attributed to the presence of a hatide surface,
which effectively passivates the surface defects.
Furthermore, the excess FABr content induces a phase
transition from a cubic to a more distorted monoclinic
structure and alters th&lC morphology from cubic to rod
shaped. While these modifications have positive effects on
the optical properties and PeLED device performance,
stability remains a significant challenge in this study.

Chapter 4ntroduces a novel podteatment strategy sing
excess FABr suspended in hexaoetaining ligands to
enhance the intrinsic low stability of FAPBCs. The slow
intrusion of moisture in the suspension causes the
hydrolysis of FABTr, resulting in the formation of ammonium
bromide (NHBr) and formande. The presence of NBF
effectively passivates the defects and enhances the
optoelectronic  properties, particularly under moist
conditions, leading to a PLQY approaching -~85%.
Furthermore, the study investigates the impact of directly
adding a small amumt of water to the postreated NCs.
The findings reveal that water plays a crucial role in
localized exfoliation and etching of the ptstated NCs,
creating channels that facilitate the intercalation ofsNH
cations and promote sefssembly of NCs. Consequently,
the stability of the NCs is greatly improved, resulting in a
PLQY of 95% when deposited as thin films. The- post
treated and wateitreated NCs are tested in PeLED devices
(as a proobf-concept), with the watertreated NCs
demonstrating three times higher EQE compared to the
posttreated ones. This finding suggests that water can
have a positive effect on PeLEDs, contrary to the common
belief that water is detrimental to their performance.
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Chapter 5of the thesis focuses on enhancing the stability
of FAPbBrNCs through two approaches. Firstly, potassium
thiocyanate (KSCN) in the precursor solution results in an
additional potassium bromide (KBr) phase. Secondly, a
posttreatment approach involving a xtiure of FABr and
ZnBs leads to the formation of an additional MB# phase.
The synergistic cocktail strategy significantly boosts the
PLQY of the posteated NCs to nearly 98% and greatly
enhances their stability against humidity. Under controlled
humidty conditions (37% relative humidity), the NC films
maintain 70% of their PLQY over one month, while
untreated NCs degrade within 24 hours. Moreover, PeLED
devices incorporating the postkeated NCs exhibit a
remarkable Sold increase in EQE, reaching5%.
compared to devices with untreated NCs.

Chapter 6provides a summary and an overview of the
future perspectives, successfully addressing the stability
challenges of FAPBBMCs in this dissertation. The
designed strategies, such as compositional enginge
posttreatment, and additive incorporation, result in
notable improvements in stability, performance, and water
compatibility. The water compatibility aspect is particularly
noteworthy as it is not commonly observed in perovskite
materials, further kghlighting the novelty and potential of
the research findings. These significant advancements may
pave the way for the integration of wateompatible and
highly efficient FAPbBrNCs into higiperformance
perovskitebased display technologies.

Keywords Hybrid perovskite, optoelectronic, nanocrystals,
posttreatment, surface defects, etching, watermpatible,
light-emitting diodes, spectroscopy.
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In de afgelopen drie decennia zijn organische lichtemitterende
diodes (OLEDs) consequent toegepast in
beeldschermtechnologieén  vanwege hun lichtgewicht,
opvouwbare en dunne configuraties met een hoge
elektroluminescentie (EL) efficiéntie. Toch belemmeren d
exorbitante kosten en de lage Kkleurzuiverheid van de
organische emittermaterialen de opkomst van producten met
scherpe, natuurlijke kleuren. Sinds 2014 hebben
metaalhalogenide perovskieten (MHPS) enorme belangstelling
geoogst als emitterende materialearvde volgende generatie,
die externe kwantumrendementen (EQE's) van meer dan 30%
mogelijk maken. Het succes van MHPs komt voort uit hun
uitstekende opteelektronische eigenschappen, gemakkelijke
verwerkbaarheid in oplossingen, defecttolerantie, afstembare
bandkloof en hoge kleurzuiverheid, waardoor MHPs een hoge
efficiéntie hebben. Hoewel veel van de vooruitgang wordt
toegeschreven aan de verkenning van nieuwe composieten,
defectpassiveringsstrategieén en optimalisatie van het
syntheseprotocol, blijft damilieustabiliteit een knelpunt dat
moet worden opgelost voor productie op grote schaal. Daarom
is het overwinnen van de snelle degradatie van perovskieten
onder zeer vochtige omstandigheden cruciaal om te voldoen
aan de conventionele industriéle normen.

Peovskiet nanokristallen (NCs) worden meestal
gesynthetiseerd via nathemische synthese, volgens ligand
ondersteunde reprecipitatie (LARP) of -mgection (HI)
methoden. Bij deze reacties worden organische liganden met
lange ketens gebruikt, die stabilitegeven in apolaire
oplosmiddelen. De afdekkende liganden desorberen echter
gemakkelijk van het oppervlak tijdens het zuiveringsproces
vanwege de ionische aard van perovskiet, wat resulteert in een
slechte colloidale stabiliteit. Bovendien bezitten orgeme
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liganden met lange ketens ook isolerende eigenschappen, die
de ladingsinjectie of transporteigenschappen in LEDs op basis
van perovskiet NCs (PeLEDs) belemmeren. Het is dus essentieel
om een goede balans te vinden tussen de stabiliserende maar
isolerande hydrofobe liganden en de
ladingstransporteigenschappen. Hiervoor zijn verschillende
strategieén gebruikt, zoals het gebruik van nugtntate
liganden, additieven, nabehandeling, etc., om de
stabiliteitsproblemen op te lossen. Desondanks ligt de gé&atbil

nog steeds ver onder de verwachtingen.

Dit proefschrift richt zich op het verbeteren van de stabiliteit en
opto-elektronische  eigenschappen van formamidinium
loodbromide (FAPbBr nanokristallen (N@s voor hun
toepassing in perovskigebaseerde lichtgevende diodes
(PeLEDSs). Het proefschrift gaat in op de uitdagingen die gepaard
gaan met stabiliteit door gebruik te maken van verschillende
strategieén, waaronder composHangineering,
dimensionalitesafstemming, nabehandeling en additieve
incorporatie, terwijl er ook een diepgaand onderzoek wordt
uitgevoerd naar de resulterende veranderingen in fysisch
chemische eigenschappen.

Hoofdstuk 1geeft een overzicht van de gangbare colloidale
syntheseprotocdén die worden gebruikt voor de synthese van
FAPbBr NCs, gecombineerd met nieuwe opperviakte
stabiliserende technieken. Het bespreekt de structurele en
fysicochemische eigenschappen van FAFKNBs, met speciale
aandacht voor hun opmerkelijke defecttoleta
eigenschappen. Het hoofdstuk bespreekt de strategieén, zoals
ligand en compositieengineering, om de stabiliteit van
FAPbBy NCs te verbeteren. Verder wordt er een overzicht
gegeven van de opmerkelijke vooruitgang die geboekt is bij
LEDs op basis v&RAPbByen wordt er ingezoomd op de nog
steeds bestaande uitdagingen op dit gebied.
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Hoofdstuk 2 schetst de uitdagingen en doelen die dit
proefschrift wil aanpakken.

Hoofdstuk 3onderzoekt de invioed van het afstemmen van de
samenstelling en dimensionaliteop de eigenschappen van
FAPbBy NCs. Door de stoichiometrische verhouding van de
precursors (PbBIFABr = 1:3) aan te passen, wordt de
perovskietstructuur getuned van 3D naar qué3i Deze
transformatie resulteert in een verschuiving van de emissiekleu
van groen naar blauw en een aanzienlijke verbetering van het
fotoluminescentie kwandumrendement (PLQY). De verbeterde
PLQY wordt toegeschreven aan de aanwezigheid van een
haliderijk opperviak, dat de opperviaktedefecten effectief
passiveert. Verder indeert de overmaat aan FABr een
faseovergang van een kubische naar een meer vervormde
monokliene structuur en verandert de M@rfologie van
kubisch naar staafvormig. Hoewel deze modificaties positieve
effecten hebben op de optische eigenschappen en ddgires

van PeLED apparaten, blijft stabiliteit een belangrijke uitdaging
in dit onderzoek.

Hoofdstuk 4introduceert een nieuwe nabehandelingsstrategie
waarbij een overmaat FABr gesuspendeerd in hexaanhoudende
liganden wordt gebruikt om de intrinsieke lagibiliteit van
FAPbBy NCs te verbeteren. Het langzaam binnendringen van
vocht in de suspensie veroorzaakt de hydrolyse van FABr, wat
resulteert in de vorming van ammoniumbromide (BBl en
formamide. De aanwezigheid van 48Hpassiveert effectief de
defecten en verbetert de optelektronische eigenschappen,
vooral onder vochtige omstandigheden, wat leidt tot een PLQY
die ~85% benadert. Verder onderzoekt het onderzoek de
invloed van het direct toevoegen van een kleine hoeveelheid
water aan de nabehandeld¥Cs. Uit de bevindingen blijkt dat
water een cruciale rol speelt bij het plaatselijk exfoliéren en
etsen van de nabehandelde NCs, waardoor kanalen ontstaan
die de intercalatie van NHkationen vergemakkelijken en de
zelfassemblage van NCs bevorderen.eBgly is de stabiliteit
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van de NCs sterk verbeterd, wat resulteert in een PLQY van 95%
bij afzetting als dunne film. De nabehandelde en met water
behandelde NCs zijn getest in Pelapparaten (als proedf-
concept), waarbij de met water behandelde NCs dwa keer

zo hoge EQE vertonen in vergelijking met de nabehandelde NCs.
Deze bevinding suggereert dat water een positief effect kan
hebben op PeLED's, in tegenstelling tot de gangbare opvatting
dat water schadelijk is voor hun prestaties

Hoofdstuk Svan he proefschrift richt zich op het verbeteren
van de stabiliteit van FAPRBNCs door middel van twee
benaderingen. Ten eerste leidt kaliumthiocyanaat (KSCN) in de
precursoroplossing tot een extra kaliumbromidefase (KBr). Ten
tweede leidt een nabehandelingsgpak met een mengsel van
FABr en ZnBrtot de vorming van een extra DBt-fase. De
synergetische cocktailstrategie verhoogt de PLQY van de
nabehandelde NCs aanzienlijk tot bijna 98% en verbetert hun
stabiliteit tegen vochtigheid aanzienlijk. Onder geauatrde
vochtigheidsomstandigheden (37% relatieve vochtigheid)
behouden de Ndilms 70% van hun PLQY gedurende een
maand, terwijl onbehandelde NCs binnen 24 uur degraderen.
Bovendien vertonen PeLED apparaten met de nabehandelde
NCs een opmerkelijke-wudige toename in EQE, tot 1,5%,
vergeleken met apparaten met onbehandelde NCs.

Hoofdstuk 6 biedt een samenvatting en een overzicht van
perspectieven om in de toekomst op een succesvolle manier
verder de stabiliteitsuitdagingen van FARbLBICs in dit
proefschrift aan te gaanDe ontworpen strategieén, zoals
compositieengineering,  nabehandeling en  additieven,
resulteren in opmerkelijke verbeteringen in stabiliteit,
prestaties en watercompatibiliteit. Met name het aspect
watercompatibiliteit isopmerkelijk, omdat dit niet gebruikelijk

is bij perovskietmaterialen, wat de nieuwheid en het potentieel
van de onderzoeksresultaten benadrukt. Deze significante
vooruitgang kan de weg vrijmaken voor de integratie van
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watercompatibele en zeer efficiénte F#Bg NCs in
hoogwaardige, op perovskiet gebaseerde
beeldschermtechnologieén.

Trefwoorden  Hybride  perovskiet, optelektronisch,

nanokristallen, nabehandeling, oppervlaktedefecten, etsen,
watercompatibel, lichtemitterende diodes, spectroscopie
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Chapter 1

Abstract

Semiconducting nanomaterials have been widely explored in diverse
optoelectronic applications. Colloidal lead halide perovskite
nanocrystals (NCs) have recently been an excellent addition to the
field of nanomaterials, promising an enticing building block in the field
2F fAIKG SYAAaA2Yy D Ly e bpPRectibAi2 y
properties, colloidal NCs exhibit unique siependent optical
properties due to the quantum size effect, which makes them highly
attractive for light emitting diodes (LEDs). In the past few years,
perovskitebased LEDs (PeLEDs) have dhestnated a meteoritic rise

in the external quantum efficiency (EQE) values, reaching over 20% to
date. Among various halide perovskite compositions, FARDBrits
variants remain one of the most interesting and sotaftdr
compounds for green light ensisn. This review focuses on the recent
progress in the design and synthesis protocols of colloidal FRAPG8r
and the emerging concepts in tailoring their surface chemistry. The
structural and physicochemical features of lead halide perovskites
along wih a comprehensive discussion on their defect tolerant
properties is briefly outlined. Later, the prevalent synthesis, ligand,
and compositional engineering strategies to boost the stability and
photoluminescence quantum vyield (PLQY) of FAPDBEs is
extersively discussed. Finally, the fundamental concepts and recent
progress on FAPhRlvased LEDs, followed by a discussion of the
challenges and prospects that are on the table for this enticing class of
perovskites is reviewed.
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1. Introduction

Perovskites mginally refer to a class of oxides with the chemical
formula AB@ in whichA and B are divalent and tetravalent cations,
respectively. The structure has been named after the Russian
YAYSNIt23Aa0d [ SO t SNRGalA IyR (K
Gustav Rose, who discovered the very first perovskite compound,
CaTi@! Later, an extensive variety of inorganic metal oxides were
discovered, and actively studied due to their unique qytgsical
properties such as magnetic, ferroelectric, and electronic conductivity.
Over the past few years, lead halide perovskites (Lidfs)ABX
structure (A= monovalent catior = PB3*, Xx= Br, Cl or 1), have gained
prominent attention in a series of optoelectronic devices, e.g. solar
cells, light emitting diodes (LEDs), and photodete@térhese
materials exhibit intriguing properties such as easy solution
processibility, performant charge carrier dynamics, unprecedented
defect tolerance, tunable bandgap, excellent color purity (narrow full
width at half maximum (FWHM)) aémission (=20 nm), high
photoluminescence quantum yield (PLQY) (~100%) and wide color
gamut (~1409)8 Additionally, one of the leading features thatkea

them versatile for various applications is the flexible composition
space, allowing for diverse substitutions of cations or anions, and
thereby, offering opportunities to firkining the optoelectronic
properties?1® Consequently, a large number of breakthroughs have
been witnessed in the field of optoelectronics in the past decade.
Specifically, singi@ndion solar cells with power conversion efficiency
(PCE) of over 25% have been obtained, gaining a strong foothold in
the nextgeneration solar industdt. Encouraged by this
unprecdentedly rapid progress, the attention has also extended to
lightS YA &aaA2YyY LI AOFGAZ2YAad LY HAMD
first CHNHPbX:-based LEDs at room temperature, exhibiting external
quantum efficiencies (EQESs) of 0.76% and 0.1% in tlesiemranges

of nearinfrared (754 nm) and green (517 nm), respectiely.A y O S
OKSY> AYLINBaaAargS LINPINBaa oklABR
[ 954 o0t S[ 9540 0S aaid eminffafed emissipn 3
range), with EQEs over 20% to d&fé>

o]
N.
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The performances of S [ 9abedcurrently comparable with the
leading organic LEDs (OLEDs) and quadtinhEDs (QLEDS), mainly
based on CdSe, InP, etc. semiconductinternads!®2?? Furthermore,
compared to QLEDs (FWHM ~ 30 nm) areDBL(FWHM > 48 nm),
PeLEDs exhibit superior spectral purity (FWHM ~ 20 nm) and high
brightness, which is desirable for loast, highend LED3%*?®
Importantly, the turron voltage, which is the drive voltage at a
luminance of 1 cd ) can be as low as 2282’ Therefore, all these
exceptional properties make perovskites a potential candidate for
future LED devices. Nevertheless, despite the meteoriticrri&ES

of PeLEDs, a few substantial challenges still exist, such as (i) the
efficiency of blue and deep blue LEDs remains inferior as compared to
green or red, reaching close to 12% and 5.5%, respecfi¥@I¥his is
attributed to the wide optical bandgap of blue emission, pasegs

high subbandgap trap states. Such shortcomings markedly impede
the realization of electroluminescence (EL) covering the whole visible
region®233 (ii) Short PeLED lifetime under operating conditions
(ranging from % = 59 h (forbluey* to 682 h (for neainfrared
emissionsP. These numbers are substantially far away from the
current highperforming OLEDs with a lifegnover 6 x 19h.35%37

L) Attt y2g3s GKS RSOAOS RS3INI RI
AYFSNNBRS K2¢0p5R3BY akdzRA 8XSKISES a
0KS LISNRgaiAldSa SYyaAaargsS &SN
Y2-MF RAFTGAGBS OKI NBHS NBO2YOoOAYIl GAZ2Y
RSOAOS LISNF2NXIYyOSd ¢eLAOFftes A
Rdz2 @WwKS | LI AOFGAZ2Y 2F | KAIK S
Oz2yaSldsSyidate SyKIyOSa G4KS | y2dzi
A Y A (%A TihasNthr dconsiderable efforts have been devoted to
addressing the stability concerns. There have been multiple studies,
demonstrating that ion migration could be impeded by applying
various strategies, such as pt®atments, or introducing different
kinds of functional molecules, Lewis acids, and bases, hydrophobic
polymers, alkylammonium halide, which tend to ameliorate the
properties of perovskite layer, and thereby, mitigatinge tfon
migration pathway3%+%43 However, despite considerable progress,
stability remains a bottleneck for the development of EL devices.
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While mos$ of the studies are focused on tHitm LEDs,
polycrystalline films are often sensitive to processing conditions. This
leads to the development of randomly oriented grains, generation of
secondary no#perovskite phases, and heterogeneity in the optical
properties, resulting in poor device stabififyAdditiondly, stringent
control over the perovskite compositions is required to reach a
specific emission wavelength, which again complicates the fabrication
process. Recently, highly luminescent colloidal nanocrystals (NCs) have
gained significant attention due toheir sizedependent optical
properties arising from the quantum confinement effect. In the last
two decades, the quantum confinement effect has been largely
explored in compound semiconductors (such as CdSe, InP, etc) for a
variety of application®*° In colloidalNCs, this effect is observed
when the size of NCs is smaller or comparable to the exciton (electron
hole pair) Bohr radius of the compound, resulting in a blue shift of
emission peak and absorption edge. Such confined systems present a
different angle fron which the optoelectronic properties can be fine
tuned. Specifically, the energy states in these materials do not remain
continuous, as in the case of bulk, but become discrete, leading to an
increase in the bandgap. Thus, the precise control of siagsaftor
fine-tuning of emission color over a very broad spectral region within a
single composition, which makes them very attractive for light
emission application$s>3 As such, perovskieased colloidal NCs also
offer added benefits in luminescent properties over their
polycrystalline counterparts, such as high PLQYs (close to near unity)
with narrow emission linewidths and high exciton binding energigs (E
due to the confinement effect. Furthermore, the preparation methods
for colloidal NCs are comparatively facile, with a possibility of
obtaining a monodisperse and phgsg&re system by solutien
processing route%*>°

In general, organic compounds exhibit interesting properties like
structural diversity, high luminescence and ease of processing,
whereas, inorganic counterparts provide advantages, such as thermal
stability and high mobility. The combination of two, ioeganic
inorganic hybrid materials, offer the opportunity to combine the best
of both worlds in a single compound. Specifically, hybrid perovskites
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consist of inorganic anions, forming corner sharing octahedra,
alternating with organic cations, which ginge to unusual structural
and optical properties® Motivated by these tunable optoelectronic
properties, a considerable amount of attention has been devoted to
LHP nanocrystals and their apations in light emission.

Over the past few years, -atlorganic CsPhXperovskites have
stimulated enormous attention in the field of optoelectronics due to
their superior thermal and moisture stability as compared to organic
inorganic lead halide perskite counterparts. However, they
encounter substantial challenges of facile fabrication and phase
stability. On the other hand, formamidinium lead bromide (FAJPbBr
remains one of the most stable Bbased halide perovskite materials,
which offers higheritermodynamic stability, originating from stronger
ionic interaction with the halogen anions in the perovskite crystal.
Consequently, FAPhR¥xhibits improved stability against heat, light,
and moisture’’:°8 Moreover, FAPbBibased NCs can easily maintain
t[ SYAAdaaAirzy x pHA YY GAGK yI NNER
the opportunity to realize the pure green color in the NTSC
chromaticity diagram?® However, as for methylammonium (MA
and Cdsbased perovskites, the emission wavelength is commonly <520
nm, even for nanoparticles with size larger than their exciton Bohr
diameter (> 10 nm), making them not suitable for obtaining ultrapure
green emission. These outstanding properties m&dPbBr a
promising candidate for LED applicatiéhs.

As the field of perovskites is advancing rapidly, it is of great
importance to feature the novel developments, challenges, and
progress maddn the past few years. This review focuses on the
development and emerging concepts in tailoring the properties of
FAPbBy nanocrystals for light emission applications. We begin with
discussing the general structural and physicochemical features of lead
halide perovskite, followed by an overview of the unique
optoelectronic properties of nanocrystals arising from the synergistic
effect of quantum confinement and dimensionality engineering.
Hereafter, the mainstream synthesis methodologies will be discussed
shortly and numerous potential approaches to improve the
performance of FAPbBXCs will be evaluated. Furthermore, we
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highlight the gradual positive impact of these strategies on the
external quantum efficiency of LEDs. Finally, a brief outlook on
pendirg challenges and possible advancements for further research
are provided.

1.1Crystal Structure of LHPs
1.1.1Threedimensional (3D) structure

Ideally, halide perovskites have a general formuksBof, whereAis a
monovalent organic or inorganic catidhis a divalent cation, andis

a halide anion. In this structure, the hes@ordinatedB-site cation
occupies the center of the octahedron lattice site, forming the cerner
shared octahedral network. Th&cation is centrally located in the
large cavity, formed by the octahedra urttS he crystal structure of
ideal perovskites is illustrated in Figure la. The structural stability of
the perovskite can be estimated from the ionic radii of the constituent
ions. An empirical formula ha@&én proposed by Goldschmidt in 1920
to define the tolerance factor (T®)%4The equation is presented as:

YO — (D)

wherei is the ionic radius of ioh This equation is often used to
estimate whether apecific elemental composition can form a stable
perovskite structure. A TF in the narrow range ofcOl8hints toward

a stable cubic perovskite structure. Considetirgglarge ionic radii of
the halides, very feviA-site cations can satisfy the TF fobicuLHPs.
The typical examples ofA-site cations are cesium (Qs
methylammonium (C#llH:*, MA), and formamidinium (Gkb*, FA).
When theA-site cation is too large (corresponding to TF > 1), the 3D
cornershared perovskite structure transforms into a lower
dimensional crystal structure, i.e., 2D or gud3i(Figure 1b). On the
other hand, a smallef-site cation (corresponding to TF in tlenge

of 0.6 T 0.8) indicates a distorted structure (that is, structural
distortion from the cubiaristotypg due to the tilting of metal halide
octahedra®’™®® Notably, the aforementioned TF is computed by
assuming that the ionic radii of thens are constant. However, it is
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only a good O order approximation to estimate the structural stability
of the perovskites as its accuracy is often insufficient. Battall.
LINPLI2ZAaSR || NBYGAASR ¢CZ ™ 3 gAGK Y

A S jj )

wherei is the ionic radius of ion¢ denotes the oxidation state of
cationA, (¢ =1 for the halides andt 1@ yindicates the formation

of the perovskite with higher credibility (~ 8% error or incorrect),
compared to the extensively used Goldschmidt'TF.

erovskite nanoplatelet
B p P «— A, B, X, ntuning —

{ mes W

-

Figure 1a) Bulk structure of perovskites; the inset shows the perovskite mineral ; @xTé@ered

2D perovskite (n = 2) (left), and emission cobmm be tuned upon varying X or n (right); Panels a)
reprinted with permission from ref. 65. Copyright 2016 American Chemical Society. Panel b) reprinted
with permission from ref. 66 Copyright 2021 Elsevier

l'f K2dzZAK (G4KS WARSIH f O®ic, li&d&dIsevernll S 2
distorted perovskites structures available; in fact, there are
considerably more distorted structures than cubic ones. As a matter of
fact, CaTige) the perovskite mineral itself, is structurally orthorhombic
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instead of cubi¢? The deviation from the ideal cubic structure could
be either due to (1) cation displacements within the octahedron or (2)

distortions of theoctahedron, or (3) tilting of the octahedron. Among
these, octahedral tilting is the most common type of distortion and
can be realized by tilting the rigid 8octahedra along with one or
more of their symmetry axes, while strictly maintaining the cerner
sharing connectivity®*

1.1.2Lowdimensional structure

One of the major downsides of 3D LHPs is their-temmg instability,
owing to the hydrophilic nature of the organic cation (MA or FA),
which makes them susceptible to ambient conditions. This concern
has impelled researchers to explore other alternatiwéth higher
stability, making lowedimensional perovskites a viable candidate.
Low dimensional perovskites are a subclass of perovskites,
conceptually derived from the 3DABX structure. They are
dielectrically confined in at least one dimension, thushatthg the
confinement effect similar to quantum dots (QB$) It should be
noted that the low-dimensional crystal structure is different from
conventional gantum dots as the dielectric difference between
organic and inorganic layers provide the necessary confinement
effect, whereas the confinement in the latter stems from the size of
NCs. Hence, a ledimensional crystal structure can be bulk or
nanocrystalhe, depending on the size of the particles. Such structures
possess a general formula, (&M)B>sc+n, where OA is the bulky
organic ammonium cation, which plays a crucial role in disconnecting
the 3D network. The value ofdetermines the number of odtedra
units sandwiched between the organic spacer cation; wihenuals 1,

it represents a pure 2D perovskite structure; having a single inorganic
layer separated between organic lay&r8 Notably, the thickness of
the unit cells can be varied by employing mixtures of short and long
organic cations. By varying the relative ratios of two organic cations
and metal halide salts in the precursor solution, the mixed phases with
nvarying fromm >X ¥an be oktained (Figure 1b). Importantly, by
manipulating the values of distinct optoelectronic properties can be
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obtained. Such structures are widely known as geRsperovskites
(otherwise known as RuddlesdPopper (RP) phases, layered or
mixed dimensional perovskite$).Finally, asn 6§ Sy Ra (2 K
stoichiometry approaches that of a 3D perovskite. Thus, any variation
in the values oh can tailor the bandgap, inducing a strong quantum
confinement effect as the approaches unity. Furthermore, in 2D or
quasi2D structures, the Goldschmidt TF requirement is relaxed, and
therefore, they can accommodate an extensive library of bulky organic
cations to finetune the optoelectronic properties and obtain a
thermodynamically stable structufe® 76

1.2 Defects in LHPs

Compared with classical oxidased perovskites, the larger and more
polarizable ionic components in LHPs lead to weaker Coulombic
interaction and kBnce a soft crystdhttice. These ionic interactions
result in fast crystallization, making them prone to structural
disorders, associated with the formation of defeltsHalide
perovskites belong to that rare class of defect tolerant materials
where intrinsic defects are either shallow or hauvghhformation
enthalpies, thus remaining benigh¢ KS G SNY WRSTSOI
indicates that energy levels of the intrinsic defects lie close to or
within the VBM or CBM, leaving the center of the bandgap dé&feet

and thereby, benefitting perovskites in retaining their original
properties. The superior defect tolerance in a semiconductor is
assumed to stem from having the bonding orbitals at the conduction
band minimum (CBM) and antibonding orbitals at the valencel ba
maximum (VBM), which is unlikely in conventional semiconductors
(bonding VBM and antibonding CBM) (Figure’® 2Jhe defect
tolerance in LHPs could be attributed to a variety of factors. First, the
VBM ofAPbX; is formed by the antibonding coupling between the Pb
6s and halide Xp orbitals = 3 for Cin = 4 for B, andn = 5 for 1),
while the CBM is composed of mostly Pb 6p atomic orbitals. Strong
antibonding interaction between Pb 6s and halide X np orbitals raises
the VBM, indicating that trap states are located within or close to the
VB edge.

Differently, themteraction between the Pb 6p anthp is weak, and

10
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therefore, the CBM remains unaffected. Second, theoretical
calculations on the unusual defect science in MHPs indicate that the

Defect intolerant Defect tolerant
(CdTe, GaAs) (APbX;)
Antibonding Bonding
X "
CBM
| acceptors [
> ’j! Deep traps ;": Shallow traps E,
w / donors
VBM ;,f’ + ®
v . g /,n /’///
—— —
|Bonding | Antibonding

Figure 2Band structure of (left) defect intolerant conventional semiconductors (i.e. grévguid H
VI) and (right) defect tolerant lead halide perovskites. Figure adapted from ref. 82. Copyright 2020
The Royal Society of Chemistry.

dominant point defects,u&h as vacancies (maifly and X-site), that

is characterized by the lowest formation energies, introduce only
shallow trap states. Other remaining point defects, like antisites or
interstitials, which result in deep traps, are mainly absent due to
higher formation energies. Finally, on account of the large nuclear
charge in MHPs, the sparbit coupling becomes significant, resulting
in lowering of the CB and thereby, favoring the formation of shallow
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trap states’®88l The combination of these features lead to
LISNP@a|1AGSAaQ 2dziadlyRAYy3 2LI12S¢
intrinsic defects in bulk af@enign, surface defects still can act as-non
radiative recombination centé?.83 This is predominant in colloidal
NCs, possessing orders of magnitude higher sutéagelume ratio
than the bulk.
The surface of a semiconductor is the area where the periodicity of
the crystal lattice is terminated and electronic states specific to the
surface are found. These states can have a considerable effect on the
electronic behavior and band structure, adveys@inpacting the
stability and optoelectronic performance of the materials and
devices?*®> In the case of bulkonly a small fraction of atoms are
present at the surface and therefore, the dangling bonds on the
SEGSNAZ2NI O2yiNAROdziS AYyaAIYATFAOLY
other hand, the role of the surface becomes dominant at the
nanoscale, significalyt altering the optical properti€d. Generally,
when the periodicity is hindered or disrupted in LHPs, the crystal
surface terminates with either organic cations or metal halide units or
both, depending on the synthesis and processing conditions. As a
result, undercoordinated atoms are formed, creating surface traps.
The dominant surfacgerminating group will have certain surface
properties, which also influence the nature of the entiratenial. It
has been reported that defect states responsible for-raahative
recombination are majorly located toward the surface of L¥HPs.
az2NB2JdSNE GKS2NBUGAOI € OF £ Odzft I G A
& G NHzO G dzNJ € RSTSOGa |G GKMN LA daNdFit
NI BHyNBILR NI SR F O2YLINBEKSYaA @S GF
KS OKSYAailNEB 2F adiNFK OB NRSSTF O &
0 o1 a &adz33ISHEGR ORKYRAUGXKSBY tdHa (K
I @2 N} 6-RNIBOK XA FoWUKS KAIKSNI F2NXI
NJ LILIA Yy 3 dRARBKNI SHRSGYKI SNR 200K S 2 NB G A Ol
y /-oil_tJZ‘)ééééé)\yEl KFf ARS @I OF yOASa
S @I O yOass3a Sk RNJSLJSaN@l@taﬂQ)\m sxw:
R | yR3 D[J%mlﬁasﬁﬁ‘f@% K& RO?2 Ya Sl dz
A I-féz SQ)\Rsyu AY GKS-Gt2[ v
. ¢ .

RN Cn-H M Ca=~

rn>

PN

Saas 0t KERREBNE DR | A S
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2. Formamidinium Lead Halide Perovskite Nanocrystals: Structure,
Synthesis, and Optoelectronic properties

2.1Polymorphism in FAPkierovskites

From the structural point of view, the rotation of corrstrared
octahedra (i.e. the octahedral tilt) within perovskite structures results
in different polymorphic phases (crystal structures), upon varying the
temperature and pressure. Temperateatependent crystal structures

of perovskites are listed in the Barnighausen family tree, where the
space groups (having lower symmetry), derived fthen aristotype
(space grougPnom), exhibit different kinds of distortions. In bulk,
three polymorphs are mainly realizeqd cubic, tetragonal, and
orthorhombic¢ in descending order of symmetry. These polymorphs
mainly exhibit distinct degrees of tilting of the corséaring
octahedra.At elevated temperature, all LHPs acquire a perovskites
aristotype that is, a higtsymmetry cubic structure (having 2gPhgX
angle of 180°), however, as the temperature decreases, Blfe
octahedra tilt, owing to the differences in the size of the oatiahle
framework and A-site cation, resulting in structures with lower
symmetry ettotypes i.e. structures that are similar to the aristotype,
but possess low symmetry). Specifically, FAPtistallizes into a
stable cubic structurePfrom space group) atoom temperature (no
octahedral tiltingis present), transiting into a tetragonal phase
(P4/mbn) between ~275 and 250 K, followed by an orthorhombic
transition Pnmg upon decreasing temperature, between ~150 and
125 K21 FA cations are quite disordered in the cubic phase and can
rotate freely within the octahedral framework. As the temperature
decreases, the cation in thetragonal phase rotates between the
preferred orientations, which are influenced by the octahedral tilting.
However, after the material transitions to the orthorhombic phase,
the rotation of FA cation is restricteglkhibiting a disordered state
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Figure 3 Changes in the optical absorptions (green arrow) and PL spectra (pink arrow) of
FAPbByunder pressure. Figure adapted from ref. 93. Copyright 2016 American Chemical
Society.

(glasdike dynamics)This is in contrast to MAation, which exhibits

an ordered arrangement of cation in a lemperature orthorhombic
phase?? Furthermore,besides temperaturéinduced phase transition,
FAPDbBy structure can also be modulated by applying pressure, which
changes the atomic distance between organic cation and inorganic
framework, offering many rich phase structures. An extensive high
pressure atdy on FAPbBrcrystals revealed the evolution of optical
properties upon varying pressure. Figure 3 shows the optical
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absorption and PL spectra of FARmBystal at varying pressure levels.
Notably, FAcation exhibits two phase transitions at 0.53 Glran(f
Pnom to Im3) and 2.2 GPa (fronm3 to Pnmg during compression,
followed by amorphization above 4 GPa and finally, a full reversion to
its original cubic phase under decompresstohihese novel structural
reorganizations can unlock many unique properties that are difficult to
attain in normal phase transition, thus opening a new frontier in
optoelectronic applications.

2.2 Synthesis of FAPbBanocrystals
bly2ONRaldl f ANBORAY LINA 4 B Walzy RK 2 dza |

LJ- NG AOf Sa FINB GeLAolrffe aeyikKSa.
f AdIcyWRE SOdzf Sa GKIFG -AYIR GXKSIKSI
FddFr OKSR (2 GKS ONBAaldlf adzN¥FI OS
2LII2 A BDE A RN ¢KS O2YY2yfeé dzasSR
OF ND2Eéf %<7  HZNFE DS StiddI yRaA T2NY

alF GdzNy 6Sa GKS RIEy3aftAy3a o662y Ra I
YR LINBGSYyGAy3a |3IANBILGAZ2Y 2F b
dzy AT2N)XY aAT SR b/ afta2aN0 ONHEOMD I (TA 2
RSOAOSasx o0SOIFdzaS aAl S RA&dGNROGdzi

K2Y23SySAade 2F GKSANI OKSYAOFt Iy
I yéensemble of NCs, a size discrepancy may lead to inhomogeneous
properties, such as broading of optical spectr¥.

2.2.1 Synthesis routes for colloidal FARbBnocrystals

Synthesis of highuality and unifornrsized NCs with excellent control
over shape, size, and composition is critical for the fabrication of high
performing LEDs as namiformity leads to broad emission peaks and
poor color purity?®°° Currently, the most commonly used techniques
for the synthesis of FAPRBXCs are ligandssisted reprecipitation
(LARPY°101 and hot injection (H1y192 methods. Schemat
illustrations of these methods are shown in Figure 4. Both of these
methods are considered a botteap approach, which is effective to
control the morphologies of FAPBBYCs, such as nanowirts,104
nanocubesg?!:1051%nd nanosheets (Figure 4, blue blo®k):1° These
techniques broadly follow the classical models of nucleation and
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Hot solvei

Figure 4.Schematic representation of the reaction system for the synthesis of colloidal perovskites
NCs by Ligandssisted reprecipitation (LARP) (Green), hot injection (HI) (Orange), Emulsion method
(Violet) and SEM images of varied morphologies (blue), swmasoplatelets b) nanocubes and c)
nanorods, realizable by following different synthesis protocols.

growth mechanisms.

Typically, in the nucleation step, the precursogact to form the
supersaturated solution of monomers followed by a burst of
nucledaion of NCs.The growth of nuclei is then followed by consuming
the residual monomers present in the reaction medidhil? Zhang
and coeworkers were the first to report the LARP thuwd for

16



Colloidal FAPbBt S NP @él AGS bl y 2 ONBAaGIfa FT2NJ
on?

synthesizing LHP QDs {8HPbX).1%! Typically in this approach, the
formation of NCs is accomplished at room temperature by first
dissolving the precursors in a polar solvent (DMF, DMSO, or
acetonitrile) along with organic ligands. The precursor solution is then
injected into a nofpolar ®lvent (usually toluene or hexane) to
promote the nucleation and growth of NCs (Figure 4, green Biftck).
They found that longhain ligands are necessary to achieve -high
quality MAPbBrNCs. Fédwing that, Perumaét al. communicated

the first report on FAPbBMNCs, synthesized by the LARP method
utilizing longchain surface ligands, octylamine (OTA), and oleic acid
(OACc), thereby promoting the precipitation process. The obtained NCs
had an average particle size of¢l8 nm and exhibited a green
emission at 53@m which is bluehifted by 1620 nm as compared to
that of bulk FAPbRrIn solutionphase, the NCs exhibited a PLQY of
55¢ 65% with a narrow FWHM of ~22 AfA.

The HI technique, on the othéiand, was first reported by Murrast

al. in 1993 for the synthesis of cadmium chalcogenide NCs and was
later adopted to synthesize a variety of N¥&8!8 This route requires

the rapid injection of precursor solution into a hot coordinating
organic solvent, initiating the formation of nuclei. As soon as the
temperature of the solvent drops down, the formation of new nuclei is
interrupted, promoting the grotlh process of monodispersive nuclei
(Figure 4, orange block). Notably, this approach enables the synthesis
of small NCs having a narrow size distribution range. Proteseatu
synthesized highly monodisperse cuti@ped FAPbBOQDs using the

HI method (at 130 °C). By controllingeaction temperature and
amount of injected oleylammonium bromide (OAmMBYr), they were able
to tune the size of QDs from 5 to 50 nm, which resulted in a wide
range of emission wavelengths from 470 nm to 535 nm, where the
smallestsize corresponds to the largest band§ag@.urrently, most of

the synthesis routes for FAPBBYCs are variants of HI and LARP
methods. By comparison, the HI method needs a relatively high
temperature (70° to 165 °C), an inert atmosphere, and a long
preparation time, which makes it costly and difficult to control the
reaction rate. On the other hand, the LARP method is a low
temperature process, however, it has less control over the uniformity
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precursor salts to be dissolved in polar solvents, such as DMF and
DMSO, which leads to the fast degradation of perovskite NCs. A polar
solventfree method would be ideal to avoid this issd#gart from
these two techniques, the neaqueous emulsion method are recently
being explored for the preparation of LHPs N€m this approach, a

pair of immiscible polar and ngoolar solvents, along with surface
ligands, is mixed to form an emulsion. Next, a demulsifier (such as,
tert-butanol or acetone) is added to initiate the mixing of precursors
and the crystallization poess. The resulting precipitate can be
redispersed in a nepolar solvent to form a colloidal solution. Finally,
by adding more demulsifier into the colloidal solution, the QDs can be
precipitated and dried into powder form (Figure 4, violet block). Thus,
control over the crystallization process and size can be achieved by
varying the amount of the demulsifi€®However, they are not many
reports to date for the synthesis of FAPQBCSs.

2.2.2Tuning optoelectronic properties of FAPOBESs

Following the two of the early reports on LARP and HI methods,
tremendous efforts have been invested in syntheg FAPbBMNCs

with improved optoelectronic properties, keeping an objective in light
emission application. Delicate chromaticity engineering by HI and
LARP can be achieved by optimizing multiple factors such as precursor
dose, temperature, ligand spesi reaction time, ete\12®124 |n
general, bulk FAPbBhas a direct bandgap of 2.34 eV with a
corresponding emission wavelength of 535 nm. On excitation of an
electron, the strong Coulomb interaction between electron and hole
pair results in a large average distance of 8 nm between them (the
exciton Bohr radis)1°® Reducing FAPbBerystallite dimensions can
confine these charge carriers within de Broglie wavelength which is
less than twice the exciton Bohr radius. Such a reduction in size leads
to strong confinement of both the electron and hole wavefunctions
(as they have similar effective mass), giving rise to discrete quantized
energy states, which can be observed in optical absorption and
emission spectr&® Moreover, with @ objective in light emission
applications, several parameters are generally required to be
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optimized for obtaining high quality M@sed thin films, such as (i)
small crystallitesizes (~ L0 nm) to strongly confine the excitons and
spatially limit the weciton diffusion length, which reduces the
possibility of dissociation of exciton into free charge carriers (ii)
pinholefree uniform film fabrication, comprising uniformly distributed
grains and smooth surface, to avoid the substantial leakage current,
(i) high Bto strongly confine the excitons, and (iv) good emissive
properties; it is critical to impede the energetic losses and curtail the
nonradiative recombination to further boost the efficiency LEDs. To
address these requirements, perovskite N@s lbe tuned in several
ways, such as by blending perovskites with dielectric polymer,
engineering the precursor stoichiometry, incorporating a bulky organic
molecule with low dielectric constant to promote the dielectric
confinement inside the lowlimensiamal perovskites, use of additives
and surface ligandg7131

2.2.3Ligand Engineering

In general, ligands play a critical role in controlling the shape and size
of NCs, which subsequently determineithoptoelectronic properties.
They are essential in suppressing the -rewhative surface
recombination centers and  tuning the surface potential and
energeticst®? For example, amine ligands act as a stopper, inhibiting
the growth of the NCs, and passivating the surface defects. Oleic acid,
on the other hand, OKSf I 4 IIZZ RBNIDXK2 NRAY Il (SR
LINEGARAY 3 20SNIff O2{PPHRARNSE D56
GKS LINRPGSOUAY3 {1 &@SNJ 2F adzZNFIF OS

O2ftft 2ARI § a2t dziA2yd [/ dzZNNByi(fex

SEGSyargSte o0SAy3a SELX 2NBR (2 C
AYGiSaNaGe | yR 2a3082 S TS QikNE ¢! G 6LIND
Ly Fy SINIeée B8BEKREBSR NKiI Sa $Hd OdzNJ
YVIENNRg aAiAl S RA&AGNARAOdziAZY | a O2Y
LINEY20GSa (GKS RSRIME TiXYS (a2Wi KX A a
O2y (I AYAIyAIAIhy Ry .LNNR2 A RSa&a |y | RRAG)
KStLA Ay |FTARAY3I o6SUOGSNI adGl oAt AGE
GKS FT2NXIFGA2Y 2F 2f S@fl YY2YAdzy 2
b/ a 6l a FTdzZNIKSNJ (idzySR o6& OIRNEAY.
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Fgure 5.a) Reaction scheme of NB®diated Synthesis of FAPBBICs (top), and PL emission and
absorption spectra of FAPBBYCs (bottom) b) PL and absorption spectra of FARjpBntum dots,

the inset is depicting the flask containing ssligte ligands, irradiated under UV light (top) and
change of PL intensity asfunction of storage days of FAPp@ottom). SA denotes a pair of selid

state ligands and OA, a conventional pair of liquid ligands. Panel a) reprinted with permission from
ref. 114. Copyright 2019 American Chemical Society. Panel b) adapted frbtb r&@opyright 2017
American Chemical Society.
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Figure 6a) PL and absorption spectra of FARRBh different ratios of FABr; exhibiting a red shift
on increasing the FABr amount.Rl) and absorption spectra of corresponding nanocubes, prepared
using 1:1 PbB#ABr (top) and of corresponding nanorods prepared using 1:3/PABr (bottom);
Panel & Reprinted with permission from ref 125. Copyright 2020 \WHAY verlag GmbH & Co.
KGaA, Weinheim. Panel b) adapted from ref. 122. Copyright 2019 American Chemical Solciety.
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A-site mixing
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Figure 7a) Absorption (left) and PL spectra of k&sPbBE (x=0¢0.6) (right). b) Absorption
(left) and PL spectra of perovskite with varied Pb ratio §aCG%PbBr; (right). The inset is
the photo of adormed perovskite nanocrystals under ultraviolet excitati®anel a)
reproduced with permission from ref. 158opyright 2017 WILBXCH verlag GmbH & Co.
KGaA, Weinheim. Panel b) reproduced with permission from1lE&f. Copyright 2018
American Chemical Society.

B-site mixing

In view of lead toxicity, tin (Sn) has been considered as a promising
substitute to led, since both of them belong to the same group in the
periodic table and possess a similar ionic radiu%,Ph19 pm and

St ~ 118 pm'’® However, Sibased perovskites are remarkably
prone to oxidation, converting from %Bnto Sri* and thus,
deteriorating the optoelectronic propertiést While earlier stdies

were focused on the @msed’?3or MAbased’*1’>perovskites for
Pb-Sn mixed composition, recently FASBnBr; NC3$7%17" have also
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gained momentum, along with partial Pb replacement by other metals
in the perovskite structur&®®l Cai et al. reported the facile
synthesis of FARSnBrz NCs at RT using a modified LARP
approacht> They found that the crystal structure remained cubic till
50% Pb is replaced by Sn, however, on further increasing Sn
concentration, the cubic phase partially lost its high symmetry
structures. Interestingly, as the x content increased from 0 to 0.5, the
emission spectra was bhshifted, peaking from 534 nm £ 0) to 516

nm &= 0.5), yielding high PLQY up to 97% fof.2 composition and
then plunges with highex content. Furthermore, the decay time also
increased from 161 nx € 0) to 182 nsx(= 0.2) and then drastically
reduced to 40 nsx(= 0.5), indicating a higher neadiative trap
states.

X-site mixing

Another prevalent way to tune the optoelectronic properties of LHPs
is to blend the halide ions. However, this approach usually exhibits
unwanted phase segregation into domains with different ion contents
and bandgaps, under electric field or light irradiation, which is
RSt SGSNA2dza F2NJ 2LIi2St SOGNRYAO |
the growth mechanism, shape evolution, and halide eamgregation of
FAPDG (X = Br/Cl) nanocubes and NPLs by employing an automated
droplet-based microfluidic methot’® This route of synthesis enables
an insitu absorption and PL spectroscopy that assists in understanding
and finetuning the optimal synthesis parameters. Specifically, they
varied the ratio of FA and Pb, the ratio of OAm and OAc, reaction time,
and temperature to optimize the synthesis parameters. Their study
revealed that a high content of Cl atoms in the FAPbBucture
(above 40%) result in fast halide ion segregation, causstaility in
optical properties3® Next, an ionexchange reaction was performed
by blending the aprepared FAPbBNCs with P¥ (X=Cl and I), as a
postsynthetic transformation. This strategy yielded a series of NCs
with tunable emission wavelengths ranging from 452 to 646 nm. The
XRD patters remained unchanged on varying compositions. However,
the mixed halide composition exhibited lower PLQY as compared to
FAPDbBy; indicating degradation and phase separatf§Risanuet al.
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utilized the mixed cation system ds8%.2.PbBg to perform a halide
exchange reaction, using Plaind PbG| as a possynthetic step at
room temperaturet®? They could modulate the emission wavelength
simply by varying the stirring time, starting fromtds 30 minutes,
covering a wide range of visible spectrum from 473 nm to 605 nm.
This way the high quality of NCs was preserved, exhibiting very narrow
FWHM and thus, serving as an alternative to complex halide exchange
reactionsThe impact of mixedationand-anion compositions on the
optoelectronic properties can be seen in Table 1.

2.2.5Dimensionality engineering

While the 2D bulk structure of perovskites is known from the 1950s,
the explosive growth of semiconducting 2D layered perovskites began
with Mitzi and ceg 2 NJ S NBE Q sNGNHEJEMN.SIEYio Y/ T ™
5) compositiort83 Recently, nanoplatelets (NPLs), having 2D structure,
have attacted considerable attention due to their added advantage of
high B and air stability along with tunable optoelectronic
properties®:18 Furthermore, they can be synthesized with thickness
less than 4 nmieaturing a strong directional confinement effect and
large k& (a few hundred me\Vff However, their unique structure also
brings about some unfavourable features, owing to the presence of
large insulating cations, which can significantly undermine the device's
performance. To overooee this issue, numerous amounts of research
have been performed on the qug&D structure, which combines the
merit of both 2D and 3D structures. Generally g2&siperovskites

can be seen as salEsembled mukguantum well systems, where the
combined efiect of large Eand dielectric confinement make it difficult

for excitons to dissociate and form free carriers, which is highly
desirable for PeLEDs applicati®f®>18Notably, the Eof an exciton

in a 2D system is known to be 4 times larger than theoBDterparts.
However, the confinement effect decreases as the size of inorganic
atlloa AyONBlIraSad /2YLI NBR (2D o5
layered structure is incredibly attractive for PeLED application due to
1) a higher moisture resistance, owittgthe hydrophobic nature of
GKS 2NHIYAO OFdA2ys I Ol A y-&arrier & I
confinement and 3) larger binding energy to prevent easy dissociation
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of the excitont®” Nevertheless the PLQY decreaagshe thickness of

the slabs decreases, owing to a large number of surface atoms. The
thinner the slabs, the more susceptible the PLQY is to the surface
defects, resulting in significant noadiative recombination.
Therefore, constructing pure 2D perowsk (n = 1), exhibiting pure
blue emission, with fewer defects is quite challendg®hghanget al.
reported a colloidal synthesis technique for micromesticed FAPbBr
nanosheets, having monokaythickness of n = 2% They found that it

has been challenging to control the thickmed 2D sheets (especially
for n > 2) in colloidal synthesis and usually, sheets with varying
thicknesses were obtained. Later, Kuratal. fabricated ultrapure 2D
FAPbBrNPLs, with n ranging from 7 to 10. As the colloidal stability of
2D FAPDbRris con#dered to be low in highly polar solvents, such as
DMF content in toluene, the synthesis was carried out by dissolving
FABr and PbBseparately in ethanol and DMF, respectively. They also
incorporated a small amount of polymeric compound, jpogéthyt
methacrylate (PMMA) into the FAPbBDbIloidal solution, to enhance

the dielectric quantum well effect. As a consequence, the synthesized
FAPbBFrPMMA complex showed an increase in PLQY from 88 to 92%
along with a decrease in exciton lifetime from 42 to 24Tie NPLs
also exhibited high color purity with FWHM = 22.8 at an emission
wavelength of 530 nm (Figure 8&)j.

Oneof the crucial shortcomings of LHPs is their high solubility in polar
solvents, which causes poor stability under ambient conditions. The
stronger the polarity of the solvent, the weaker will be the stability of
NCs. In view of this issuegt al.followed a HI approach to synthesize
2D FAPDBrNPLs and investigated the solubility of FABr in various
solvents with different polarities. They observed that the solubility of
FABr decreased as the polarity of the solvents decreased, e.g., 2
methyll-pentanol could only dissolve FABr when the temperature
had reached 120 °CThe obtained NPLs exhibited bright green
emission at 531 nm with a PLQY of 92%, a narrow FWHM of 22 nm,
and strong excitonic properties with ap & 168.4 meV. Moreover,
NPLs could bevashed several times to remove excess ligands,
withoutlosing stability, which is an added advantage for the final
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device performancé®® Yuet al. demonstrated a novel ieaxchange
mediated sekassembly (IEMSA) method to prepare FAPKNBLS

«w EL of FAPbBr; device

PL of FAPbBrs + PMMA (film)
PL of FAPbBr; + PMMA (sol)
PL of FAPbBr; (film)

PL of FAPbBTr; (sol)

Q
-~

FAPbBr,

OA,PbBrY,

PL/ELintensity (a.u.)

10 pm

500 600 700 800
Wavelength (nm)

~— OAc/OAmM NPLs
~— (SBE-18)-NCs

Normalized absorbance (a.u.)
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- _— ———
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Figure 8.a) PL spectra for the colloidal 2D FARp&wovskites and their composite with
PMMA intoluene solution and thin films b) SEM image of FAFBLS and inset depicts the

SEM image ddAPbBJ c) Schematic illustration of the synthesis process of FARBRBr(left)

and PL absorption and emission spectra of ISB3Eapped FAPbBNCs and OA/&M-

capped FAPbBNPLSs, and the inset showing their colloidal solutions under 365 nm UV light
(right). Panel a) adapted from ref. 159. Copyright 2017 American Chemical Society. Panel b)
adapted from ref. 161. Copyright 2008LEY/CH verlag GmbH & Co. KGARiInheim. Panel

c) reproduced with permission from ref. 162. Copyright 2019 American Chemical Society.

(Figure 8b). The 2D layered NPLspPDBE, prepared using the
spontaneous reprecipitation method, were exposed to FA
acetateacetic acid solutiom toluene to successfully the exchange of
OA-to-FA. The formation of 3D to 2D structures can be controlled
easily by the dosage of FA cations. The thickness of t#ibB®NPLs
was facilely modulated by varying the precursor concentration.
Specifically, the precursor with a larger concentration yielded smaller
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and thinner NPLs, which subsequently resulted in a slight change of
thickness in the final product of FAPHbBIPLs.The FAPbBIrNPLs
demonstrated an ultrapure green emission, finely tunable in the
narrow range of 52535 nm, with high PLQY (88%) and FWHM <
25161 Geneally, a slight change in thickness causes a large shift in PL
emission, making emission fihening quite challenging, especially for
perovskite prepared using LARP or HI approach. For InstancestFang
al. utilized a modified LARP method to synthesizé-2BbBrNPLs by
varying ligands concentration.

Table 1lmpact of ligand, composition and dimensional engineering on optoelectronic performance
of FAPbB/NCs.

Composition  Synthesis Ligands PLQY Emission FWHM Ref.
route (%) maxima
(nm)

LigandEngineering

3D FAPDLBr HI OAmMBIr/OAc 85 530 22 59
QDs
3D FAPDRBr HI OAmM/OAc 95 531 20 114
NCs
3D FAPDbBr Emulsion Butylamine/OAc 72 528 27 134
NCs (RT) Hexylamine/OAc 69 522

Octylamine/OAm 64 522
3D FAPDRBr HI TOPO/OAc 70 518 - 145
NCs
3D FAPDRBr HI SA/OA 88 537 21 115
QDs
3D FAPDRr Hi OAmM/OAcC ~91-:95% 532 ~22 135
NCs
3D FAPDRr Hi OAmMBIr/OAc 85.8 525 24 2
NCs

Compositional Engineering

3D FAPbBr LARP OTA/OAc 742 532 22 125
NCs
FAPbByNCs LARP OAmM/OAc 700 496, 530 - 122
FAs,PbBs LARP OTA/OAc 65 525 ~20 153
NCs
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FAL9PhhB LARP OAmM/OAcC 70-85 522 ~ 20 154
rsNCs
FAPbsSn-Brs LARP OAmM/OAcC 97.5 ~530 ~23 155
NCs
FAPDb(GJBro.2)s Microfluidic OAm and OAc 56 ~512 ~27 136
NCs
FAPbXNCs one-step tetraoctylammoniu 76 518 20 156
homogeneou m bromide/OAc
s (RT)
FAPbByfNCs  Emulsion OTA/OAc 88 538 22 157
FAPbBYFACs HI OAc/OAmM 82 532 21 8
xPbBEg 93 (x =1) 504 18
/CsPbBy
FAGA.1PbBg LARP Decylamine/OAc  93.3 ~533 - 158

Dimensional Engineering

2D FAPDbBr LARP OTA/OAC 92 530 2.6 159
NPLs (n=-7
10)
2D FAPDBr HI 2-methyl1- 92 531 22 160
NPLs pentanol
(n =7-10)
2D FAPDRBr lon-exchange OA 85 525 25.3 161
NPLs mediated

selfassembly
2D FAPDbBr LARP OTA/OAC 91 532 21 60
NPLs
(n=1q4)
2D FAPDRBr LARP SBEL8 90.6 534 20.5 162
NCs
(n=4)

a values obtained for FABr:PbBr 2.2:1.° Values obtained for redhaped FAPbBNCs.C
Values obtained for FAPBBIPLs + PMMA composite.

3 Application of FAPLEXCs in Light Emitting Diodes (LEDs)

In a typical PeLED device architecture, the emitter layer is sandwiched
between electron and hole charge transport layers, maximizing the
charge confinement within the emissive layer. Under applied voltage,
electrons ad holes are injected from anode and cathode, which

transport through the charge selective layers, and then radiatively

32



Colloidal FAPbBt S NP @él AGS bl y 2 ONBAaGIfa FT2NJ
on?

recombine inside emitting layer to emit photo§8 The performance

of LEDs depends on three major parameteyI(QY of NC thin films,
(i) injection efficiency of charge selective layers, and (iii) interfacial
recombination. Since NCs offer a combination of excellent
optoelectronic and physical properties, they are considered potent
candidates as emitter layerrfoextgeneration displays and LEDs. By
tuning the size and composition of NCs, the emission wavelength can
be conveniently tuned towards a wide range of emission spectra.
However, the realization of these properties in NC thin films is far from
ideal. Dudo the loss of ligands, solglate thin films often suffer from
poor surface coverage and morphology, which increases the non
radiative recombination, even promotes the fast degradation of the
devices. Moreover, the presence of ligands also impedes eharg
transport inside NC thin films, resulting in raxiative Auger
recombination. Apart from the NC thin films, hjggrforming devices
also require efficient charge injection from charge selective layers to
the emitter layer. This can be achieved by propand alignment of

the charge selective layers and utilizing additional carrier blocking
layers to effectively confine charges within the emitter layer.

3.1 Green emitting FAPBBIEDs

The utilization of FAPBBNCs in LEDs was first reported by Perwehal.

¢t KSe SEI YAY3SBenzindriyhtriZ(lphenytl-H-benzimidazole)
(TPBI) and 4;Bis(3,5di(pyridin3-yl)phenyl)2-methylpyrimidine
(BSBPYMPM) as electron transport layers (ETL), while pely(3,4
ethylenedioxythiophene):poly(styrerseilfonatg PEDOT:PSS) was employed
as hole transport layer (HTL) (Figure 9a). The device with B3PYMPM
exhibited bright EL of up to 2714 cdmwhile TPBi exhibited higher
luminous efficiency of 6.4 cd*Aand luminous power efficiency of 5.7 Im W

1 (Figure 9kd).1% While the performance was modest, it is far from the
standards required for commercialization or even comparable with OLEDs
and QLEDsThe poor performance of LEDs was attributed to the ssxce
ligands and poor NC film morphology. Although organic ligands are essential
for NC synthesis, excessive ligands are detrimental to charge transport
properties due to their insulating natur&@herefore, it is imperative to
optimize the ligand density anchain length on the surface to realize
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efficient charge transport and injection propertié&13t Additionally,
PeLEDs are mostly based on a mainstream device architecture, consisting of
glass / ITO / PEDOT:PSS / perovskite / TPBi / LiF / Al composition, in light ¢

the wellaligned band wit the ETL and the HTL. However, the acidic

a)

Figure 9The device architecture along with the schematic energy level. b) The PL spectra of FAPbBr

NCs and the EL spectra of PeLED with B3PYMPM and TPBi as ETL c) Current density/Luminance
Voltage chaacteristic of devices with B3PYMPM and TPBi as ETL. d) Luminous efficiency vs luminance
and Luminous power efficiency vs luminance characteristics for PeLED device with B3PYMPM and
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nature of PEDOT:PSS and electrochemically active LiF and Al exacerbate th
device instability?>1°1 It has been demonstrated that the hygroscopic
nature and the acidity of the PSS group cause the breakdown of the device

104

Luminous power efficiency (Im/W)

upon exposure to oxygen and moistdfé.To this end, a tremendous

amount of effort has been invested optimizing the thin film morphology,
ligand as well as compositional engineering, and device architecture, to
improvethe performance of PeLEDs. In an attempt to circumvent the use of
excess tjands, a mixedation system is considered a potential approach to
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improve the device performance. Zhagtgal constructed PeLEDs based on
FALGSPBEO2 YLI2aAGA2Y Y gKSNB LISNR@alAd
performance were strongly dependent on tls content. The optimized
composition, havingx = 2, exhibited a reasonable EQE of 2.8%, a
luminescence of 55005 cd4mand a CE of 10.09 cd!AFigure 10a)>3
Afterwards, Zhan@t al. adopted a stoichiometric modification approach,
where they utilized the aforementioned mixe#ication composition
(FACs.2PhBr), while decreasing the amot of Pb, to inhibit the non
radiative recombination caused by the presence of undercoordinated
metallic lead atoms (Pp Interestingly, as the value »tlecreased from 1

to 0.7, the device performance and stability were greatly boosted, achieving
a maxmum luminescence, CE and EQE of 45440 -¢d2s61 cd A and

and 6.75%, respectively (Figure 10Bhe enhanced performance is
attributed to the improved hole injection barrier at the interface between
perovskite and HTL. Moreover, the elevated devakilgy is attributed to

the hydrogerbonding interaction between the organic cation and halide
anions, triggered by the moderately adsorbed moisture, especially for lead
less perovskites with orgarmich composition. Notably, a further decrease
in the A content, from 0.7 to 0.6, deteriorated the device performat®e.
Overall, theA- and B-site cation play a dominant role in affecting the device
performance. Foinstance, a similar study based on lesk perovskites
(FAPb7Sn.3Brs) exhibited a high EQE of 11.38% with maximum luminous
efficiency up to 45.99 cd4°

Recently, Kinet al. fabricated the most efficient green LED to date, based
on FAXGAPDBE. Asxincreased from O to 0.1, the CE increased from 61.3
to 95.7 cd A. With further postireating the surface by introducing a
bromide vacancy healing agent, 1;8{S(bromomethy2,4,6
triethyloenzene (TBTB), between NC films and TPBi layer, the surface
defects and hence, the nemadiative recombination were greatly
suppressed, achieving a CE and EQE of 108 addA23.4%, respectively.
Although the mixedation strategy A-site or B-site) has shown
considerable improvement in device performance as welll Y I (G S NX&
stability towards ambient conditions, the operational stability still remains
far from the commercial standard® Furthermore, besides ligands having
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an insulating nature, the ligand binding to the NC surfacalge highly
dynamic, inducing their detachment during the purification process and
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Figure 10a) EQEurrent density (left), and current efficiencyrrent density of PeLEDs based

on FAXCsPbBg (x = 0, 0.1, 0.2 and 0.3) (right). b) EQEent density (left), and current
efficiencycurrent density of PeLEDs based ongEs PhBr; (x = 1.0, 0.8, 0.7 and 0.6) (right).
Panel a) reproduced with permission from ref. 153. Copyright 2017 W@ Yerlag GmbH

& Co. KGaA, Weinheim. Panel b) reproduced with permission from ref. 154. Copyright 2018
American Chemical Society

thus, causindurther instability*?® Another prevalent way to sidestep their
excessive use, while maintaining the structural integrity, is by shelling the
structure with another material, such as oxide, polymer, or inorganic layer,
which can sigficantly influence the nature of the surfat#:1° However, it
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is important to note that such a coeshell structure is more beneficial when
there is a minimum lattice mismatch between the core and the shell,
reducing the interfacial energy of the hybstructure97.1%8

Zhang et al. recently synthesized stable core/alleyesdl/shell stucture of
FAPbBYFACSPbBE/CsPbBr NCs. The incorporation of the alloyed layer
in the coreshell structure mitigated the lattice mismatch between the core
and the shell, yielding a high PLQY of 93%. TheshelleNcbased LED
exhibited higher luminance (1758 cc®MCE (19.75 cd* ard EQE (8%) as
compared to corenly LED devices. Moreover, the operational stability was
also significantly enhancédnother alternative strategy to obviate the use

of excess ligands is to incorporate the excesé-gife cation, which has
been demonstrated to be an effective method in promoting radiative
recombination. Recently, Chenal.synthesized FAPREMCs by varying the
stoichiometry of FABr/PbBimn the precursor solution. As shown in Figure
11a, excess FABEeIlps in selpassivating the surface defects by actively
bonding with halide and FA vacancies, which would not be possible with
organic ligands. While the particle size remained the same, the PLQY of the
resultant thin films exhibited considerable improwet The LED devices
exhibited a dramatic improvement in the performance with excess FABr in
the precursor solution (Figure 11b). A molar ratio of 2.2:1 for FABs/PbBr
yielded an EQE of 17.1%, which is a respectable value for green LEDs base
on FAPbBrNG (structure: ITO/PEDOT:PSS/PVK/FAMBs/TPBI/LiF/Al
(Figure 11c))?® Notably, thisstrategy does not apply fdd-site cation as an
excess of Pb has shown to deteriorate the device perform&hBacently,

the mixedcation perovskites NCs (sMAqosPbBE) were synthesized by
employing a range of alkylamine ligands, having varied chain lengths (C6
C16)'%In this work, the authors found out that a higher degree @finum
confinement was established by increasing the hydrophobicity of the ligands
(Figure 11d), yielding smaller crystallites. Generally, it is well known that in a
guantumconfined system, the electremole wavefunction overlaps
together, resulting in Ilger recombination rates and luminescence
efficiency as compared to the bulk. Herein, through ligand engineering, a
Of SFNJ AyTFfdzSyO0S 2F fA3FyR f SyaiK
voltage, and the EQE were explored and is depicted in Figure 11dfand
Notably, the CE and EQE values reached a maximum of 38:1 amt A
16.2%, respectively, for C10. However, the efficiency, hereafter, began to
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drop for ligands with longer chain length (GX216), despite having near
unity PLQY, perhaps due to theisulating nature. The exceptional device
performance is attributed to the combination of small crystallite size and
dielectric confinement triggered by ligands, resulting in short exciton
lifetimes and low refractive indices in NC thin films, enablingowed light
outcoupling efficiency?3 Similarly, Kinet al. also investigated the impact of
ligand chain length on LED performance. Different from the
abovementioned studya gradual decrease in the chain length, from
octylamine (C8) to butylamine (C4), resulted in an increase in current
density and a decrease in tdom voltage of FAdased LEDs, achieving a
maximum EQE of 2.0594.The variation in trends and performance as
compared to aforementioned study could be attributed to the differences in
the choice of Asite cation and the synthesis protocol. Recently, Ata
replaced the conventional ligand system (OTA/OAc) with short aromatic
ligands of zZhaphthalene sulfonic acid (NSA) for LED application. It was
revealed that the NSA molecules rotly preserved the surface properties

of the NCs during the purification but also notably improved the electrical
properties of the assembled emissive layers, ensuring efficient charge
injection and transport in the devices. The champion LED exhibited EL
approaching the Recommendation (Rec.) 2020 green primary color,
demonstrating a high brightness of 67115 cd®cemd EQE of 19.2%
While most of the work on 3D FAPHBs focused on improving the
optoelectronic properties of NCs, suitable device architecture with efficient
charge injection also plays a key role in meprg the performance of
PeLEDs. For instance, Fdral. discussed a strategy to effectually confine
excitons in the recombination region of the perovskites emissive layer (EML)
to boost the EQE of the device. The recombination region and film
morphology were demonstrated to be adjusted by varying the
concentration of the dispersion of the FAPHOBECsn toluene. They found

that the parasitic emission due to interface was gradually disappeared on
increasing the concentrations of NCs, indicating the excgoombination

is limited to the emissive layer. It was also noted that the concentration of
the NCs also affects the surface roughness of the film, which impacts the
device performance. The optimized recipe yielded a high purity green LED,
possessing thenaximum EQE of 3.84%, Commission Internationale de
L'Eclairage (CIE) of 0.183, 0.763, CE of 16.08, @hd PE of 12.95 Im-t¥
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Zhang and cavorkers reported a modified nonaqueous emulsion synthesis
to produce highly luminescent and cetanable mixeehalide FAPb(BX.-x)

QDs at room temperature, covering most of the visible region§980hm).

The &-prepared FAPbBIQDs exhibited bright green emission at 538 nm
with FWHM ~ 22 nm and a high PLQY of 88%. However, the resulting
FAPbBy QDsbased LED could reach only a luminance of 403 €¢dam
maximum EQE of 2.8%. One of the possible reasonsheasse of polar
solvent, DMF, during the synthesis which is known to offer poor stability to
the NCg>’

3.2 Lowdimensional FAPbBrEDs

From the device application point of view, besides PLQYs &nother
significant parameter for PeLED performance. Theoretically, the large E
promotes the recombin@n of injected electrons and holes, which is highly
desirable for LED applications. Two of the most essential attributes -of low
dimensional perovskites are the large(&s a result of reduced dielectric
screening) and the quantum confinement effect, \Whigromotes the
formation of excitons rather than free carriers. Additionally, they also take
advantage of efficient energy funneling from smaltanlarge ndomains,
promoting radiative recombinatiof¥® Kumaret al reported the ultrapure
green LEDs based 2D FARWEPLS (n = ~ 7 to 10 and £~162 meV),
exhibiting a maximum EQE and luminance of 3.04% and 29392%cd m
respectively. Notably, the efficiency of the device based on tHeAHbB¥
PMMA complex exhibited 3 times better performance as compared to the
neat FAPbBy which can be attributed to the dielectric confinement effect
induced by the polymer. Although the recorded device performance is fair
G2 YARRfAYy3IX (GKAA &dGdzRé RSY2yaid NI
corresponding to the CIE 1931 color coordinatés(®168, 0.773)%°
Similarly, another study on FAPHRPLs (n =-4) demonstrated a large, E

of 287.5 meV. The BEDs based on FAPHBPLs displayed a maximum CE
and EQE of 15.31 cd*And 3.53%, respectively, with decent air stalfifity.

Li et al explored the impact of solvent polarity on device performance.
Particularly, they synthesized FAPOBPLS using a lepolar solvent, which
greatly improved thestability of perovskites; such that, the NPLs could be
washed 3 times to remove the excess insulating ligands, without losing the
structural integrity. Consequently, the corresponding LED device exhibited
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an improved performance, having CE and EQE of td.3% and 4.5%,
respectively. The high performance is attributed to the higfiLl&B meV)

and impressive PL properties of FARIDBILs. Additionally, the adoption of
low polar solvent also assisted in aiding stability, which certainly also
contributed tohigh device performancé®
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Figure 11.a) Reaction illustrating the sglfssivation of excess FABr b) @8Q@finance curves of
PeLEDs based on FARDBEs with varying molar ratio of FABr/R@rEnergy band diagram of
FAPbBr NCs with varying molar ratio of FABr/BbB)y PL emission spectraf FAPbBrNCs
synthesized using varied chain length of alkylaamine ligands e) Current efficiency as a function of alkyl
chain length, and f) Luminaneeltage curves for PeLEds with different chain length (froq@k5).

Panel &) adapted from ref 1258Copyright 2020 WILBXCH verlag GmbH & Co. KGaA, Weinheim.
Panel df) reproduced with permission from ref. 193. Copyright 2019 American Chemical Society.

3.3Blueemitting FAPbBLEDs

The development of blue PeLEDs has not gained a similar level of
succes as compared to their green and red counterparts. Thegblue
emissive perovskites possess a wide bandgap which significantly
increases the likelihood of stdandgap trap states. Moreover, the
larger bandgap requires higher tuwom voltages, which again
adveNBR Sf & AYLI OGa GKS YIFIGSNAIE Qa
luminescent perovskites can be obtained by either of the two ways: (i)
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Doping Clin Brbased perovskites, as the bandgap of pure chloride
effect in the pure Brbased perovskites NCs (QDs or 9)#9[203
However, the mixethalide perovskites depict two major limitations:

(i) The Clbased perovskites usually exhibit low PLQY, which eventually
affects the efficiency of the resultant bkeenission based on mixed
halide perovskites (ii) They tend to exhibit phase segregation, resulting
in either multiple emission peaks or a sluftemission towards the
green regiort® To mitigate inhomogeneous distribution and ion
migration during operation, Zhang et al employEtterminated
amine ligands, -2-naphthyl)ethylamine hydrochloride to synthesize
FAPDbBCk NCs. Instead of typical NC synthesis, they formed NCs
directly on conducting substrate using antisolvent treatment. The
device architecture is shown in Fig 12he resultant device achieved

a significantly improved performance with EL emission centered at
nTn YYT GKS YI EAYdzY 2f aryBEQElofiS 2
along with enhanced spectra stability (Figure3t2s compared to Br
ligands, Glerminated ligands demonstrated muahnproved device
efficiency, stability with the least amount of peak shifts with increased
applied voltage (Fig 12fg In contrast, single halide NPLs, possess a
large Ek and dielectric barrier which is expected to impede ionic
migration. Recently, Pengt al. synthesized deeplue emitting
colloidal FAPbBINPLs (n = 2) using the esiep TOP@nediated
reprecipitation method. In this approach, they synthesized FAPDbBr
NPLs usg both conventional pairs of ligands, OAc/OAm and
OAc/OAmMBr. The latter combination of ligands yielded stable blue
emission at 440 nm and high QY up to 5Bue to the low solubility

of PbBs in a polar solvent, TOPO was employed as a coordinating
solventin the reaction. Phosphines are known to possess strong
coordination ability as the functional group P=0O acts as electron
donating ligands and binds to the Pb atom, forming a FBBPO
adduct. Furthermore, the concentration of organic ligands, mainly
oleic acid, at the surface could be tailored by varying the amount of
TOPO, owing to the aelmhse equilibrium between protic acid and
TOPO. By effectively optimizing the concentration of ligands, the final
product, FAPbBINPLS, exhibited high chemical atdictural stability

in ambient air for about a week, owing to reduced trap states.
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Importantly, TOPO is considered here to work as intermediate ligands,
which could be removed at a later stage, benefitting the charge carrier
transport properties. The dedpue emitting perovskite was
employed as an emissive layer in the LED device structure, yielding an
EQE of 0.14% at low operating voltdge.

a) b) )
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Figure 12(a) Device structure of FAPbBEL thin films (b) Current densiyoltageluminance

curves for PeLED device. (c) External quantum efficiency curves of the resultant PeLEDs
fabricated by Btigands and @igands. (d) The corresponding CIE color coordinates of EL
devices based on #igandsand Cliigands. (e) EL spectra based o#liggmds derived devices

under varied biases. (f) EL spectra dfgahds derived devices under varied biases. The inset
shows an optical picture of an operating device. Panelfppdapted with permission from

ref. 33. Copyright 2020 American Chemical Society.

Table 2Performance of PeLEDs based on FAPNES.

Luminous Maximum

Device architecture I(Enl;n) \((;))Itage efficiency Luminousity E/?)E Stability Ref.
(cdA) (cdmd)
PEDOT:PSS/FAPSEZPYMPM/CsG@l
. 530.7 2.3 54 2714
PEDOT:PSS/FARPSBPBI/CsC4HAI 28 6.4 465 - - 100
533.4

ITO/Buffer hole injection 0.46  3.348 0.16'

L . 530 4.5 - 134
layer/FAPbBTPBI/LIF/Al (hole only device) 9.1 14258 2.05
ITO/PEDOT:PSS/PVK/FAPTBBI/LIF/Al 536 3.6 76.8 466 17.1 :2?: 18 125
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ITO/PEDOT:PSS/PVK/FAPTBBI/LIF/Al 545 3.9 20.3 33993 4.07 :f;‘;:ﬁ 115
ITO/PEDOT:PSS/TFR{EA PbBYTPBI/LIF/A 525 3.5 10.09 55005 2.80 ;583‘ 153
ITO/PEDOT:PSS/TFR{EA Ph, Br, Tyy= 4
TPBILIEA 530 33 28.61 45440 675 % 154
X . Lgs =
ITO /PEDOT:PSS/WA,PbBE STPYMBILIF o - a1 3322 162 o03
IAl _ 193
min
ITO/PEDOT: PSS/ PVK/ GBS/ TPBI 0 o 4509 7492 1138 T 1s5
LiF/Al 1.7 min
ITO/PEDOT:PSS/TFB/FARNBS/TPBI/LiF/ Al 545 3.3 - 403 28 - 157
ITO/PEDOT:PSS/PVK/FARMES/TPBI/LIF/Al 532 3.8 854 67,115 19.2 ;fg;n; 199
ITO/PEDOT:PSS/FORD/ FAPbBEACS. Ty =
e 2. 19.75 17 1 .
_PbBg/CSPbBNGS (x = 1)TPBILIFIAl 200 26 9.75 1758 81 48 min
ITO/PEDOT:PSS/PVK/FARSBS /TPBi /LiF/£ 528 3.6 16.08 594.1 3.84 - 2
ITO/PEDOT:PSS/ FARGHB,PYMPM/LIF/Al 473 3.9 - 2810 3.1 504‘3 33
ITO/PEDOT:PSS/PVK: TAPC/FAPbBr T,,=32
2 3 15.31 2 .
NPLs/TPBi/Ca/Ag 532 3.3 53 306 S
ITO/PEDOT:PSS/2D FAPKBL s+
PMMA/STPYMBILIE/A] 529 275 13.02 2939 3.04 - 159
ITO/PEDOT:PSS/FORD/2D FAPbBr
NPLSTPRILIE/A 534 4 17.32 7205 45 - 160
T =
ITO/BUHIL/FAGA, ;PbBYTBTB/TPBI/LIF/Al 531 - 108 - 234 132 158
min

Device performance recorded fdr n-octylamine andP n-butylamine LigandTFB =poly[9,9
dioctylfluoreneco-N-[4-(3-methylpropyl)Jdiphenylamine, PVK = pbBlyinylcarbazole, 3TPYMB =
Tris(2,4,érimethyl3-(pyridin-3-yl)phenyl)borane, TAPC = -Bis[(di4-
tolylamino)phenyl]cyclohexane, B3PYMPM =B4s63,5di(pyridin3-yl)phenyl2-methylpyrimidine.

4 L ooking forward

Lead halide perovskites have prospects to outperform the efficiency of
traditional LED devices at a fraction of the cost. The basis of this
prognosis lies in their impressive optoelectronic properties such as
high defect tolerance when compared to conventionally applied
semiconductor materials (e.g., CdSe, GaAs, CdTe, etc.) and facile
tunability of their structural and optical properties by cefftcient
solutionprocessing routes. FAPBBnaving an ideal perovskite dials
structure, remains one of the most important representative
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candidates of halide perovskites. The application of FAPEBs in

light emission has been demonstrated to cover a wide range of
wavelengths. In this article, we have summarized the recent
developments on various approaches to engineering andtdimeg

the optoelectronic properties of FAPRBYCs and their variants. The
eventual impact of compositional, surface, and thus judicious defect
engineering on the LED device performance has also tmeewed.
Within the last decade, various strategies were developed to improve
b/ aQ LISNF2NXIyOSs aidloAfAdes | yR
the great success achieved so far, several bottlenecks are yet to be
addressed before commercializatioM/e envisage that with a
common goal of sustainable earth, significant challenges are waiting to
be tackled for halide perovskites in general, and for FARNBS,
specifically.

The first and the most important issue of halide perovskites is the
instability towards moisture, light, and oxidative environment, which is
a tough nut to crack. The lack of stability, consequently, promotes ion
migration, which reduces the device lifetime and thus, hinders its
commercial value. Besides, it is challenging to retesrfull potential

of their exceptional properties when deposited in sstate (thin
films), under operational conditions (that is, under biasing or heating)
due to the presence of poorly conductive surface ligands, which are
commonly employed for NCs.

With a focus on achieving optimal LED devices, the key concern is to
attain an exquisite balance between the stabilizthgugh insulating
hydrophobic ligands and charge transport properties. Particularly,
organic ligands are essential to improve therphology and air
stability of perovskite NCs. Moreover, the incorporation of ligands also
offers potential for dimensionalependent photophysical properties.

It has been illustrated that the length of the alkyl chain greatly
influences the optoelectronigroperties; shorchain ligands yield
weak luminescence, while longer ones exhibit steric effects, limiting
the full passivation of the surface. These ligands are also labile and
desorb easily upon washing, causing stability issues. To this end, multi
dentate ligands have been explored as an alternative, which has
enabled better stability in perovskites. Nevertheless, stability is still far
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below the expectation bar. Peseatment with inorganic passivating
agents could be employed as an additional symshstep to heal the
defects formed upon washing. Additionally, environmental stability
O2dzf R 06S SadtdlofAaKSR o0& O2l GAy3
hydrophobic polymers, resulting in a cateell structure.

The size of the -8ation not only deternmes the crystal structure but
also impacts the stability. Therefore, by carefully designing the
composition of the Aite cation, strong electrostatic interactions, such
as hydrogenor halogerbonding, can be induced. For instance, partial
substitution ofthe Asite cation with an inorganic substitute, such as
NH:Br, could be an interesting alternative to boost stability. This
substitution offers 1) A stronger ionic interaction of sNWwlith the
halide ion as compared to FAwing to the differences in tireionic
radii, resulting in enhanced stability. 2) Thei8n conditions provided

by NHBr have been demonstrated to passivate the undercoordinated
Pb sites, promoting stability. More such alternatives of substituting
FA with inorganic cations could kan interesting approach to boost
the stability of FAPbBINCs. Additionally, mixed-site cations with
lead-deficient composition has also exhibited a boost in the device
performance as well as stability. Therefore, a fusion of both may be
beneficial for g&bility enhancement. Moreover, besidessife mixing,

a partial Bsite cation exchange reaction betweer?Pénd Mrf* has
been widely studied, especially for inorganic perovskites, and has
proven to add stability to the structure. Moreover, it also reduite
toxicity of Pkbased perovskites. However, to the best of our
knowledge, no study on Mihdoped FAPbBMNCs has been reported
yet. These ideas represent an important area for further investigation
and may pave the way to ameliorate the balance betws&bility

and efficiency.

Lowdimensional perovskites exhibit a quantum confinement effect,
which results in a larger exciton binding energy. In addition to this,
these structures provide moisture stability, which altogether makes
this class a promisirane for LED application. Although surplus studies
have been performed on (quag@D FAPbBibased thin films for LED
applications, rare studies have been reported on the synthesis-of 2D
FAPbBr NCs and their implementation in the device application.
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Togetrer with the aid of compositional and phase engineering, it is
believed that stabilityelated concerns can be alleviated further.

As much as ligands or partial substitution of cations and anions are
necessary to enhance the performance pérovskite NCs, the
synthesis methodologies also make a substantial impact. Thus far,
ligandassisted reprecipitation (LARP) and hot injection (HI)
approaches have been majorly adopted for the preparation of FAPbBr
NCs, however, the emulsidrased methoda roomtemperature re
precipitation approach) has rarely been explored for this composition.
Moreover, other synthesis approaches, such as mechhamical
methods, can limit the use of polar solvents and high temperatures,
which could favor the stabilityaspect and processing costs.
Additionally, this technique is advantageous for mass production,
which can be promising for largeale commercial applications, and
thus, it is worthwhile pursuing further.

The PL peak position is tunable by altering thenpmsition of
perovskites as well as by tuning the size and shape of NCs. While the
size and compositional tuning have been widely explored, the studies
on the shapdunable synthesis of NCs, especially forb&ged
perovskites, are still lacking and reguimore attention. Such
morphologytunable synthesis would be intriguing to understand the
effect of the shape of NCs on the device performance. For instance,
oriented deposition of rodor- wire-like NC structures could induce
directional charge mobilitghereby promoting overall charge transfer
properties.

Overall, impressive progress has been achieved in the device
engineering of PeLEDs, which already foreshadows the prospect of its
commercialization in display technology. Specifically, FAPRbRIS
potential for the unprecedented generation of cedtective, wide

color gamut and flexible displaya.2 NB | G 0 NI QUbN @S f ¢
SYR2¢g I t[ &LISOUGNYzY x pHAN VYY &6A
2 LILJ2 NIl dzy A G & g2 I OKAS@S GKS VySg

wSO2YYSyYyRI {RHotvgver, Hhere rae still some pending
challenges to address before furthering the advancement of this
excitirg field:

46



Colloidal FAPbBt S NP @él AGS bl y 2 ONBAaGIfa FT2NJ
on?

1) The main constituents of LED devices are the emissive layer, charge
transport layers, and electrodes. Therefore, the operational stability
not only stems from the perovskites NCs but is also significantly
affected by the constituent layers. Angst others, PEDOT:PSS is one
of the most widely used hole transport layers (HTLS) in the fabrication
of FAPbBrNCsbased LED devices and it is well known that PEDOT:PSS
tends to corrode the ITO, deteriorating the device performance.
Therefore, the acidi®EDOT:PSS needs to be neutralized or- post
treated. Alternatively, it may be substituted by inorganic metal oxides,
which have depicted higher carrier mobilities and better thermal
stability as compared to organic materials.

2) The development of blue BEeDs, possessing high efficiency and
2LISNF GAy3 fAFSGAYSIT NBYistatg sight G K S
emission and display application (white light generation). Therefore,
further optimization by introducing additives, compositional
engineering, and degning coreshell structures or podteatment
strategies is highly desirable for better stabilization. Additionally, the
traditional charge transport layer (especially, the HTL) also hamper the
efficient hole injection in the devices, owing to their urssattory
energy level alignment with the bhkemitting NCs (with deep valence
band energy levels).

3) While the spin coating is a simple method to deposit uniform thin
films, it is not suitable for large area deposition due to its limited
scalability. Inan attempt to exclude this approach, several scalable
techniques, such as spray deposition, inject printing;dsé&toating,

and doctor blading, have recently gained momentum for the
fabrication of perovskitbased solar cells. Such methods can also be
adapted for the fabrication of NRased PeLED as well, which could
pave a way for futureommercialization.
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Scientific Problems and Goals

MHPs have shown tremendous improvement in enhancing the PeLED device
performance, exceeding 30%vhich is comparable to OLED and-igzised
LEDS. However, despite these remarkable achievemetits, stability of
perovskite structures remains a significant challenge, hindering the prospect
of their commercialization. The soft and ionic nature of perovskite NCs
makes them susceptible to surface defects, resulting in the formation of
nonradiative ecombination centers. This consequently hinders the charge
carriers transport properties, resulting in a decrease in PL efficiency and
overall device performance. Thus, while perovskite structures exhibit
intrinsic defect tolerance, the presence of surfatedects limits their full
potential and poses a challenge for achieving stable andpleigbrmance
PeLEDs.

Moreover, moisture is one of the critical factors that pose a threat to the
stability of perovskite materials. Studies have indicated that thesexpf
hybrid perovskite structures, such as MAPkd moisture, weakens the
hydrogen bonding between the organiesife cation and halide of the
octahedral, compromising structural integrity, reducing luminescence
efficiency, and leading to poatevice performance. Strategies including
compositional engineeriny} ligand engineering® dimensionality
engineering;®, and postreatment have been explored to address stability
concerns. Nevertheless, the impact of moisture and strategies to enhance
moisture compatibility in other hybrid classes, such as FAPh&s not
been extensiely investigated and require further exploration.

The primary goal of this thesis is to address the critical challenges of stability
and moistureinduced degradation in perovskite NCs, with a particular focus
on the FAPbBsstructure. InChapter 3 a novelprotocol is developed that
involves the use of an excess of FABr in the precursor solution. This protocol
aims to tune the dimensionality of FAPHRCs from 3D to quagD, with

the intention of improving their optoelectronic properties. Subsequent
chapters of the thesis address the stability concerns through two distinct
approachesChapter 4focuses on the utilization of excess FABr during the
posttreatment step, aiming to effectively heal the surface defects and
enhance the compatibility of pesteated FAPbBINCs with waterChapter

5 introduces a novel synergistic cocktail strategy. This strategy involves
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incorporating KSCN as an additive in the precursor solution and employing a
mixture of FABr and ZnBiuring the postreatment step. The objecgvof

this approach is to provide a comprehensive solution to enhance the
stability and performance of FAPbBXCs under ambient conditions.
Moreover, this research aims to gain a deeper understanding of the
mechanism through which additives, employed dyithe synthesis or post
treatment processes, contribute to stability enhancement.

Through an irdepth investigation of these mechanisms, employing a wide
array of advanced structural and optical characterization tduksresearch
strives to shed lightrothe underlying physicochemical processes occurring
at the nanoscale. By doing so, it seeks to unlock new opportunities for the
development of highly effective strategies that can enhance the stability of
perovskite materials, paving the way for their laggiion in the next
generation of optoelectronic devices.
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Chapter 3

Abstract

Metal trihalide perovskites are rapidly redefining the landscape of- solid
state semiconductors utilized as active medium in photovoltaics and in light
generation. Within this materials space, organarganic hybrid
formamidinium lead bromide (FAPBBnas arisen as a promising candidate
for efferent light emitting devices, due its capacity for sharp and bright
green light emissions (530 nm). Herein we have applied a facilesgle
ligandmediated method for phaseontrolled synthesis of FAPbRube

and rodshaped nanocrystals (NCs), starting from different ratios of
precuisor agents. Examining their structural and optoelectronic propegties
using a combination of synchrotronra§ diffraction, Xay spectroscopy,
scanning electron microscopy and steathte and timeresolved
photoluminescence (Pl we reveal the two NCypes to fundamentally
differ. While the cubeshaped NCs exhibit properties aligning with that of
bulk FAPbBy the nanorods exhibit a twphase microstructure and the co
existence of both a typical cubic perovskite structure alongside the
formation of a n& lowsymmetry monoclinic phase (P2/m). Further, the
two-phase nanorods display a bright dual PL emission (peaks centered near
490 nm and 530 nm) and complex luminescence dynamics, properties
characteristic of quagiD perovskites. The two phase nanorodeegation

can be assigned to the proton exchange in the presence of exces$ of FA
during the synthesis
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Introduction

Very few materials within optoelectronics research have garnered the
scientific and technological interest generated by orgaroganichybrid
perovskite semiconductors; possessing the general ABX3 chemical
formulal,2 This recent spike in attention for trihalide perovskite is owed to
their unique and interesting combination of optoelectronic properties; from
high absorption coefficients and long exciton diffusion lengths-1000

nm), to small citon binding energies and high quantum yiél&sirther,

their tunableemission retains extremely high color purity, all while being
solution processable. Needless to say, these properties combine to lay a
promising path toward high performance and oest light emitting diodes
(LEDs}s®

Even though various perovskite systems have shown photoluminescence
guantum yields (PLQYs) up to 90% at 450-hpnpducing color stable and
efficient blue LEDs remains challengfgAnother critical issue is the poor
stability of perovskite thin films in LED deviééd. Importantly, the
application of polycrystalline material should be avoided since it contains a
large number of intrinsic defects which are detrimental for the charge
carrier dynamics and initiate  parac nonradiative recombination
pathways!41> The PL efficiency can be improved by confining excitons in
small ranograins (~100 nnt)}>or by making use of quantum dots (< 20 nm)
or nanocrystals while simultaneously passivating the surface defects using
ligands!®'” Recently, a new pevskite material class has emerged, known
as quaskD perovskites, possessing the merits of both 3D and 2D
structurest®?° Quasi2D systems are formed by incorporating bulky
insulating cation spacers into thmorganic sheets of corner sharing
octahedra, in which the insulating cation acts as a barrier and the inorganic
layer as a well. Therefore, the generated excitons are confined in the natural
multiple-quantum well structure, giving rise to superior PLpprtes than
those of 3D counterpart.

In this manuscript, we report on the synthesis of brightly emissive FAPbBr
nanocrysals (NCs), using a facile and scalable ligaediated wetchemical
method under ambient conditiorfé?* By taking advantage of proton
exchange processes between alkylamines during growth, we find that by
increasing the molar concentration of FABr relative to that@fhBs
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precursor (from one to thre#ld), the formation of NCs with a rdée
structure is promoted over nanocubesAn extensive photophysical
evaluation of the NCs reveals that, unlike the conventional properties of the
nanocubes, our nanorods, JPBBE-FAPbBY thin films exhibit
characteristics consentient with recent reports of qu3i perovskite
systems, displéryg a bluegreen emission (490 nm; PLQY 32 % at 445 nm),
originating from the presence of a relatively exotic monoclinic FARIEBr
phase.

Results and Discussion
Preparation of NCs

First we outline a new and facile singtep, high yielding route for ¢h
synthesis of quaglD perovskites. Interestingly, unlike other reported
procedures wherein the ammonium cation is intentionally added to obtain
the quasi2D structure}?>26 our synthesis approach induces the formation

of an ammonium cation during the synthesis. The preparation steps involve
a ligandmediated wetchemical approach which is conducted under
ambient conditiong%?427 Specifically, by oversaturating the molar
concentraton of FABr relative to that of the PbRrecursor from 1:1 to

3:1, proton exchange between the alkylamines is believed to substantially
influence the perovskite formation, i.e. the formed protonated alkylamine
capping ligand is found to be integrated irthke perovskite lattice. Note

that further support and discussion on this process is still to come (vide
AYVFNI T &aSOGA2Yy - t{Z LI IASnod ! taAYI
colloidal solutions appear distinct in color and possess a substantial
difference in size and morphology of the NCs (Figure 1 and S2); green
emitting nanocubes (with typical orange color) on the order of 200 nms are
formed with a PbBr FABr ratio of 1:1, while larger blue emitting nanorods
(yellow in color) with dimensions the order of 400 by 70 nm are formed
with a precursor ratio of 1:3. Before characterization, the NCs are
transferred from solution onto glass substrates to form stable NC thin films.

Structural Properties

We begin with a structural and compositionakewew of the different
orange and yellow FAPRBYCs presented in Figure 1. From here on we
simply refer to the two NC types based on their differing morphologies, i.e.
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nanocubes and nanorods, whereby the FAPbBnocubes will act as an
archetypal contrbto the relatlvely exotic propertles of the nanorods.

Figure 1.SEM images of (a) FAPbBanocubes (PbBFABr = 1:1) and (b) FAPbBenorods
(PbBg:FABr = 1:3) . The insets picture the suspensions under visible (right) and 365 nm UV (left)
illuminaton.

EDX compositional analysis:

On the outset, we find that the two NC types differ not only in their color
with and without UV excitation (Figure 1), but also in their fundamental
compositions. Specifically, surface sensitive EDX analysis (Figure S3
revealed that the nanocubes possess the nominal 1:3 Pb/Br atomic ratio for
a 3D metal trihalide perovskite. In contrast, an average atomic ratio of 1:4 is
recorded from the nanorods, deviating with a statistical relevance from the
nominal 1:3 value seen i nanocubes. These findings indicate that an
excess of FABr induces two distinct phenomena: a transformation in
morphology (i.e. cubes to rods) and an increase in Br content relative to Pb.
We point out that such compositional deviations are consistaht several
recent reports on 2D perovskite systethd?

Synchrotron Xay diffraction:

Next we exacthe crystal structure and phase purity of the FARDESS
using higkresolution XRD. The two NC types were placed in quartz
capillaries exposed to a highroughput synchrotron -xay beam tuned to a
wavelength of 0.95774 A, under ambient conditions. Figupeesents the
respective diffraction scans recorded and the structural refinements made
for the two types of NCs. First, in line with the skalbwn
thermodynamically favored structure of FAPHB#! the nanocubes exhibit
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a cubic structure (refined to a = 5.9943 A using therRispace group) with

no obvious reduction in the unit cell translational symm#&t#gain, this is

in stong contrast to the diffraction pattern recorded for the yellow FARbBr
nanorods; here we see the introduction of a large number of additional
Bragg peaks, along with a substantial reduction in symmetry, suggested by
the extensive splitting of the cublike scattering features. A refinement of

the XRD data in Figure 2b is best made accounting for two separate phases.
Namely, a lowsymmetry monoclinic structure (a = 9.0060 A, b = 8.0570 A, ¢
' MH®PTdDnA ) YR i T p ®nne dfionyhd G K
collection of smaller peaks scattering at both low and high angles, while a
smaller contribution from the nominal 3D cubic phase is also present. While
the refined XRD scan presented in Figure 2b agmed¢he experimental

data, exacting further etails is made difficult by the strong presence of a
(100) texture (indicative of the reghaped morphology), complex organics
(i.,e. FA), and the twphase character. To the best of our knowledge, this is
the first time that FAPbBhas been found to exigh a monoclinic phase. In
combination with the compositional difference revealed through the prior
EDX data, the monoclinic phase determination can be explained by the
formation of a quas2D FAPbRBrstructure3® The monoclinic cell can be
considered as a distorted versioniféd M ¢ orthorhombic cell.

Such a lattice transformation in perovskites is an indication of a cooperative
titing of PbBg octahedra around -aexis; opposite tiltinglirection for two
neighboring layers doubles theagis®* Notably a and b pseuetubic cell
dimensions are shorter than ¢ and on average, are practically the same as
for the cubic phase (6.364x5.697x6.397, 0.5%*(6.364+5.697)=60%, a
5.9943). We point out that the leangle monoclinic peaks in Figure 2b do
resemble the interplanar scattering peaks seen in true 2D crystal ghanes,
however, such a feature is not necessarily synonymous in a-2ijdasi
arrangement. The compositionaffdrence revealed through the prior EDX
data, agree with the formation of a qu&id FAPbBdayers3® Although,

unit cell dimensions clearly indicate that 3D framework of Lb&mner
sharing ocihedra is preserved.

Xray photoelectron spectroscopy (XPS):
In the absence of clear leangle interplanar 2D XRD peaks, we egplore
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the different coordination details of NCs within the context of the
anticipated quaskD system (nanorods). Figure Ppcesents the Xay
photoelectron spectroscopy (XPS) data recorded from thin films made of
the two NCs. First, the spectra acquired from both samples possess
consistent chemical features; distinctive peaks of Br3d (~67.5 and 68.5 eV),
Pb4f (~137.8 and 142.7 eV) and N1s (~399.8 eV). Carbon peaks were als
recorded from these samples, though interpreting their XPS signals is made
difficult by the choice of carbon tape sample support. The small difference
in peak positions (< 0.2 eV) andlths all fall well within the experimental
error of the measurement (induced by crystal charging, etc.), with no
notable chemical shifts or oxidation states present. Notably in Figure 2c,
with both spectra normalized to the Pb4f peak at 137.8 eV thestsexi

large differencing in the intensity of signal detected from both elements Br
and N; in both cases, these signals are relatively stronger with a move to the
higher FAPb molar fraction, i.e. the synthesis of eRiashanorods. For
completeness, we prade the peak analysis in Table S1 of the Sl. This
observed rise in the Br signal is consistent with the previous EDX studies,
confirming that the Br/Pb ratio in the nanorods increased relative to the
nanocubes. We again assign this increase to the higdigrted monoclinic
perovskite phase detected through XRD analysis in Figure 2a, and is
consentient with the compositional properties commonly observed in 2D
perovskite structures; with the formula (R)HRbBE. In addition, the large
increase in the N/Phatio detected within the XPS signals further supports
the notion of excess formamidinium and oleylammonium cations,
participating at the quasdD perovskite surfac®s® Note that the
abundance of Br atoms at the perovskite surface is anticipated to play an
important role in potentially passivating parasitic surface stétes.

In the presence of an excess of formamidinium, proton exchange can occur
within aminebased syst@s via homoconjugation (FAH=GAmM)H It
follows that oleylamine is transioed into the oleylammonium cation,
which competes with FAons for lattice sites and promotes the formation

of lowdimensional structures represented by the formula
[RNH]2[FAPbBly 1 RbBE.*>*3 As mentioned above, our synthesis approach
induces the formation of the ammonium cation during the synthesis. To
probe the mechanism wolved here, experiments targeting the role of
proton excess were carried out. Figure S4 displays the SEM and XRC
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characterization of materials grown when HBr was added to the synthesis
protocol with a PbBfFABr 1:1 percursor ratio. In this case, the sgce
protons provided by the HBr result in the formation of-liéd FAPbBINCs

with again the contribution of a monoclinic crystal structure. Therefore, HBr
is anticipated to form as an intermediate product during the reaction of
PbBg with a higher molar concentration of FABr.
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Figure 2. Powder XRD patterns of FARPb&8r nanocubesnd b) nanorods (black circles) and their
respective refinements (red line). The respective insets show the different unit cells used to generate
the refinement, corresponding to the peak positions at the bottom (sticks). (c) XPS spectra expanded
over theBr3d, Pb4f and N1s signals for the FAPRNBIs. Both spectra have been normalized to their
respective Pb4f peaks (at 137 eV). The peak analysis can be found in Table S1 of SI.

Photophysical Properties

Next we evaluate the alinportant optical propertieof the FAPbBrNCs
drop-casted in the form of a thin film. Figure 3 shows the stestale
absorption ¢ reflectance spectra converted using the Kubd&kank
Sljdzl GA2Yy -RF@R) vand IPL émission spectra of the FAPbBr
nanocubes and nanorods. Botmgaes exhibit a wide absorption band and
intense PL emission, however there are several important differences. For
the nanocubes, the UVIS absorption spectrum in Figure 3a is typical of
FAPDbBy;, with an absorption onset near 600 nm together with an erast
feature near 530 nm. The sharp and intense PL emission is also
characteristic?44 centeredat 546 nm and with a narrow full width at half
maximum (FWHM) of 26 nm, indicative of the high color purity of FAPbBr
and confirms the overall high quality and uniformity of the nanocubes.
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Furthermore, the thin film made from the nanocubes is foundetmain

stable and retain their bright emission, achieving a PL efficiency of 30% at
485 excitation wavelength. On the other hand, the absorption data
recorded from the nanorods contain two clear transition features in Figure
3b, consistent within with a twphase quaskD framework, each having a
different electronic structure and bandgap. While the excitonic band at 522
nm is again resolved in the nanoragsharacteristic of a 3D FAPbHBIirect
bandgapc¢ an additional blueshifted excitonic band appears 440 nm
OARSYUGATASR KSNB o6& WrQO® wSftlaGdA@S
lower wavelengths in the nanorods specifies its shift in visible color, from
orange to yellow, as shown in Figure 1. Although the deformation of a cubic
unit cell to alow-symmetry perovskite (like the monoclinic phase revealed
here) is typically paralleled by only a minor shift in the electronic barffigap,
the blueshift expressed in our data is inexplicably large and cannot be
accounted for based solely on a phasstructuring. Such a strong blue

shift is in agreement with a ledimensional perovskite structure, consisting

of just a few layers of perovskite unit clland is indicative of quantum
confinement!® The deconvoluted PL spectrum of the nanar@xkhibits a
notably more complex emission lineshape than the nanocubes; two
relatively narrow PL peaks appear, one centered at 496 nm and another at
530 nm. The lovenergy emission corresponds well to the excitonic peak in
the absorption spectrum at 520m representing the emission from the 3D
portion of the NC composite. Conversely, we assign theemgigy blue
emission to radiative recombination originating from the @#&si
componentg?45The thin films made from nanorods exhébita PLQY up to

19% and 32% at 405 nm and 445 nm excitation, respectively. Interestingly,
pumping the cubic phasee(c = 485 nm) yielded high PLQY up to 70%,
which is comparatively higher than the pure cubic phase. For more detalils,
please refer S6 of $However, the quantum yield decreased when exciting
further into the band edge since it becomes impossible to record the entire
emission range, which partly overlaps with higher excitation waveledhs
AYy@SaidAalrisS K2g¢g GKS G662y RAKISHSHEBZ &
O2y 3t 2YSNY (S NN} y3IS (KSYyaSt dSa NBf
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0KS LISNR@gailAdl I Y SHERE LANBRYESREA DS
K8

I
9
Sa

GSNE y2U0 dOZKONHIRRESY 4SS OK2aSS/ SINHEGC

73



Chapter 3

GoRIK2G2y SEOAGIGAZ2Y ryﬁ AYIF3Ay3a: 2
00d | SNB 6S KI @S OKz2aSy G2 SEFYAYyS
é i Absorption ‘:.;:1 Emission : I Absorption xg‘ ‘ Emission :

é I A——;_AZS nm 1 |

E i ‘,j}’:i} 7 Y o6 7

g —|—-——-—-——-——--—~_:r./»;/" &40 om _ ik 534 nm

450 500 550 600
Wavelength (nm)

500 550
Wavelength (nm)

T T

1000
800
600
400

200

1 1 1 1 1

0
0 200 400 600 800 1000

Texe. = 910 nm (pixel counts)

hexc. = 1064 nm (pixel counts)

exc. = 1064 nm
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495540 nm, which covemnost of the PL emission. (d) Correlation plot of each corresponding map
pixels shown in (c), where the red arrows provide a guide for the eye to highlight theraegittion.

3

O«

NEO2NRSR 0O2yasSoOdaiangSte 2y GKS &by

YY |wmRen yXKABRY SEOAGIGAZYZ O2 NN
SYSNBASA SljdAglItSyd G2 npp YY YR |
O2yarad 2F Iy SyYraaarzy O2YLINRAaSR 2
GKAES GKS wmncn YyY YN $RX GG RWT &LISIE
0KS (g2 aSLINXYisS LKIFIaSa R2 y2i 02
FYGAO2NNBtIGA2y 06S0i6SSy (GKS O2NNB3
CAIdzZNBE oOT APSd | NBIAZ2Y HKAOK Aa

aK2dAZ R o83 eNBISHGAS NI dzy RSN G KS 2 KSNJ
AYiSyaridasSa 2F O2NNBALRZRAY It LIA KB LI

74



SingleStep Synthesis of Dual Phase Bright Bhneen Emitting Lead Halide Perovskite
Nanocrystal Thin Films

oROZ GKSNB SEAadGa | &aGNRBYy3I G2AR 64
LRAYyGa Ay &Ll OS & SNBYyR(G26SSYaASIS Shjyda
SOARSYOS F2NJ FYyUGAO2NNBtFGA2yd |G f
fAYAGSR AYlI3Saz GKS SEA&aGSyOS IyR
YIE1{Ay3a dzLJ GKS YIYZN;ERa Oy &8 NI
YAONEPR & GMNHzD NazNB 2y 2F GKS RAFTFSNByY

w5 NBFAYSYSyd |yR 2LWGAOFE | 06a2NLI/
LIKIFaSa +ta ¢Sttt a G0KS NIXrdAz 2F (KS

L2 6SNJ RSLISYRSYyOS addzReé 2y LRGSyi,
AYy@SaidAalr SR GKS AyFtdzsSyOS 2F SEOA
SYAGGAY3 LKIFIAS +ta ¢Sttt Fa GKS adat

0
{T FYRYEND RENBAEtE 2y GKA& SELISNRYS
t[ fAFSGAYS YSIF&adnNBYSyida

In evaluating the kinetics of photogenerated charges within our NC thin
films, we next investigate the nature of radiative recombination via
fluorescence lifetime imaging of an end#enof NCs. Due to the significant
overlap in the two emission bands arising from our gRBsinanorods,

clean deconvolution of the decaying species is difficult. By assessing the
decaying PL signals near each emission wavelength maxima, i.e. at 490 nir
andat 530 nm, we can make a qualitative evaluation of the charge dynamic
in the twophase nanorods. Typical PL decays are presented in Figure 4 and
their temporal intensities, I(t), were analyzed using either -aobitri-

exponential fit: ™ B 06APD—8

| S NXepresent the different lifetime components in order of an increasing
time constant, corresponding with a decay amplitdde Further, the
lifetime data were recorded through imaging an ensemble of NCs (~20 x 20
pum), forming the basis of the averagddtime and amplitude values inset

into Figure 4. Generally, the PL emission in perovskites can be described
using a simple threeharge recombination pathway model (approximately
on three different time scales): (i) fast recombination of bound excitons, o
trap-assisted recombination {10 ns), (ii) recombination of unbounded
excitons (10; 100 ns), and (iii) clean batolband recombination of free
charge carriers (100s of ns). Phetciting a perovskite crystal, these three
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processes are observed sinauleously in the PL decay and appropriately fit
with three different characteristic exponential components. Among the
decaying species, the recombination of excitons typically occurs fastest, and
free carrier recombination takes place on much longer tinaesc, free
electrons and holes will scatter though the cry$taihd will potentially
transfer across interfacing phases, to only recombine once they overlap.
Fird, exciting the FAPbBnanocubes in Figure 4a with 485 nm light, two
decaying species govern the detected emission at 545 nm; an average fast
recombination of 29 ns and an average long component of 338 ns (Table
S2). Conversely, for the FAPbBanorods,three measurement schemes
were targeted for comparison; excitation far above the two absorption
edges (405 nm) to examine both the blue (Figure 4b) arehdi€igure 4c)
emitting species; the contribution from each component is provided in
Table S3and exding close to the 3D absorption edge (485) nm) to
understand the decay dynamics of the green emission. Overviewing the
various decay components of the nanorods, we find that all three are well
described by trexponential fits. For all datasets, the decete is
dominated by the fast component (~ 79 %), indicating a quantum confined
quasi2D system. Typically, for a pure (OAThBE system, we obtained a
monoexponential decay of 2.5 ns. (Figure S5d) This is unsurprising given the
general constraints ofxeitonic recombination within a quantum confined
system. Hence, we assign this fast decay to the -@Qasiomponent in the
nanorods (Figure 4b). Interestingly, for the green emitting portion of the
nanorods, two long decay components appear again. Onrgxdtlite two

phase material with 405 nm light, we imply an interplay of two different
processes; i) direct excitation of green emitting species, ii) a substantial
portion of excited carriers migrates from the crystal constituent with a wide
bandgap to the ther with more narrow bandgap. (Figure 4c) As previously
stated, this notion has been repeatedly observed in eRR@sperovskite
systems*®4° On the other hand, moving to 485 nm excitation causes the
long component of the green emission to dramdlycahorten to just over

159 ns (Figure 4d and Table S2). This lifetime is substantially shorter than
the longest component of the green emission originating from a pure cubic
structure (Figure 4a and b).

Furthermore, at 485 nm excitation wavelength, #mission contribution is
mostly from the 3D perovskites, however, as we also excite the tail end of
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the quasi2D blue emissive part, the fast decay component also contributes
to the lifetime decay. As mentioned before, the XRD and PL data confirmed
the dud phase nature of rods, which indicates lower crystal purity when
compared to the common cubic phase, presumably leading to the faster
decay. Lifetime measurements on single rods were not recorded owning to
the long decay times observed and the subsequent photon counts. A

more detailed study on the complex decay behavior of the system is on the
way.
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Figure 4Fluorescence lifetime over the first microsecond for (a) FARBBocubesecorded at 485
nm excitation wavelengtrand (b)(d) nanorodsrecorded at 405 nm and 485 nm excitation
wavelength with theexperimental details and fitting (red line) parameters displayed in the insets.

LED fabrication and characterization:

Based on the good optoelectronic properties described in the previous
sections, the application of cub@nd rodshaped FAPbBNCs was tested in
light emitting diode (LED) devices in order to unravel the effect of the
morphology in the device performance. This type of perovskite material
presents its valance band and coniilie band around ~ 3,4 and 5.6 eV,
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respectively’>>! which is a good approximation for the energy levels and
electrodes selection when designing our device. Therefore, a double layer
LED was fabricated using the following configuration: ITO anode/PEDOT:PSS
(40 nm)/25 wt% of the FAPBBNCs in a toluene (220 nm)RBD (20 nm)|Al

(150 nm). Althe layers were spincoated, besides the Al metal cathode (150
nm) which was thermally evaporated. (Figure 5a) The reason for using p
PBD is to improve the electron injection into the perovskite emissive layer
and at the same time to inhibit the direct@niction between the Al metal

and the perovskite material, which in many cases degrades the perd¥skite.
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Figure 5 a) PeLED configuration for comparison of the-¥) response curve for the FAPHBr
PbBp/FABr 1:1 mnocubes (black dots) and 1:3 nanorods (red squares) and c) normalized
electroluminescence spectra of the hybrid multilayer devices upon 6 V voltage supply. The inset in
panel c) displays the CIE coordinates of the electroluminescence at 6 V.

Please note that currently, we did not optimize the thin film quality of these
perovskites as the application is presentest ps a proebf-principle study.
Nevertheless, the uniformity of the applied perovskite thin film layer was
measured using a nesontact optical profilometer and the results are
depicted in Figure S10. Figure 5b shows the cuweltagelcV curve for

the PbB#/FABr 1:1 nanocubes and 1:3 nanorods devices, where in both
cases, a typical diode characteristic was obtafeBoth morphologes
exhibit a comparable tn-on voltage of around ~2.8 Mowever, it is worth

to note that the current density for the nanorods is enhanced by 7 fold at
the same bias. This observation suggests that the FARd@irods exhibit
better charge injection omobility properties than the FAPkBranocubes.

To obtain further insights on the optoelectronic properties, the
electroluminescence (EL) spectra were recorded (Figure 5c). As it is shown
in the CIE coordinates ((0.27, 0.65) and (0.28, 0.67) for nanoeultes
nanorods, respectively), the EL spectra features for both samples are nearly
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identical. However, the EL intensity for the monoclinic nanorods is increased
by a factor of 6 under the same bias (6 V). This fact confirms that the charge
transport and mobity are improved by modifying the FAPHBrystal
d0NHZOGdzNE YR Y2NlLK2t 238d LyurSNBaG
nm, FWHM = 28 nm) perfectly matches its corresponding PL spectrum
(Figure 4),

while only the green emission component is corgdim the EL spectrum of
0KS VYI yrdNBA &am, #WHM = 27 nm). This has been shown in
previous studies and could be a consequence of either a) a higher charge
injection and/or more balanced transport into the 3D phase compéfent

b) a substantial contribution of radiative recombination of charges in the
smallest band gap 3D phaser c) the instability of the lower dimensional
phase under heating or moist conditions. The exaethanism is still
unknown and requires further investigation. Additionally, further steps to
stabilize the monoclinic structure of FAPpbBerovskites are necessary to
improve the device stability and performance.

Conclusion

We demonstrated a facile argtalable method to prepare FAPHBICs
having different morphologies and physctemical properties by
compositional engineering. By applying a tHi@d higher molar ratio of
FABr, FAPbBrnanorods were formed, exhibiting a hybrid qt2Bi
perovskite structure. For the first time, a monoclinic phase was observed for
this type of FAPbBrnanorods. The additional qugdd component
significantly improved the PLQY from 30 to 70%. The highvalu@Ytould

be attributed to (i) the existence of FAPHPBerovskite in the monoclinic
phase, (ii) the quagiD/3D quantum welike band alignment in the crystal
structure or (iii) the excess of bromide atoms exhibiting a passivating effect
to the surfae defects. Furthermore, this study reveals a unique mechanism
to synthesize a quaD perovskite structure. The presence of a lower
dimensional layer containing OAmMBr in the nanorods prepared by a 1:3
PbBp/FABr precursor ratio was further confirmed byDXEDX, XPS, and
time-resolved PL microscopy. Finally, LEDs were fabricated to investigate
the potential application of these NCs in optoelectronic devices. Both types
of perovskites nanocrystals exhibited a comparable performance when
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employed as an ense layer in LEDs. However, due to the exotic nature of
the twogphase system, the impact of different morphologies on the device
performance still remains elusive. This work offers new opportunities to
study the unexplored monoclinic phase of FARHWBECs and resolve
important questions concerning the charge dynamics within the novel two
phase systems.

Methods
1. Experimental procedure

For the synthesis of FAPBBa precursor solution consisting of 0.02 mmol
PbBp and 0.02 mmol or 0.06 mmol FABr (1:1 and 1:3 precursor ratios
respectively) dissolved in 1 ml ofdinethylformamide (DMF) was injected
dropwise into a vigorously stirring toluene solution, containing oleylamine
(OAm) and oleic acid (OAc) as capping |Igand ensure colloidal stability,

the concentration of OAc was fixed to 0.2 mmol. 0.02 mmol and 0.04 mmol
of OAm was added for the 1:1 and 1:3 PbBr2/FAbr precursor ratios
respectively, as these concentrations yielded the most homogeneous NC
morphology. Aftr injection, highly luminescent NCs were rapidly formed
and to further promote the precipitation/crystal growth, an extra volume of
toluene was subsequently added to the suspension. The resulting NCs were
centrifuged at 3200 rpm for 15 minutes and washaith toluene to remove

the excess of capping agents and unreacted precursor. Finally, they were
redispersed in toluene forming a stable colloidal solution. Please refer to
the experimental section in the Supporting Information for schematic
representatiorof the synthesis procedure. (Figure S1)

2. Instruments

2.1 Scanning Electron Microscope (SEMQrphology and composition
analysis were studied using FEI Quanta-FHGenvironmental scanning
electron microscope at 10 KV, equipped with an endrgpersie
spectrometer. The nanoparticles suspension was -desgped on a silicon
chip prior to the measurement.

2.2 Synchrotron-Ray DiffractionSynchrotrorbased Xay diffraction data
were collected at BMO1 (SNBL/ESRF in Grenoble, France) using
PILATUS@SNRiffractomete¢ KS Y2y 2 OKNRYF GAO oS|I
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and the parameters of the detector were calibrated on LaB6 powder using
PyFAP® The obtined calibrations were implemented to Bubble for further
azimuthal integration of 2D images. The resulting unit cell models were
refined using the Le Bail method in Fullgrof.

2.3 UWis Diffuse reflectance Spectroscoppiffuse reflectance spectra
(DRS) were recorded on a Perkin Elmer Lambda 950-VIBNIR
spectrophotometer with the 150mm integrating sphere accessory in the
wavelength range between 300 nm to 600 nm. The diffuse reflectance (R)
data were converted to F(R) using the Kub&lkmk function:F(R) = @&
RY/(2R).

2.4 Emission and Excitation Spectroscdpycitation and emission spectra
were recorded on an Edinburgh Instruments FLS 980 spectrofluorimeter.
Samples were measured in fréiate mode as thin films created by
dropcasting a suspensianto a glass slide that fitted into the Edinburgh
solids accessory.

2.5 Photoluminescence quantum yiefduantum yield measurements were
performed on a Horiba Fluorolog 3.22 spectrofluorimeter witBOZ9
integrating sphere accessory fitted with a santpdéder to accommodate
thin film samples dropasted on a glass slide.

2.6 Twephoton Microscopy The photoluminescence maps were recorded
on an upright microscope (BX61WI/FV1000, Olympus) with 25%, 1.05 NA
water immersion objective (XLPLAN, Olympus) usiogsecond pulsed
lasers of 1064 nm (picoTRAIN, H@ghand 910 nm (Levante Emerald, APE
Berlin; optical parametric oscillator synchronously pumped by the second
harmonic of the Nd:YVO4 picoTRAIN laser) as excitation sources. The powe
of each beam at fas was 15 mW. For both excitation sources, the
photoluminescence was detected in the -dpection and transmitted
through a 498%40 nm band pass filter before reaching a photomultiplier
tuber. The optical resolution of twghoton microscopy can be estineal by

the FWHM of the poirspread function, given by equation 1 and 2(for an
objective with a numerical aperture superior to 0.7):
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2.7 PL Lifetime spectroscopyuorescence lifetime data were recorded on a
home-built confocal FLINhicroscope. Emission from a pulsed 405 laser
diode (LDHP-G405, Picoquant, Berlin, Germany) was cleaned up spectrally
(Semrock 406/15 Brightline HC (AHF-#33)). Emission from a pulsed
485nm laser diode (LDB-G485, Picoquant) was cleaned up spaltyr
(Chroma ET485/20x, 482, AHF Analysentechnik, Tubingen, Germany).
Laser pulsing was set taMIHz (PDL 828 Sepia2, Picoquant). The laser was
coupled into a singtmode polarization maintaining optical fiber (PMC
400Si2.6-NA0123-APB150-P, SchafterKirchhoff GmbH, Hamburg,
Germany) using a 60HCRGBV1H#7 fiber coupler (SuK). Light was
collimated using a collimator with xyz adjustable lens (@9+RGBV147,
SuK), the linear polarization cleaned up (CE®$251, Thorlabs GmbH,
Dachau, Germany) dnlight was reflected via a-Bm thick polychroic
mirror (Chroma zt405/488/561/640rpc, F420, AHF) into a galvanometric
mirror scanner (TILL Yanus IV digital scanner, FEI Munich, Gréfelfing,
Germany) that was connected to the back port of the microsdummby
(IX71, Olympus Belgium, Berchem Belgium). Imaging was controlled via a
homewritten software (C#, Microsoft Visual Studio®). Inside the
microscope body the light was reflected upwards(8 thick Full Reflective

Ag Mirror, F21005, AHF, mounted in alRF Filter Cube for BX2/IX2,
F91960, AHF) to the objective (UPLSAR®W, Olympus). Sample
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emission transmitted through the polychroic mirror was focussed through a
50-um pinhole (P50S, Thorlabs) via an achromatic lens (AGRSML,
Thorlabs) and catliated again (AC2580-A-ML, Thorlabs). After
collimation, the emission was reflected on a dichroic mirror (H560LPXR,
F48559, AHF). Then, the emission was spectrally split into two bands via an
additional dichroic mirror (H507LPXR,-B88): the blue parnvas spectrally
filtered through a 450/50 ET Bandpass emission filter (AHF), the green part
through a HQ525/50 bandpass filter (Chroma). Emission was focused
(AC25450-A-ML, Thorlabs) on an avalanche photodiode-SRAD,
Picoquant). The detector was conrettto a timecorrelated single photon
counting (TCSPC) device (Hydraharp 400, Picoquant) and powered using &
power supply (DSM02, Picoquant). The laser powers used were 0.15, 0.75
and 1.5 nW, measured between the polychroic mirror and the galvo
(LabMax @p, Coherent, Santa Clara, California, USA)(about 40% reached
the sample), corresponding to 50, 250 and 500 mW/cm2 respectively
(taking into account the size of the focal spot and percentage of laser that
actually reaches the sample). Data were loadedhan RAM softwaré®
(https://[pam.readthedocs.io) written in MATLAB (The MathWorks,
Eindhoven, The Netherlands). Instrument response functions (IRF) were
recorded by removing the emission filter and imaging the reflection of the
laser on the coverslip surfac Data were fitted by -2or 3-component
convolution fitting.
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Supporting Information

» »

+7 ml Toluene
1 ml of precursor
solution

= =p> m=p>

5 ml Toluene + 0.2 mmol PbBr2/FABr 1:1  PbBr,/FABr 1:3
of OAc +0.02 mmol or
0.04 mmol of OAm

Figure S1Schematic representation of the solution processed synthesis of BARbBcrystals.

1:1 PbBralFABr 1:3 PbBry/FABr
B OAmiOAc: 1:10 —— DAmOAC: 2110

(a)

Counts

0 100 200 300 a0 500

00 200 300 400 S00 600 OO | 800
Length of Nanocubes (nm)

Length of Nanorods (nm)

Figure S2Size distribution of FAPhBranocubesand nanorods obtained by PhBYABr a) 1:1 and b)
1:3 precursor ratios, respectively.
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Figure SElemental composition of FAPbB) nanocubes and b) nanorods
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Table S1Peak analysis of the XPS spectra.

Nanocubes Nanorods
Feature Position Ratio position (eV) Ratio Ratio
(eV) Relative Relative  Nanorods/Nanocubes
to Pbaf to Pbaf
Br3d 67.82 3.2 67.74 3.9 1.2
Pbaf 137.82 1.00 137.94 1.00 NA
N1s 389.72 5.5 399.93 7.0 1.16

b) PUSe AR T:1 o |
—— Monoclinic Phase |

“r

10 20 30 40 50
26 (Cu K/

Figure S4a) SEM image and b) XRD of FAPMdrocrystals with monoclinic symmetry formed by
adding HBr to the PbBFABr 1:1 precursor ratio.
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—— 1:2 PbBra/OAmBr
a) b)
3
o
§ |
‘»
c . \ l l
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€ L | |
| k
g WA \...,M.,}-u\
10 20 30 40 50 50
26 (CuKa) /-
1:2PbBry/OAmBY | ) (OA)PbBry
c) FLR hexc = 406 N/ Jem = 425.475 nm|
= E i (ns) A%
s o 125 100
> >
. —
B ‘»
c (=
2 2
£ =
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Figure S5a) SEM image, b) XRD, c) typical-bBiggrgy emission and absorption spectra and d) PL
lifetime decay of 2D (OA#PbBs microplatelets. (#) Extra peak attributed to the intercalation of
OAmBr in the 2D structure.

To confirm the generation of ledimensiormal FAPbLBr perovskites,
oleylammonium bromide (OAmBr), as synthesized according to a known
protocol! was mixed with PbBteading to the formation of a stable 2D
perovskite structure which can be defined as (QRbBE. In SEM imaging,

the crystallites apeared as transparent thin platelets and XRD analysis
revealed the expected 2D pattern. Typical kegkrgy absorption and
photoluminescence emission was measured for (GRIDB)s.
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Nanorods prepared in
N Asorption glovebox

QY @ 405nm: 19 %
445 nm: 32 %

hAbsorption Emission

AN N

Absorption

\ Nan orods_dropoasted
under ambient conditions

@445 nm: 30 % [l QY @ 405 nm: 17 %

@485 nm: 54 % @ 445 nm. 45 %

\ @ 485 0m:70%

Intensity (a.u.)

© .

400 420 440 460 480 500 §20 540 560 580 600 400 420 440 460 480 500 £20 540 £60 580 600

Wavelength (nm)

Figure S6PL and absorption spectra of dropcasted thin films of nancepdshen prepared and
dropcasted in the glove box b) when prepared in air and films were made on a hot plate c) when
prepared in the glovebox and films were formed in air on a high humid day d) when prepared in air
and dropcasted in air on a highly humig da

The nanorods are anticipitated form a conglomerate, existing of a gquasi
2D perovskite component exhibiting a monoclinic phase and a 3D
component with cubic phase. The loimensional structure is expected to
enhance stability and promote charge carrier confinement in the crystal.
However, in this study, the monoclinic phase of nanorods appeared
unstable towards moisture, thereby, exhibiting a transition from a-blue
emitting layered structure to a more favorable gresmitting orange
phase, under high humid conditions. Note that, th@nsition was only
observed when the NCs were dropcasted on a glass slide; however, the
stability was retained in suspension. Nevertheless, thedrken emitting
compound yielded high quantum yields up to 32% at 445 nm. Interestingly,
pumping the cubiphase €x:.= 485 nm) yielded quantum efficiencies up to
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70% in the thin film state, which is considerably higher when compared to
the pure cubic phase. The high quantum yield could be attributed to either
the excess of bromide atoms, exhibiting a pasisiyaeffect to the surface
defects or to the formation of a qua®D structure, exhibiting a strong
guantum confinement effect.

Furthermore, in order to prevent the exposure of nanorods to moisture, the
synthesis was carried out inside the glove box. Thep@ctra exhibited a
slight blue shift as compared to the spectra of the NCs prepared under
ambient condition. (Figure S6a) Even though the film was not exposed to
the humidity, the existence of green emitting species is difficult to avoid.
Next, the NCprepared in ambient conditions were dropcasted as a film on
a coverslide directly on a hotplate at 80 °C to minimize the potential
contact of water with the film. In this case, the green emissive part was
nearly absent (Figure S6b). Here, a slight quegchf PL intensity was
observed, probably due to its exposure to high temperature. In Figure S6c
and d, the films were prepared in air under ambient conditions, on days
with high humidity and the dominant evolution towards the green emission
can be seen,ibiting quantum vyields up to 45% and 70 % at excitation
wavelengths of 445 nm and 485 nm respectively.

To examine the effect of excitation power on structural changes and
stability, the region of interest was imaged at different powers in focus,
starting at 5 mW and further increasing it by steps of 5 mW. We decided to
start at 5 mW as below this power the excitation with the 1064 nm laser
becomes too weak to detect any signal. It stems from this power
dependence experiment that there is a thresholdaabund 20 mW, at
which the material is substantially altered by the laser excitation, as seen
on the twophoton images (Figure S7) and corresponding transmission
AYIF3Sa o60CATdzNE {yovd LGIQa AYLERNII Y
stable beforereaching 20 mW, but once this threshold is reached, the
crystals in focus are destroyed, leading to a completely different two
photon image with both lasers. To confirm the stability of the crystal at 15
mW, the twephoton imaging was further performed ahother spot in the
same sample and the corresponding transmission and SEM images were
recorded from the examined spot (Figure S9).

95



Chapter 3

Figure S7 Twophoton images of rods using 910 nm (top row) and 1064 nm (bottom row) as
excitation sourcesThe same focal plane was imaged using a power in focus that was set for both
lasers to 5 mW, 10 mW, 15 mW and 20 mW respectively.

a) b) :w 2
0 G-
Zp_m__ 2um

(e E L —

Figure S&orresponding transmission images of the imaged area in thehaton experiment a)
before and b) after the threshold of 20 mW in focus, c) corresponding SEM image of the destroyed
spot.

Figure S9Twophoton images of the sample‘using excitation at :;1) 910 nm and b) 1064 nm, c) the
corresponding transmission and d) SEM image at 15 mW.

96



SingleStep Synthesis of Dual Phase Bright Bhneen Emitting Lead Halide Perovskite
Nanocrystal Thin Films

Table S2Recombination lifetimes extracted from the tiresolved PL decay curves for FARBBr
nanocubegecordal at 485 nm excitation wavelengdind quasD/3D nanorodsecorded at 405 nm
and 485 nm excitation wavelength

Excitation | Emission T (ns) A, (%) T, (ns) A; (%) T; (ns) Az (%)

(nm) (nm)

Nanocubes | 485 505-555 29 36 - - 338 64
Nanorods | 405 460-500 04 88 25 10 268 02
405 505-555 03 76 26 18 251 06
485 505-555 04 72 24 24 159 04

Table S3Fractional contributioG; i=1,2,and 3 F S| OK RSOl & )ik &erall _
decay time for theod-shaped perovskite NCs recorded at 405 nm excitation

Excitation(nm) | Emission(nm) | C, (%) G, (%) C; (%)

Nanorods 405 460-500 31 22 47

Nanorods 405 505-555 10 21 69

Fractional contribution (C of each decay time to the whole tims
calculated by the following equation:

Go—

Thin film morphology of perovskites used as emidapjer (EM) in LEDs

To check the uniformity of the film, the film morphology was measured by
using a norcontact optical profilometer (S lynx compact profilometer with
Nikon TU Plan Fluor lens with a magnification of 50x). The results confirm
that the filmprepared from nanorods is more heterogeneous as compared
to nanocubes, probably due to their higher tendency to get aggregated
(Figure S10). It is worth to note that even with lower quality films, the
optoelectronic properties of nanorods films are muchtdrethan the
nanocubes, indicating that the role of morphology plays an important role in
the device performance.
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Nanocubes|b

Figure S10The 3D image of thin films of a) nanocubes and b) nanorods, displaying the surface of the
emissive material (EM) layer usedtfoe LEDs.
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Chapter 4

Abstract

Lead halide perovskites are promising candidates forgaglormance light
emitting diodes, however, their applicability is limited by their structural
instability towards moisture. Although a deliberate addition of water to the
precursor solution has reatly been shown to improve the crystallinity and
optical properties of perovskites, the corresponding thin films still do not
exhibit a neaunity quantum yield. Herein, we report that the direct
addition of a minute amount of water to peseated formandinium lead
bromide (FAPDbBY nanocrystals (NCs) substantially enhances the stability
while achieving a 95% photoluminescence quantum yield in a NC thin film.
We unveil the mechanism of how moisture assists in the formation of an
additional NEBr componeh Alongside, we demonstrate the crucial role of
moisture in assisting localized etching of the perovskite crystal, facilitating
the partial incorporation of N/ which is key for improved performance
under ambient conditions. Finally, as a profitoncept, the application of
posttreated and watetreated perovskites is tested in light emitting
diodes, with the latter exhibiting a superior performance, offering
opportunities towards commercial application in moistatable
optoelectronics.
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LYRNBUOGAZ2Y

Organieinorganic lead halide perovskites (LHPs) exhibit outstanding
optoelectronic properties for light harvesting and emission deviées.
However, the function of the perovskite layer in these distinct applications
differs fundamentally. 3D APHpdvhere A is an organic or inorganic cation, X

an halide) LHPs possess a large absorption coefficient, long charge carrier
diffusion lengthsand small exciton binding energies),(Ehich are highly
desirable for solar cell applicatiohi contrast)ight emitting diodes (LEDSs)
benefit from high E which is not commonly observed in traditional 3D
perovskites. Despite this limitation, significant progress in
photoluminescence (PL) efficiency has been achieved, owing to the high
defect tolerance, color purity, and wide range of color tunability of 3D
perovskiteS. However, 3D LHPased devices lack lotgrm stability,
restricting their commercialization.

Recently, 2D #&bXs LHPs have gained considerable attention due to their
remarkable stability compared to that of their 3D counterpéfts.
Futhermore, these structures exhibit appealing properties, such as a strong
guantum and dielectric confinement, which results in highriaking them
attractive for electroluminescence (EL) applicattondowever, high
external quantum efficiencies (EQE) haveymitbeen achieved for LEDs
oFaSR 2y WLIzNE H5Q LISNR@galAuSa Rd
insulating ammonium cations, restricting their charge transport
properties? Hence, the formation of a 28D heterostructure (also known

as quaskD perovskites) is a valuable method to combine the best of both
worlds, i.e. structures with enhanced stability and spattalhfined carriers

while maintaining optimum charge carrier transport.

Multiple studies have shown that the surface of LHP NCs exposes a large
number of dangling bonds, owing to their large surf@ezeolume ratio,

which trap a fraction of charge carrierserving as nocradiative
recombination center8. Moreover, surface defects also promote the
penetration of moisture and accelerate the degradation of perovskites.
Recently, several studies have demonstrated effective strategies to
passivate the LHP NC surfacepnpoting radiative recombination, for
example, by introducing bulky organic surfactants such as ammonium
GSUNIF FEdz2NRPO2NF GS3 RALFYY2YAdzYy K |
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complexes, didodecyl dimethylammonium fluoride, *€.Some reports

find MAHSL” or FABrich!®1® conditions to be beneficial for device
performance as their excess may passivate defects at the surface. Besides
these typical passivation strategies, the incorporatibwater in the ligand
assisted reprecipitation (LARP) reaction mixture has also been
demonstrated to play a positive role in controlling the morphology and
stability of LHP NC%2! Other studies have demonstrated that a minute
amount of water as a solvent additive promotes the formation of uniform
LHP NC films, inducing higher stability and improved optoelectronic
properties???® Despite these remarkable advancements, practical
applications are still hampered by the limited stability of the resulting LHP
NC films under ambient conditions.

Herein, we developed a novel pdastatment strategy thatould allow the
utilization of perovskites NCs in moiststable optoelectronics. We started

off with a singlestep synthesis of FAPBBYCs using synergistic ligands,
short chain sebutylamine (BA) and oleic acid (OAc). We first discuss the
structural and optical characteristics of the -psepared FAPbBINCs.
Further, we modify the surface chemistry of NCs by applying a facile post
treatment strategy, using extra molar equivalents of FABr in hexane
containing ligands. The slow intrusion of atmospheriisture hydrolyses

the excess FABr from the pdstatment reaction mixture, leading to the
formation of formamide, and surfaegabilizing ammonium bromide
(NHBr). The high concentration of NBr resulted in NCs with higher
stability and substantigllimproved optical properties, displaying high PL
quantum yields (PLQY) of 85% when deposited as deadg NC thin
films. Additionally, this work also explores the effect of directly adding
minute amounts of water (0.2% (v/v)) to the ptstated FAPbBrNCs.
While earlier studies have demonstrated the role of water in facilitating the
phasetransformation CsPbBg to CsPbBr or CsPbBrto CsPEBIs),2425
influencing the growth rate and shape of N€structural reorganizatici

and surface crystallizatidfthis study elucidate its role in locally exfoliating
and etching the podfreated NCs, thereby, creatinggsible channels for
the intercalation of Nk cations as well as promoting the satisembly of
NCs. This, consequently, promotes the stabilization of the NCs, raising the
PLQY to 95% when deposited as thin films. Finally, as aghawicept,

the applcation of postreated and watettreated FAPbBINC thin films was
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explored in LEDs. Strikingly, the wdteated LHPs exhibited up to three
times higher EQE as compared to solely-frested FAPbBINCs.

Result and Discussion

FAPbBy NCs are synthesized by a facile, ligaradliated wet chemical
approach. First, a stoichiometric ratio of FABr and RbBiissolved in DMF.
Meanwhile, a mixture of synergistic ligand®&/sand OAc, is added to the
antisolvent, toluene. Finally, the inj@n of the precursor to the toluene
solution yields a blugreen emissive suspension under UV illuminafitis
blue-green emission is a typical feature of low dimensional perovskites.
Herein, a lowdimensional (quasiD) structure is suspected to bengeated

by the formation of sebutylammonium, which will be clarified later.
However, the emission color rapidly changes from-gheen to green and
readily loses intensity as soon as the NCs are washed with toluene,
suggesting a structural change in aemb conditions. In an attempt to
maintain the initial quas?D structure with the appealing bhggeen
emission, we employ a surface passivation strategy. Immediately after
synthesis, the NCs are sonicated with extra molar equivalents of FABr
(employed inthe posttreatment mixture), manifesting a positive effect on
the stability, and allowing the FAPHBIC suspension to retain the initial
bright bluegreen emission. More specifically, the samples are-fpeated

with 0.02 (1 equivalent), 0.04 (2 equests), and 0.06 mmol (3 equivalents)

of FABr dissolved in hexane containing OAc and oleylamine (OAm), which
are hereafter referred to as PT1, PT2, and PT3, respectively. The untreated
sample is referred to as PTO. A more detailed explanation of the pridoco
discussed in the experimental section. Moreover, the effect of humidity on
0KS b/ aQ adGNHzOGdzZNE KlFa o6SSy Ay@dSai
change upon podreatment is schematically demonstrated. Following the
synthesis and podteatment, the structure is evaluated using transmission
electron microscopy (TEM);ry diffraction (XRD), grazing incidene@ay
diffraction (GIXRD),-rdy photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR) techniques, while dpgcal
properties are investigated using steasisite and timeresolved PL. Note

that all characterizations were performed in thin film form, by simply
dropcasting the NC suspension on a glass slide or TEM graphene grids.
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Structural Properties

As show in Figure 1a, PTO was formed with the conventional FAPbBr
cubic phasé® However, upon postreatment (i) four extra peaks appear,
which get more pronounced when applying higher molar equivalents of
FABr XRD refinement reveals thgresence of a mixture of two cubic
phases, the major phase corresponding to the typical cubic structure of
FAPDbBy (Pm3m, a = 6.0179(2) Ay, and a second phase with sharp kea
(marked with *) belonging to the cubic ammonium bromide Js8¢H
structure Pm3m, a= 4.0620(1) A) (Figure $1Yii) The XRD patterns of the
posttreated FAPbBb / & SEKAOAG f2¢ | y3ItS RATF:
15°, suggesting the presence of a low dimenal structure, KA OK A
L2 GSYGALFffe& FdzNI KSNJ & . Ndistimipbr@i to 6 &
note that posttreatment is generally a surface modifying (healing in this
case) approach and thus, is not expected to impact the bulk of the crystal.
Corsidering the fact that the XRD pattern reveals highly intense peaks
corresponding to the cubighase of NEBr, it is anticipated that some part

of the NHBr interacted with the crystal surface, assisting in stabilizing and
preserving the dimensionality athe NCs, whereas, another fraction
NB Y I Ay S RNHIBEin the BthudueQexhibiting an additional phase.

First, our attention will be focused on the elucidation of the appearance of
the additional NEBr cubic phase. For the pdstatment, we employed
different molar amounts of FABr, mixed with OAc and OAm capping ligands
inhexane¢ KS GNJ} OS 2F 4+ GSNJ LINSaSyid Ay
most likely induces the base (OAra}alyzed hydrolysis of FABr, leading to
the formation of formamide and NBr (Scheme S1). As control
experiments, the XRpatterns of amixture of FABr and water as well as a
mixture of FABr, OAm and water were recorded (Figure S2). The latter
composition revealed an XRD pattern corresponding to theBiNEUbic
phase as is alsobserved for the postreated NCs, thus confirming our
hypothesis.

To study the influence of formamide on the structure, additional control
experiments were performed, where the NCs were p@sited with a
mixture of NHBr and a varying amount érmamide (Figure S3). It was
observed that formamide, as such, has no impact on the perovskite
structure, but it mainly aids in the dispersion of thesBitsalt, attributing to
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its polar nature (refer Sl for more info, Figure S3). We anticipate a higher
production of formamide with increasing molar equivalents of FABr, which
is also evident in the FTIR spectrum (Figure 1b), and will be discussed

hereafter.

(@) [ —pr3 (b)
—PT2 .
PT1
——PTO g
> * c
= ©
2 2
< o
= 3
£ o o =
-
1000 2000 3000 4000

26 (°) Wavenumber (cm)

(C) =1t Bryq Phy Ny

Intensity

64 66 68 70 134 136 138 140 142 144 146 398 400 402 404
Binding energy (eV)

Figure 1a) XRD (b) FTIR and (c) XPS spectra of untreated atcaiest FAPbBNCs. The symbo
(*) in panel (a) indicates the Bt cubic phase. The XPS spectra are normalized to their respective Pb

4f peaks

Next, more detailed GIXRD measurements (Figure S4) resulted in five
NEFtSOGA2ya Ay (GKS t2¢ w' NBIRN2Yy |
(corresponding to a lattice spacing updof o cTiese r¢fléctions
cannot arise from an oriented 3D LHP structure since they are located too
tf2¢ Ay (GKS W' NBIAZ2Y FyR (Kdza 0O2y1
structure, as previously obsexd for other perovskite®. In particular, the

peak positions of these low angle features reflectnax n O2 Y LJ2 & .
wheren is the number of layers of FAPbBnit cells, as it is expected that

an n = 4 composition contains peaks fram= 1-3 structures. Fon x
structures the diffraction peaks representing smaller n values would be
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very weak or would even completely disapp&aAt this point, it is
anticipated that the organic spacer that assists the formation of the -quasi
2D structure is sebutylammonium, which is formed after the protonation
of sBA by OAc in the aprotic solvéafThe larged-spacing value is thus
attributed to this bulky cation participating in the formation of the cu2dsi
structure (Scheme 1, left panel (i)).

(i)

(ii)
Exposed to humidity/moisture

v

FABr + PbBr, M

Post-treatment

with FABr

» " e P P Moisture/ H,0

(2sn<4)

s 8° 1o 82 L5 82 ], o
ol Nl B
NV ONT AN
PT3+H,0
Deprotonation of s-BA,
structure stabilized by NH,Br

Scheme 1The structural evolign of FAPbBINCs (i) before and after peseatment and (ii) when
the structures are exposed to moisture. The blue cations in (ii) depitt NH
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Figure 2HAADFSTEM images of a) PTO, b) PT3, c) P13.HrHpanel (b) thin NCs that are oriented
edgeon and are stacked on top of each other are highlighted wythllaw rectangle. This indicates

the presence of low dimensional perovskite NCs. The corresponding high magnification images of d)
PTO, e) PT3; yellow circles highlight exfoliated and etched spots, and f) T3 keHarrows indicate

the steplike stricture, where etching resulted in a step with a width of ~ 4nm.

Photophysical Properties
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Deciphering the Role of Water in Promoting the Optoelectronic Performance of Surface
Engineered ¢ad Halide Perovskite Nanocrystals
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of NHBr is necessary for the improved stability and optoelectronic
performance, water was also added to the untreated PTO, where aBrNH
could be formed due to the absence of excess FAefity if the formation
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of NHBr is necessary for the improved stability and optoelectronic
performance, water was also added to the untreated PTO, where aBrNH
could be formed due to the absence of excess FA. As expected, PTO
degraded soon after addirthe water as demonstrated by its XRD pattern
(Figure S19). Also, the PLQY promptly dropped from 48% to 5%. As an

—
Y
—

----- } —PTO

Emission

Absorbance -

Intensity

(b) Absorbance —PT3
PT2
—PT1

Emission
’

Intensity

(c) Abssrbance — PT3+
& H,0

Emission
A

Intensity

400 450 500 550 600
Wavelength (nm)
Figure 3 PL and absorption spectra of (a) PTO, (b)-jpeated FAPbBMNCs (Day 1), and (c) PT3 +
H.Orecorded at 395 nrexcitation
additional stability test towards humidity, PTO and PT3 were dropcasted on
a cover slide in ambient conditions. The PT3 sample retained the green
color as in suspension, whereas, the color of PTO rapidly changed from
green to orange, once aggnoving enhanced stability for the peseated
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NCs (Figure S20). This conclusively demonstrates that the additialal NH

in the system leads to higher stability and better optoelectronic
performance. It has been previously demonstrated that surfacectefgve

rise to nonradiative recombination centers, leading to shorter charge
carrier lifetimes® To gain more insight into the dynamics of the
photogenerated carriers, timeesolved PL (TRPL) measurements are
performed for all the samples upon 410 nm excitation in the ns and ps
regime, as shown in Figure 4. All TRPL dpuoaijles fit best to a ti
exponential function, suggesting that the PL decay in the NCs occurs via
three main pathways in each regime. For the nanosecond regime, the fast
RSOI& 02 YillJ/yRY300 ps=10 ns), are associated with trap
assisted rec60 A Yl A2y S KA S (KD - g0ng) IS NJ
related to unbound exciton recombinatiéhNote that the lifetimes for the
posttreated PTIPT3 NCs remain virtually the same and therefore, we only
compare the decays of PTO, PT3 ang PO, to shine light on each stage

of the structural evolution (Figure 4). TRPL decays of all the samples were
first monitored at 410 nm excitation and the obtained time constants are
provided in the tables in Table S2 and S3. The experiments are performed in
reflection and frorface mode on a NC thin film, minimizing any internal
reflection, so a simplified theeexponential model has been used for the
decay analysis. TRPL measurements revealed complex emission dynamics
owing to the different proportions of the 2D and 3D perovskite structures
before and after treatment. As demonstrated above, on Day 1, PTOrand P

+ HO exhibit a bright green emission, indicating a high proportion of 3D
NCs, while PT3 displays a kfpeen emission, revealing the formation of a
quasi2D structure (Figure S21 for fluorescence microscopy images). The PL
decay dynamics on the nanasa&d timescale (Figure 4(i)) are found to
correlate perfectly with the dimensionality of the NCs. Generally, as the
spatial dimension decreases, the surtt@eolume ratio increases,
resulting in a relatively higher content of surface defeéct&Directly after
synthesis (Figure 4a, Day 1), the TRPL decay fotreastd samples is
fFNBESt& R2YAYIlI GSR 0@ i KSR indicating traR S O
assisted recombination on or near the surface. Importantly, for PTO, the
slowdecay componeit 3, possesses the highest relative amplitude,
revealing a radiative exciton recombination in the bulk which is possible by
the predominant 3D structure of PY®¥ As can be seen in Figure 4b, on
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Day3, the structural rearrangement in the pdstated samples induces an
overall reduction in the amplitudes of the fast tragsisted recombination,
pointing towards the reduction of surface traps. Note that the water
treated PT3 instantly undergoes a nais-induced structural
rearrangement, accompanied by a PL shift from-gheen to green. Since

this structure is an equivalent of that of PT3 on day 3, the TRPL of B3 + H
on day 1 is compared to that of the PT3 on day 3 in Figure 4b. Furthermore,
thef ATSGAYS | yR 3;kompdhehntind2RSincreased byk3%nd 5
fold, respectively. This provides strong evidence for a reduced number of
surface charge traps when the material is exposed to air hurhidriye
enhancement in this long lifetime component is attributed to a collection of
factors: 1) A more stable structure formed upon the partial substitution of
FA with NH*, resulting in stroger interaction with the halides of the
octahedral units. 2) Halieich surface provided by NMBF. 3) Last, the
transition from quaskD to a quas?D/3D structure results in emission in a
relatively smaller bandgap, which is effectively stabilized dprsence of

free NHBr. These findings are also consistent with the TRPL decay of the
water-i NBF SR t ¢o O CA3Idz2NE n I pvduelfoy PTO2 v (
dropped by 64% of its initial value on day 1, implying the degradation of the
untreated smple with time (Figure 4b, Table S2). Additionally, the decay
dynamics were monitored in the green spectral region upon 480 nm
SEOAGIFGAR2Y ® 1 & SELISDYBREveny K& forlthe LI A
posttreated NCs on Day 1, as the absorption and ®onsare mainly
governed by the blue emitting 2D structure (Table S3).

To gain more insight on the longer timescale, PL decays in the ps regime
were recorded (Figure 4(ii) and Table S2)eXponential fits were applied

to the experimental data to quanyitthe carrier dynamics. In this case, the

a K2 NI 02 YL y 8y (e >assigned to unbound exciton
recombination occurring in the que&b and in the bulk 3D structure and

I NE NRdZAKE & OolvthdlddNd récorded id the nd fedgime, The
longt A S R O 2sYchispéhysiiarfree charge carrier recombination.
On Day 1 (Figure 4a), the longest decay is observed for PE®,+ H
attributed to the dominant presence of 3D structure. Additionally, the
presence of free NiBr assists in stabilizindpe structure by filling the
vacant FAsites formed upon etching. Notably, on Day 3 (Figure 4b), PTO
exhibits a substantial decline in the amplitude of the longest component
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and rise in that of the shortest one, which is typical for a system including
more defects.

On the other hand, the overall lifetime of PT3 increases in the following
days after synthesis, illustrating an enhancement of radiative recombination
within the material, hinting to efficient passivation of the surface. These
findings areconsistent with the lifetime parameters of PT3 20Hbn dayl

(Figure 4&b).

(a) Day1 (b) Day3
(i} Nanosecond (i} Nanosecond
1.0 FT2+H.0 1.0 PT2+H,0
PTO PTO
= . PT3 = - FT2
= 2
5 a
E E
= =}
E g
%l 0.5 = 05
E E
5 =
=
o0 = o.08
o 3 & 8 12 15 0 3 & 8§ 12 15
Time [ns) Time [n=)
(ii) Microsecond (ii) Microsecond
10 PT3+H,0 10] PT2+H,0
PTO FTO
= v PT3 = « FT3
E E
= -
& 05 & o5
= =
E E
s S
= =
0.0 = | 0.0 .
00 02 04 D6 0F 10 00 02 04 06 03 10

Time [ps)

Time [us)

Figure 4 PL decay curves of the PTO, PT3 and PE® N8s after synthesis (a, Day 1), and after
ageing (b, Day 3) recorded at the maximum emissi@velengths, over the (i) nanoseconds, and (ii)
YA ONR & S 02 y Ry=(4A0YB ¥ Nte fthat thé ERPL data obtained for PT&+ohl day 1 is
also used for day 3, for comparison with pweated samples. The different color scheme is used to
indicatethis purpose.
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Next, the temperature dependent PL intensity (4.300 K) is carefully
evaluated for PTO, PT3, and PT3@ #irectly after synthesis (Day 1) and on
Day 3. These data allow to quantifyingth@BheC! t §b. /N& a direct
measure for the structural confinement. In Figure 5(a, b, c), the PL spectra
normalized to the PL maximum at seleclstbetween 4.2 and @ K are
shown for PTO, PT3 and PT32® ldn Day 1 and Day 3 (for raw data see Sl
Figure S22). The spectra are shifted vertically for clarity. The PL peak is blue
shifted as a function of temperature, typical for this class of perovékites.
Abrupt changes irhe PL peak position are observed for all three samples,
and are attributed to structural phase transitions in FABB@igure S23 (d,

e, f)). The phase transition temperatures are not altered upon- post
treatment, hence no changes in the bulk crystal structurgehbeen
induced. For PTO and PT3,0Hwo peaks in the PL spectra around 563 nm
(2.2 eV) and 506 nm (2.45 eV) are observed with the one at 563 nm (2.2 eV)
being the fundamental PL peak for these materials which we analyze and
discuss hereafter (Figurg, b, c)).

Looking at the PL peak maxima (eV) extracted from Gaussian fits to the PL
spectra at each temperature on Day 1 and Day 3, a negligible shift is
observed for PTO and PT3 20HFigure S23 (a, b, c)). However, a relatively
large shift from higlenergy (E = 2.45 eV at 300 K) to lower energy (E = 2.35
eV at 300 K) is detected for PT3 over this time span. We attribute this shift
to the gradual transition from a quéaD to a quas2D/3D structure over

48h as also found in the tirresolved XRD as WéFigure S18). In Figure

5(d, e, f), the integrated PL intensity extracted from Gaussian fits versus
inverse temperature is illustrated. From Day 1 to Day 3, a 50% drop in the
intensity of the PL peak maximum occurs for PTO while only a 20% decrease
in intensity is observed for PT3 and PT32®,Honfirming an induced
stability through postreatment (see Figure5 (d, e, f)).

We evaluated thedof each system modeling the temperature dependence
of the PL intensity in the cubic phase by the Arrheniustemua

ICY="9(1+0 G} (1)

as illustrated in Figure 5(d, e, f), whdseand A are constantsks is the
Boltzmann constanf, extracted for PTO is around 180 meV. For PT3 and
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Figure 5 Temperature evolution of the PL spectra for PTO, PT3 and BD8NCQ4 on Day 1, and Day

3. (ac) selected PL spectra normalized to their PL maximum at different temperatures for (a) PTO, (b)
PT3, and PT3 +.8 on Day 1 (green curves), and Day 3 (red curves). The spectra are shifted vertically
for clarity. (df) Arrhenius plots of the integrated PL intensity for (d) PTO, (e) PT3, and (f) &ran- H

Day 1 (green circles) and Day 3(red squafé®) solid curves represent the fits based on equation (1)

to extract the Efor each system.
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Figure 6 a) Device structure, b)V response curve, and c) Electroluminescence spectra of hybrid
multilayer devices up to 4.6 voltage supply for PT3Rargl+ bD.

PT3 + bD, the Eon Day 1 increases to 270 and 250 pregpectively, due

to the confinement imposed by the qu&dd structure. On Day 3, this value
shifts back to 154 meV for PT3 z0Hand to 180 meV for PT3, similar to PTO
on Day 1, due to structural rearrangement to a stabilized RA&D
system.

DevicePerformance

The high PLQY values and enhanced stability of therpastd NCs make
them very promising for optical applications, in particular for LEDs. To
investigate their performance in devices, we fabricated LED devices using
PT3 (Day 3) and PT3 #O0HNCs as the electroluminescent (EL) layer. The
LEDs exhibit following configuration:
ITO/PEDOT:PSS/perovskite//TPBI//LiF/Al, where PEDOT:PSS and TPBi re
to poly(3,4ethylenedioxythiophene) polystyrene sulfonate and 2;2,2"
(1,3,5Benzinetriybtris(1-phenytl-H-benzimidazole) respectively (Figure
6a). The design and composition of this device is in agreement with the
conduction and valence band of the samples, which are situated around
D3.4 and 5.6 eV, respectivélyiNote that TPBi is added to inhibit the direct
interaction between the Al metal and the perovskite material, which in
many cases degrades the perovsRitEor PT3, a typical diodbaracteristic

is observed with a turon voltage of 2.5 V. The luminescence versus voltage
is plotted in Figure 6b, demonstrating a value of 2 Cdin¥ V.To gain
further insight in the optoelectronic properties of the device, the EL spectra
were recored at 4.6 V. In case of PT3, the EL signal exhibits a narrow peak
at ~525 nm (2.36 eV, FWHM 1100-tjnwhich is reghifted as compared

to its corresponding PL peak at ~506 nm (2.54 eV, FWHM 11){Figure
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S13 and S24). This issue has been widelyvdtsen PeLEDs, and is ascribed

to the carrier trappingat the grain boundaries, different trap states in the
crystal structuré® or the interfaces between two different layéfs.

Generally, in the LED configuration, the injected charge carriers are prone to
undergo a trapping process by these electhmhe recombination centers,

with energy levels residing within the bandgap. Thereby, the relative energy
difference upon radiative ecombination is reduced, consequently +ed
shifting the EL spectra. Furthermore, one of the major obstacles in having
high efficiencies in perovskitmsed LEDs is the presence of water;
however, The role of water on the EL properties was also investigaigd,

the same device structure is fabricated for the PT3G-RCs. The PL and EL
spectra exhibited nearly the same maxima (~530 nm (2.33 eV)), indicating
emission from the same electronic excited state, thereby suggesting the
suppression of carrier trappg at the defect sites. However, the broader
FWHM (increasing from 810 dmio 1500 cmt) under a forward voltage

may relate to the heterogeneous morphology or the defects generated at
the interfaces in this proeff-concept LED device. A closer look a& HL
spectra of both the samples inidicate that the EL mechanisms remain
unchanged, as it is proven by the CIE coordinates (0.17, 0.74) (Figure S25)
| 2 g S &Sdedice shows a lower tuom voltage of 2.3 V and a four times
higher EL at the same volta(@Cd/n?) as compared to PT3. TBey K| Y OSF
[9SFFAOASYOe A& aFRARNAYONBEASKST U
RSOAOS GAMIK LUtoadm2d R 0SS y2GSR 0KI
F2dzyR KSNB OFy 06S | GONROdzG SR {25 I (RK
GKSANI F33INBIAFGA2Y Ay az2ftdziAz2y | yF
3dz0 a0NI 6Sad® bSOBRNKFOSEH S &a&dRE LINP
can actually improve perovskibmsed LED device performance as its
presence is not necessarily detrintal for the material quality? S KI @S
adzYYF NAT SR (GKS Y2aGRNBMGEI AT dzNBrg 1
2F fAGSNY G dzNEENBIDSNRL 4SNP gall A S8y b/ &
al!lt @0 NASR Db/ a YR K2gz8 &8 NHASN&MBE] &
Based on these findings, there is plenty of room for improving the device
performance by downsizing the NCs and-fimeng the film quality and
device architecture which has not been optimized as part of this study.
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Conclusion

This study shows that watas not always a threat to perovskitesed
devices, but that it can positively affect the stability and optoelectronic
performance when the device is composed of rationally engineered
perovskite materials. A facile pdstatment strategy is reported wth
allows achieving highuality, watercompatible FAPbBr NCs. A
combination of advanced structural and optical characterization techniques
proves that moisturenduced hydrolysis of the excess of FABr, applied
during posttreatment, results in a surfageassivating layer of NBIr,
responsible for the improved stability. As such, the stability and crystalline
quality of the perovskite NCs is substantially enhanced, while yielding a high
PLQY of 95% after deposition as a demgedy NC thin film. We also
demonstrate the role of water in promoting localized exfoliation of the-post
treated NCs, which in turn leads to the partial intercalation ofiNH
boosting the stability. These new findings offer opportunities towards
commercial application of perovskit@smoisturestable optoelectronics.

Methods

1. Experimental procedure

C2NJ) GKS adeyldKSBA&ET 2IF 1INBO deNE HNINA 2 f
YY2f 2FFVRR. N 2F RYXZAB2ICASAI Ay- HO
RAYSGKetf F2NXIF YARS 65acCu0 61 & LINBLI N
azfdziazy

A ¥ s oA 9~

4 Ay2SOGSR atz2gfe Aydaz
|

7]
O2y il ApHAIET B-SOY S YR 2t SAO OAR 6h! ¢
SyadNB2PORIt &ldloAftAleY G-KS HFENB NF k|
ndép YY2f YR nody YY2fz: N‘éLJS()uA@Sf
b/ & &SNS NI LARf& FT2NXYSRI |y G2 7Fdz

R
G2t dyS 2F (2tdSyS (b2 4l RSzoa&s ISYIX 2)

b/ d& 6SNB OSYUNRTFIdzASR G onnn NLIY 7
NEY2@dS (KS SEOS&aa 2F OFLIWAy3a F3ASy
GSNBE NBRAALISNESR Ay G2t dsSSySz FRSINA)
LR-a®BlF GYSyd adadSLIE mX W FYR o Y2l N
YR nonc YY2t>X 6SNB RAaaz2t OSR Ay f
6h! YO ¢KS YAEGdAINBE 68NEB2ARHEXOIBEKE®
F2NY | Of SI NJ a2fded AJ2yi SoNdzi ( & 8za WIS yia

123



Chapter 4

a2yAOFGSR Ay (KA& YAEGdZNB | YR T dzNJ |
¢tKS NB&adA# GAy3 b/ a o66SNB NEmzéééLwéh%ﬁYQﬁé
dzy RSNJ I ! = £ YLI® .iC2 NX fLINBEJ &R § KIS 8 o
t¢o b/ & |yR GKS YAELU(GdwNB that thé added y A (
amount of water and the sonication time both play a significant role. The

LISNRP a1 AGSaQ adzallSyarzy OKIFy3aSa 02
yellow when too much water is addedwhen treated for a longer time,

deteriorating the optical propertiest

f Sl Oz2yadzA G 0
LYF2NXIFGAZ2Y F2NJ I &0K ’

S
YI GAO NBLINEB A S

U Qx

OCAIdz2NBE {HcOO®

2. Instruments

2.1 Scanning Electron Microscope (SEMjprphology ad composition
analysis were studied using an FEI QuantaZsB@nvironmental scanning
electron microscope at 10 KV, equipped with an endiggersive
spectrometer. The NC suspension was dropcasted on a silicon chip prior to
the measurement.
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2.7 UWis Diffuse reflectance Spectroscoiiffuse reflectance spectra
(DRS) were recorded on a Perkin Elmer Lambda Q%¥ISNIR
spectrophotometer with the 150mm integrating sphere accessory in the
wavelength range between 300 nm to 600 nm. The diffuse reflectance (R)
data were converted to F(R) using the Kub&lkmk function: F(R) = {1
RY/(2R).

2.8 Emission and Exditan SpectroscopyExcitation and emission spectra
were recorded on an Edinburgh Instruments FLS 980 spectrofluorimeter.
Samples were measured in freiace mode as thin films created by
dropcasting a suspension onto a glass slide that fitted into thddim
solids accessory.
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performed on a Horiba Fluorolog 3.22 spectrofluorimeter with 89029
integrating sphere accessory fitted with a sample holder to accommodate
thin film samples ap casted on a glass slide.

3.0 PL lifetime SpectroscopyPL lifetimes at 410 nm excitation wavelength
and 58 J/crhfluence were recorded. The fluorescence decay times at the
nanosecond time scale were determined by-SRC technique. The
fluorescence waspectrally resolved by a monochromator (Sciencetech
9030, 100 nm focal length, waMength accuracy 0.3 nm), and detected by

a microchannel plate photomultiplier tube (MEMT, R380981,
Hamamatsu). A timeorrelated single photon timing PC module (8B
Becker & Hickl) was used to obtain the fluorescence decay histogram in
4096 channels. The decays were recorded with 10000 counts in the peak
channel, in time windows of 17 ns corresponding to 4.25 ps per channel and
analyzed individually with a tinresolved fluorescence analysis (TRFA)
software based on iterative reconvolution of the data with the instrumental
response function (IRF). The full width at-4raximum (FWHM) of the IRF
was typically in the order of 42 ps.

Nanosecond to Millisecond Timesolved Luminescencé 410 nm laser
pulse (8 ns, 10 Hz) generated by a system consisting of a pulsed Nd:YAC
laser (QuantdRay IND40, Spectra Physics) was used to excite the samples.
The excitation light was focused on the sample by anmif®Ofocal lengt

lens and a small part of this light was sent to a fast photodiode to generate
a trigger signal. Right angle configuration between excitation and light
collection paths was used and the luminescence was collected, filtered and
focused on the entrance sldf a 30 cm focal length monochromator. A
homemade Labview based software was used to control and trigger the
instruments, read, average and store the transient data.

3.1 Low Temperature PLFor lowtemperature photoluminescence
measurements, the sampleaw drop casted on a quartz plate and mounted

on an insert in a He flow cryostat in which the temperature can be varied
from 4.2 to 300 K. We used a sedidte laser Thorlabs M365LP1 with driver
DC2200 operating at 365 nm for excitation. The laser wadezbtga 550

>Y O2NB 2LWiAO0Ff FAOSND ¢KS t[ &aLISoO
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detection fibers are coupled to a LQD Shamrock F/4 spectrometer with

an electron multiplyig chargecoupled detector (EMCCD) iXon DV887. The
PL spectra were collected at 5 K increment.

3.2 Device fabrication and characterizatidime Glass/ITO substrates were
washed in an ultrasonic bath with soap water, deionized water, acetone,
and isopropanbfor 10 min, respectively. After drying with nitrogen, they
were treated with UMOzone for 15 min. Then, PEDOT:PSS dispersion
(Clevios P VP Al 4083) was spin coated on thelgmaed ITO substrates at
4000 rpm for 60 s, followed by thermal annealingnatriL [ T2NJ mn
that, the perovskite films were deposited in a N2 filled glove box by
spincoating a 20 mg/ml nanocrystal solution in hexane at 1000 rpm. The
devices were finished by evaporation of 40 nm TPBI, 1.2 nm LiF and 100 nm
Al layers on tomf the perovskite films sequentially. The device area was
0.125 cm2 with dimensions of 2.5 mm x 5 mm. A Thorlabs integrating
sphere (IS236A) coupled with a calibrated silicon photodiode (SM0O5PD1B)
and a Flame Spectrometer from Ocean Optics was useddeumethe EL
intensity and the emission spectrum. The response of the photodiode was
calibrated together with the integrating sphere by Thorlabs. The J
characteristics were measured by an Agilent 4156C Semiconductor
Parameter Analyzer which also recottie corresponding lighihduced
photodiode current at the same time.
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Supporting Information

NH,* OH o
Br H,0 \ (1)
— > H,N—C—NH, + NH;Br +
H NH, Base-catalysed ‘ H NH,
H

Scheme S1Hydrolysis of FABr. The reaction mechanism involves achiadgzred addition
elimination! where OAm acts as the Broet base.

Experimental
—— Calculated
— Residual
- Bragg’s positions
1. NH,Br
2. FAPbBr,

bty

1 I I I I I I [
2 | [ T I | I N I A [

Intensity (a.u.)
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20 (°)

FigureS® wA SG @St R NBTAYSYSYy treated RT3, indiazinythe coekidehce 6f A 2 y
the two highly crystalline cubic phases of FAP@race groupm3m, a= 6.0179(2) AR@ragg= 6.85
%) and NkBr (Space grouPm3m, a = 4.0620(1) AR gragg= 12.2 %).
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a) ——Suspension from PT3 b)
TS| —FABr+O0Am+ H,0 ——FABr+H,0
S
oy
c
«
E \J
I
10 20 30 40 50 10 20 30 40 50
26(°) 26(°)

Figure S2XRD of (a) the peseated suspension prepared for PT3 (black) and when FABr was
reacted with oleylamine and water (red) (b) whe®BF#as reacted with water showing no significant
reflections.

a) 1x NH,Br_2x Formamide b) —— Post-treated with NH,Br

——— 2x NH,Br_2x Formamide

—— 2x NH,Br_4x Formamide
S >
© ©
= P
@ " @
5 e |

| | ( * J|
S W T U . u..«k...a’»J\_;LJu
10 20 30 40 0 10 20
20/ ° 26/°

Figure S3a) XRD pattern of pestated NCs with different amounts of M and formamide. Here
X denotes the molar ratio. b) NCs pustaited with NHBr alone; the NHBr cubicphase is only faintly
presentwithout the addition of formamide.

The intensity of the NiBr peaks in the XRD pattern gradually increases
upon increasing the amount of formamide, indicating better dispersion of
NH:Br in the polar solvent (Figure S3). A similar trend is also evident in the
XRD pattern in Figure 1a; it is anticipated that a higher molar amount of
FABr in the posteaction (as in the case of PT3) would yield a greater
amount of final products (NBr ard formamide), as compared to PT1 or
PT2. Thus, more formamide results in better dispersion of th&Md4lt in
hexane, yielding highly intense peaks. In contrast, the intensity of peaks did
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not improve substantially when only the amount ofsBiHwvas incrased in
the reaction (Figure S3a, green).

4000000 T
36.7 A — PT3
'S 3000000+
= | L
z
@ 2000000
Q
1000000 -
18.6 A 93A 74A6.1A
O_

0 2 4 6 8 10 12 14
26 (°)
Figure SAGIXRD of post NS 1SR t ¢o RA&LI F&8Ay3 F2dzNJ LIS 1 &

presence of a low dimensional structure. Inset figure isazodméd A Yl 38 F2NJ 1 KS DL
onwards.

Oleic acid

Formamidinium Bromide

Oleylamine

Sec-Butylamine

Absorbance

Y

1000 2000 3000 4000

Wavenumber (cm)

Figure S5FTIR of all the ligands employed in the synthesis.
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Table S1Peak analysis of the XPS spectra.

Sample Br/Pb’ N/Pb
PTO 2.8 2.2
PT1 3.0 2.3
PT3 3.7 2.6

*Margin of error = 5- 10%

a) [ [0 b) 3 WPTI HO

- 4 = 40 =
3 € 3
5 5 s |
3 2
| ‘ | II I
1 10
) . 0 - - —— ) . ! ,. l—
10 2 6 70 80 9 100 0 X 4 0 0 100 20 40 6 0 100 120 140 160
Size (nm) Size (nm)

Figure S6Size distribution of a) PT0, b) PT3, and c) PTQ NEs

Co

ZA [100]

N
i |
-
e
Tl
.

Figure S7 HAADF STEM image of PTO NCs a) High resolution STEM image of PTO NC. Thi
corresponding FFT is shown in panel b), which shows that the NC is oriented along the [100] zone axis

@A)
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Figure S8a)¢ b) HAADF STEM images of PT3 NCs, which shqseence of NCs with a width of
only a few nanometers (below 2nm). This is an indication for the presence of 2D NCs.

Figure SOHAADF STEM images of PT3G-MCs. a) Thin areas at the edge of the NCs as well as in
the center of the NC are visible whiare caused by moisture assisted etching. b) The thin small NC
on the right side, which is highlighted in yellow, is probably exfoliated from the adjacent large NC.
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A~ AT A AN
¢) Thin flakes

a)Dissolution-recrystallization b) Exfoliation

Scheme S2Role of moisture in assisting dissolutienrystallization of NCs (a and c) and localized
exfoliation, causing the fragmentation of NCs into thin flakes (b aitie€blue cations irb)( depict
NHy*

o 5.00 1/nm

Figure S10Diffraction pattern of PT3. a) Thegidiffraction pattern corresponds to FAPHEY) TEM
image including the SAED aperture of which the DP in panel (a) was taken
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Figure S11EDX elemental mapping. a) HAADF of NCs of RTB wikich surround a large spherical
particle. bd) Elemental maps of Br, N and Pb. e) EDX spectrum of the spherical particle. The spectrum
area is indicated in panel (a) by the dashed green circle.

| | — PTOin
suspension

Intensity (a.u.)
7

400 450 500 550 600
Wavelength (nm)

Figure S12Absorption (dashed line) and PL (solid line) spectra of PT@tN8®5 nm ecitation
wavelengthwhen recorded in suspension immediately after synthesis, indicating the initial presence
of some low dimensional structures.
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Figure S13Absorption (dashed lines) and PL (solid lines) spectrapidsetjeated PT1, PT2 and PT3
FAPbByNCson day 3, and (b) PT3 on day 4 recorded at 395 nm excitation wavelength
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Figure S14PL emission speatof a) PTO and b) PT3 recorded at 395 nm excitatelengthon

day 1 and day 21 on same films, when stored in air (humidity 66%). The PLQY of PTO decreasec
substantially, from ~33% to 7% at excitation 405 nm, and a cleahifdh the PL spectrum could be
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observed. PT3 exhibited a PLQY drop of orly%1from ~34% to 30%), demonstrating the positive
impact of postreatment.

—— PT3
—— PT3+H,0

Intensity (a.u.)

[; b H
10 15 20 25 30 35 40 45
26 (°)

Figure S15XRD of watetreated PT3, resembling the pattern of PT3. This indicates that the addition
of water did not further cause any change in the crystal structure.

— PT3
—— PT3+H,0

Absorbance (a.u.)

1000 2000 3000 4000

Wavenumber (cm™)

Figure S16FTIR spectrum of the watieated PT3, resembling the pattern of PT3.
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4000
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Figure S17XRD pattern of PT3, recorded on day 1 and 3, depicting the shift to a higher angle,
pointing towards lattice
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Figure S18a) High resolution XRD study as a function of time, recorded over a span of 5 days. This
study reveals 2 important things: dw angle peaks (<15°) also appeared in these measurements,
confirming the presence of a low dimensional structure. Please note that due to the limitation of the
w5 aS8SddzZ) LSI1a o0St2¢ yc H' O2dzd R y2i 0s&d NBO2
to air, moisture present in the air eventually creates channels fof MHintercalate, which
transforms the quas2D structure to a more dominant 3D structure. Notably, this 3D structure
remains further stabilized by NBf. b) Zoomin XRD pattern of 0 F¥NRBY pc (2 wmTcC
visualization of the lattice contraction along the (100) pFafidote that all measurements were
performed on the same film.)
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——PT0+H,0

Intensity (a.u.)

5 10 15 20 25 35 40 45 50
26 (°)

Figure S19XRD of watetreated asprepared PTO, revealing multiple additional reflectionsatieng
from the cubic structure, suggesting fast degradation.

Figure S20 Displaying the stability of untreated PTO (left) and pested PT3 (right) when
dropcastedn air. The postreated sample does not change color and is clearly more stable towards
the moisture in air as compared to the untreated sample.
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s
%
i

Figure S21Fluorescence Microscopy images of a) PT3 and b) BTBonliday 1.

Table S2PLdecay values of the PTO, PT3 and PT30+NCs after synthesis (a, Day 1) and after
ageing (b, Day 3) recorded at the maximum emission wavelengths, over the (i) nanoseconds and (ii)
YAONRES02YyR=é#20¥WHa Ot S o<

(a) Day 1 (b) Day 3
Nanosecond Nanosecond
L il T 3, L 3 L7 3, T ol T a,
st | st | 56 | tos) | ) nsh | ) | tns) | =0 gns) | )
FTO 0.1 44 27 22 a7 34 PTO 0.2 54 19 16 20 20
FT2 0.1 62 0.9 29 16 9 FT3 0.2 36 2.1 22 45 42
PT3+ . FT3+ N
H,0 4 L) 26 =%:3 70 12 H,0 4 30 26 c8 70 1z
L4 N EH L . L ER T | T 3
s |25 (s | o) | s |20 s | ) | ) | =] s | )
FTO 24 25 20 &5 360 10 PTO 11 74 a7 24 600 1
FT= 10 75 41 22 350 3 FT3 10 71 92 24 400 5
PT3+ | o y PT2+ o
H.0 17 35 131 358 500 22 H.O 17 3z 131 35 0.5 22
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Table S3 Recombination lifetimes extracted from the timsolved PL decay curves from the
nanosecond setup at 480 nm

1 0,11 |69 1,50 11 35,65 19
PTO
3 0,12 |77 1,59 11 35,66 12
1 0,06 94 0,53 5 9,53 il
PT3
3 0,16 |64 1,34 21 31,54 15
PTO-day1 PTO-day3 PLcounts
250
200 e
& 150
'_ 20006404
100
50
450 500 550 600 - 450 500 550 600 -
wavelength (nm) wavelength (nm)
- PT3-day1 PT3-day3 o
(d)
250
20 —_
< 150
-

8-

450 500 550 6
wavelength (nm) wavelength (nm)

PT3-H,0-day1 PL counts PT3-H,0-day3 PLcouns
(e) (f)

450 500 550

450 500 550 600 h 450 500 550 600
wavelength (nm) wavelength (nm)

Figure S22Pseudecolor contour PL mapping at different temperatures for PTO, PT1, and BT + H

on day 1 and day Rlpon cooling and hence minimizing the thermal energy, scattering in the system
will be reduceddue to the lower phonon interactions, which result in an enhancgroéthe PL
intensity in general and a reduction in the PL bandwidth. As a result, the fine structure of the emissive
species can be refined at low temperatures. The PL intensity is reduced at very low temperatures
when freeang-out of carriersoccurs3
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Figure S23remperature evolution of PL spectra for PTO, PT3 and P38 ferttlay 1 and day 3.-¢
Selected PL spectra normalized to their maximum at different temperatures for PTO (a), PT3 (b) and
PT3 + kD (c) for day 1 (black curves) and day 3 (red curvesspHutra are shifted vertically for
clarity. (df) PL peak center as a function of temperature for PTO (d), PT3 (e) and #r@)+dt day

1 (black squares) and day 3 (red circlesi). Agrhenius plot of the integrated PL intensity for PTO (f),
PT3 (gand PT3 + ¥ (h) for day 1 (black squares) and day 3 (red circles). Solid curves are the fit
based on equation (2) to extract the exciton binding energies for each system.

Y =Q( 1 +0 oD @)
! I NE O2yakSyli2Ed0l Yy OK$
2

AN W A o an

R
Y 0 AySENG CRlySSRVERZNJIOt ¢ 1 Aa kN

ety m)

24
| 2

(TSN
m}
O( (/))

149



Chapter 4
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Figure S24Comparison of EL and PL spectra of PT3 and RT8 + H

0.9

Figure S25CIE coordinates for PT3 &piti3 + kD, (0.17, 0.74).
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Table SAComparison of this study with other reports on water enhancing the optical performance of
perovskite NCs.

Compaosition PLQY of PLQY of EQE of EQE of | Turn-onvoltage | Reference
pistine NCs water- pistine water- for water-
(%) exposed NCs | NCs (%) | exposed | exposed NCs
(%) NCs (%) v)
CsPbBr, 50 90 - 1.7 - 4
Cs,AgBiBr, 2 2.9 - - - 5
CsPbBry 70 90 0.23 1.05 3.1 6
MAPbBr, 25 71 - - - 7
CsPbBry 0.1 30 - - - 8
(CsPb,Brs)
Cs,PbXg Non- 75 - - - 9
emissive (CsPbBrs)
CsPbBr, 70 95 - - - 10
FAPbBr; 38 95 0.08 0.25 2.3 This work

o »

Jo P
/’ : / 5 ml Toluene
0.25 ml precursor

solution

5 ml of Toluene +
0.5 mmol of OAc +
0.8 mmol of s-BA

Step 2

PT1-3 suspension

formed after sonicating

for 3-4 hours at 60 °C

PTO NCs

Add suspension

-

Sonicate for a few
seconds and centrifuge

Bright green emitting
perovskite NCs

[

Blue-green emitting

perovskite NCs

Figure S26Displaying the protocol for the synthesis of the PTO (step 1) antreatetd NCs (step 2).
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Introduction

Perovskite light emitting diodes (PeLEB®sve witnessed a meteoric rise in
EQE up to more than 20%, capitalizing on their high PLQY and color purity
(full width at half maximum (FWHM) ~ 20 rinThese enticing properties
make them strong candidates for future display applications. However, their
stability under environmental oditions still lags behind that of commercial
LEDs, hindering their commercial deploynfehSeveral strategies have
been reported to enhance stability of perovskite NCs, including low
dimensional (2D) structure’s, doping the ABXwith additional cations or
anions®’ or partially substituting halide by thiocyanate, SGNpseude
halide anion. Unlike halides, S@¥ms a stronger ionic and hydrogenniolo

with P¥* and the organic Aite cation, respectively, thereby, suppressing
haliderelated defect$:® Moreover, significant breakthroughs in the
material stability and device performance have been exhibited by regulating
surface defects, making sacke passivation of perovskites NCs a vital part of
the synthesis. Thus far, surface modification by organiganic ion pair®
benzoic acid! or branched structure capping ligandsamongst others,
have been applied to increase the stability against external envirorifhent.
However, most of the aforementioned approaches involve electrically
insulating organic ligands, which hinders the device performance. Inorganic
salts, on the other hand, have been shown to enhance the electrical
properties'4 and combat nomradiative recombination, thereby, enhancing
the PL performance. However, due to the ionic nature of perovskites, which
easily degrade in polar solvents, passivation with inorganic salts becomes
challenging from a stability point of wieNevertheless, efficient passivation
have been demonstrated with salts such asBYf* CsBr® NHySCN;/ 18
ZrBn,1419.20pphBp,?! etc. However, no studies have been reported so far on
the incorporation of pseudbalides in FAPb8NCs to passivate the defects.

To further surmount the ambient stability concerns and boost the
optoelectronic properties of perovs&itNCs, herein, we synthesize small
sized KSCN doped FARDLBCs following a modified ligand assisted re
precipitation (LARP) approach. Interestingly, the structure was transformed
from a dominant 3D to quasi 2D/3D structure upon KSCN addition, which
enhaned the stability and optical performance of perovskite NCs. To avoid
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longerterm degradation, the surface defects were further passivated using
a mixture of FABr and ZnBleading to an increase in PLQY from 30% to
98% and improved shdife (over a morit under humidityinduced
conditions). Overall, the ambient stability was considerably intensified
compared with that of untreated NCs. Finally, the fiosated NCs
exhibited delayed luminescence (on the scale of Z payl a fivefold higher

EQE as compared to untreated NCs. These features correlate to improved
crystallinity and enhanced lotigrm stability, which is favorable for all kinds

of optoelectronic applications.

Herein,in the typical synthesis, a stoichiometric ratio of FABr anchPioRYf

a 5:1 ratio of PbBr KSCN are dissolved in DMF. Meanwhile, a mixture of
ligands, sebutylamine (BA) and oleic acid (OAc), is added to the toluene.
Finally, the injection of precswr solution into toluene yields a blgeeen
emissive suspension under UV illumination. Note that the suspension is only
slightly emissive immediately after the synthe8is.the precipitate settles
down, the supernatant begins to crystallize, turningmfrbluegreen to
bright green emission. The blgeeen color suggests a low dimensional
structure, possibly induced by the incorporation of S€£khe protonation

of sBA to sedutylammoniun?® The green emitting supernatant,
exclusively containing small NCs, was extracted pmstitreated with a
mixture of ZnBrand FABr in hexane, containing oleylamine (OAm) and OAc
ligands. The untreated and pdstated KSCN: FAPBBICs will, hereafter,

be referred to as PTO and PT1, respectively.

Result and Discussion

The crystallograpb properties of pristine, PTO, and PT1 NCs are analyzed
using Xray diffraction (XRD). As seen in Figure 1a, NCs exhibit the featured
diffraction peaks at 14.7 and 28.6°, typically belonging to the (100) and
(200) planes of cubic perovskite crystals, eetipely?*?6 However, upon
KEN incorporation, three observations were made: (i) Three new peaks
appear at 23.1, 25.6, and 38.5°, belonging to the potassium bromide (KBr)
phase (marked with *, Figure S1). Notably, its presence was substantially
reduced upon extracting the supernatdfigure 1a and S%)282%(ii) A shift

in the XRD p&trn towards higher @ (~0.1°), indicating a contraction of the
lattice due to the partial substitution of FAy K. However, it is worth
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noting that this trend was not observed in the scanning transmission
electron microscope (STEM) measurements, whit¢lowsed lattice
expansion upon KSCN doping in FAPBibucture, consistent with the
literature (Figure S2a and %}° This expansion may be attributed to the
larger size and different geometry of the S@ON as compared to halides,
which couldcause an increase in the lattice paramét®hen comparing
XRD and STEM it has to be considered that XRD is a bulk technique anc
averages over manNCs, while STEM is a very local technique to analyze
single NCs. (iii) An intense peak in the lowgrrégion (2.5°) is also
observed, indicating the presence of a low dimensional perovskite structure,
which could further contribute to the observed lad expansion.
Subsequently, upon posteating the NCs, an intense tertiary phase
belonging to NEBr is also observed (marked with #), owing to the base
catalyzed hydrolysis of FABMotably, all these additional phases did not
hamper any photophysical properties, but rather enhanced the structural
stability, consequently boosting the optoelectronic perforoerMoreover,

the XRD pattern further shifts to a higher angle, indicating lattice
contraction, which is consistent with the STEM results, which also showed a
reduction in the lattice parameter (6.124 Figure S2c) as compared to PTO
(6.201A). The ionigadii of ZA* and NH* are smaller as compared to #b

or FA, respectively; therefore, Zhand NH* can partially substitute the
respective ions or even fill the vacant lattice sites, compensating for the
structural defects.

Furthermore, Fourier transfm infrared spectroscopy (FTIR) spectroscopy
has been employed to confirm the presence of selected functional groups
on the surface of pristine, PTO, and PT1 NCs (Figure 1b). The peaks at 172
cnr! and 3100- 3400 cmt can be assigned to @ and N H stretching
vibrations, respectively, from FAr NH* cations. While the latter only
appears as a lowntensity diffuse absorption band in case of pristine NCs
and PTO, PT1 exhibits an intense absorption band, confirnengréisence

of the ammonium moiety in the posteated sample. Additionally, due to
the low concentration of KSCN in the precursor, only ardtemsity diffuse
band around 2030 ctcan be seen for PTO (absent for pristine FAPbBr
NCs), which is attributet the stretching vibration of thekdN bond of the
SCNion bound to Plviaa Pb S bond®!<3* This observation implies the
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Figure 1a) XRD pattern and b) FTIR spectra of pristine, PTO, and PT1. The symbol *, #, and + in pane
a) represent side phases belonging to KBiBNKwnd B perovskites, respectively.

incorporation of SCNh FAPbBrNCs 334 Additionally, he morphology of

PTO and PT1 NCs was studied using high angle annular dark field (HAADF
STEM on day 1 and day 5 of the synthesis (Figure 2a and b). Both sample:
exhibit mixture of cubic and rectamgr NCs. While PTO revealed highly
aggregated NCs with an average size of2ZIDnm (Figure S3), PT1 exhibited

a welldispersed morphology with a slight increase in the crystallite size (20
40 nm) (Figure S4). Furthermore, the average +péeticle dstance for PTO

was around ~ 0.6 + 0.2 nm, which can be ascribed to the length of the
butylamine ligand® Notably, the distance increased upon ptsatment

(1.6 £ 0.3 nm), owing to the entangled long chain OAc and OAm I#§&hds.
While most of the particles were found to be horizontally aligned, a fraction
of them were also dceto-face aligned, (Figure S5). In fact, the NCs
synthesized with only sBA/OAc ligands (PTO) were found to be lying
predominately flat on the TEM grids. In general, the interaction between
NCs, which is regulated by the length of the hydrocarbon ckéime key to

the selfassembly behavior. It is anticipated that long chain OAm ligand
exhibit stronger interaction through interpenetration than short chabBAs
ligand, enabling NCs to vertically sed§emble®2° The standalone, vertical

NCs exhibited an average thickness eb3im, equaling n = 47 layers in

the quasi2D structure (Figure S5 and S6). Furthermore, some regions in PT1
consisted of large spherical particles, coated by cubic NCs on the
peripheries. The spheres are ascribed tosRi which tends to crystallize in
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a cubic structuré? however, forms a more stable spherical shape in apolar
hexane due to high surface enerfg\Clearly, both polar NiBr and FAPbBr

NCs exhibit a tendency to be mutually atted, thereby forming a
heterostructure that resembles a conglomerate. EDX elemental mapping
shows that the Pb from FAPBBICs is primarily present on the periphery,
while N and Br elements constitute the /BiHspheres (Figure S7). It should

be noted tha detecting the presence of sulfur of the S@dititive by EDX is
challenging since the M Pb peak overlaps with tiadpKa S peak, and the
EDX spectra are dominated by the heavy Pb peaks. Accordingly, the electron
diffraction pattern for PT1 revealed 3 gses, belonging to cubic FAPHBr
NHBr, and KBr, which is consistent with the XRD study (Figure S8). No
evidence of ZnBrcrystallization in another phase has been observed,
however, the elemental mapping indicated the presence é&fidrhe final
produd (Figure S7).

Finally, the films were stored under ambient conditions for 5 days and re
imaged to study the aging effect. While the morphology of the PTO NCs no
longer possessed sharp edges and were agglomerated, the PT1 NCs
maintained their rectangulaand cubic morphology. However, a few NCs
SEKAOAGSR | WaliNARLISR LI GOSNy Qs (KI
contrast (Figure 2d, marked with blue rectangles). Taen#ast in the
HAADF images suggests that the lighter regions correlate to tlaress of

the NCs. It is anticipated that the polar water molecules from air selectively
exfoliated the crystal, forming regions with thicker and thinner areas. The
thinner regions are anticipated to promote more confinement in the
system, which is also remt in the PL study of day 5 (discussed ahead). In
such process, the crystal phase transits from high to low symmetry, as also
indicated by the splitting of the XRD peaks on day 4 and 5 (Figure S9).

Next, we evaluate the optical properties of the pristiR@0, and PT1 NCs

on day 1 and day 5. Pristine and PTO NCs exhibited a wide range of the
absorption spectra with emission maxima at 520 nm and 540 nm,
respectively (Figure 3a and b). The PL red shift upon KSCN addition is
attributed to the partial ion exa@nge of Brwith the SCNon, which has
stronger binding affinity with Pbas compared to Browing to its larger

ionic radius and polarizatic® Interestingly, PTO NCs exhibit a high PLQY of
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~70% at 405 nm excitation, which is two times higher than the pristine NCs,
indicating the suppression of neadiative recombination upon KSCN
addition.

7

PTO Day 5 |id) PT1 Day 5

Figure 2 HAADFSTEM images of a) PTO, andPl)l on day 1. The insets are the -fastirier
transform (FFT) images taken from the regions indicated by the red squares. c) PTO, and d) PT1 on day
5. The blue rectangles indicate the stripping of NCs upon exposure to moisture with an enlarged
region of inerest.

Additionally, PTO NCs exhibit three features in the absorption spectrum at
418 nm, 448 nm, and 472 nm along with an absorption band edge at 525
nm, revealing a muij dzZ yiddzy ¢Sttt &dNHzO(G dzNB>X K
respectively?? This observation can be correlated with the low angle peak at
2.5° in the XRD pattern, suggesting the existavfca lowdimensional
structure (Figure la). After storing the films for 5 days under ambient
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conditions, the PL properties were only slightly altered (e.g., red shift in the
emission peak and 10% drop in the PLQY), showing enhanced stability as
compared topristine NCs, which exhibited a red shift of 20 nm in the
emission and a PLQY reduction of more than 50%. Notably, previous studies
on hybrid perovskites have demonstrated improvement in PLQY up to 60%
upon the incorporation of SGN“* wherea inorganic perovskite have
shown up to 45%; suggesting that hybrid pervovskhiave more potential

for further optimization. Upon podteatment, the absorption spectra
exhibited a sharp excitonic peak at 420 nm with an absorption edge at 512
nm, corresponding to the emission peaks at 435 (low intensity) and 520 nm,
respectively (Bure 3c). Such sharp excitonic feature is a clear indication of
a lowdimensional structure, and is notably more pronounced in PT1 as
compared to PTO. The blue shift in the emission maximum as compared to
PTO is attributed to lattice contraction after gilog NH* and ZA* at the A

and Bsites of the lattice, respectively (verified by a shift towards higher 2

in XRD, Figure 1a and Figure“82)To probe the different populations of

2D and 3D species, the NCs were selectively excited near the band edge
(470 nm) and excitonic pea&06 nm). On one hand, the 2D signature in the
absorption and PL spectra hint at a confined structure with high PLQY, 80%,
and 98%, when excited at 405 nm and 470 nm, respectively. On the other
hand, the 2D structure is generally more prone to defects agparwed to

3D. The improved luminescence performance is likely a result of the surface
treatment with ZnBrand NHBr, passivating surface defects and promoting
the radiative recombination of excitons. Upon checking the film on day 5,
the emission peak wasoted to redshift by 10 nm, exhibiting a PLQY of
54% and 94% at 405 and 470 nm, respectively. The high stability is
attributed to the strong ionic bond between Pkand SCN(Phb« SCN),
which suppresses the defects by reducing the coordination abilityG»td

Pb compounds, thereby delaying the aging protes®tably, the PLQY
dropped by 26% when excited at 405 nm, while only a drop of 4% is
recorded at 470 nm. Particularly, the absorption spectrum for PTittdep
simultaneous increase in the sharpness of the 2D excitonic peak as well as
3D band (~525 nm) on day 5, where the former could be related to the
exfoliation of NCs upon moisture exposure, leaving thicker and thinner
regions in the ensemble of NCgy(FFe 2d). This observation is also in line

161



Chapter5

with the XRD pattern, recorded over a span of 5 days. The pattern reveals a
gradual appearance of broad peaks at laywalues (< 15°) after 24 hours

of exposure to air (Figure S9). Notably, the diffraction pexksbit a
periodic pattern (~ 4.4, 8.8, 11.4°), corresponding to evenly spaced
reflections for n = 4. Additionally, the peak at 14.7° also shifts towards low
2q degrees as the days progress (from day 1 to day 5), suggesting an
expansion of lattice. The tate expansion upon exposure to moisture can

be related to an increase in the quantity of lowephases, as also
previously reported?>°

The poor resistance of perovskites against moisture or polar solvents has
been a major roadblock to widespread applications. To evaluate the impact
of posttreatment on the stability against moisture, PTO afid RC films

were stored in a controlled humid chamber, containing a saturated solution
of MgC}, producing a stable relative humidity level of 37%. The PL
measurement was performed on the same film immediately after the
synthesis and subsequently repeatafier 2h, 3.5h, 5 days, and 30 days.
While PTO NCs exhibit a prompt degradation with a PLQY drop of more than
50% and 85% in 2h and 1 day, respectively, the PT1 NCs remained
considerably stable. The PLQY remained unchanged after 2h, followed by a
drop of ®6 in 3.5h. Strikingly, the PLQY only dropped by ~30% in a span of
30 days, demonstrating an increased stability against moisture (Figure S10).
The exceptional stability is attributed to the beneficial effect of -post
treatment by NHBr and ZnBr which togéher passivated the defects at the
surface as well as offered a hahdeh environment. The most relevant
optoelectronic properties and moisture stability of several perovskite
structures have been summarized in Table S1.

Lowtemperature PL measurementave been performed to assess the PL
pathways in all the samples on day 1 and day 5 (Figure Figure S11). The
reduction in thermal energy increases the resolution to distinguish different
photoluminescent species in the system. Notably, the data acquired fro
integrated PL intensity revealed that PT1 is less susceptible to temperature,
hinting at passivation of the parasitic A@diative transitions, resulting in

less thermal quenching of the PL intensity compared to pristine and PTO NCs
(Figure S12a and b).

162



Achieving High Moisture Tolerance in Psetitidide Perovskite Nanocrystals for
Light Emitting Diode Application

Next, the exciton dynamics was investigated using-teeselved PL (TRPL)
decay measurements on pristine, PTO and PT1 NC films upon 410 nm
excitation (Figure 3d, e). The decay spectra are analyzed using a tri
exponential function, and the key findingee ssummarized in Table S2.
Upon comparison of PL decays in PTO and pristine NCs, NCs on day 1, it ca
0S aSSy GKIF{ (KS | £INITA@B61 hs) iF Sikimes S
longer than that of pristine NCs, implying the suppression ofadiative

T T ]
Day 5

| easeen
T h'"h
:“-p_".

Pristine Pristine PTO PT1

Sample

Normalized intensity (a.u.)

Pristine  PTO
Sample

400 450 500 550 600 0
Wavelength (nm) Time (ps)

Figure 3PL (bold lines) and absorption spectra (dashed lines) of a) pristine (day 1), b) PTO, and c) PT1
NCs recorded on day 1 and day 5 (l&ft395 nm excitation wavelengt@RPL decay of pristine, PTO,

and PT1 NCs recorded on d) day 1, and e) dagt) @t 405 nm excitation wavelengtfihe insets
represent the average decay lifetime of pristine, PTO, and PT1 NCs.

OKIFyySta dzl2y Y{/ b AyO2NlL} Nlyiwkichy &
is ascribed to the surface defegtdated nonradiative recombinatiof! is

about two times higher in PTO than in pristine, owing to the higher surface
energy of NEd | 26 SOSNE i Ki$A) Substaitinilly dedhitiekl 2 v
from 53% to 2%. Upon pe8tNB I 0 A y 3 {deflindu byaastactar KfS

two as compared to PTO, indicating an increased proportion of a more
confined 2D structure (Figure 3c). Nevertheless (i Jf Still remained
threefold higher in comparison to pristine NCs. Interestingly, upon aging
ORFE& p0Z GKAES LINRAGAYS b/ agSEBAOG A
exhibited an unusual twofold enhancement in the lifetime as compared to
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day 1 (Tabl&2). This might be ascribed to the agglomeration of NCs (Figure
2c), gradually abolishing the confinement. Another plausible cause for the
lengthening of the lifetime can be attributed to a delayed luminescence
mechanism, where defects are generated adleatrap states?°?Based

on timedomain Ab Initio simulations, it was demonstrated that moderate
amount of water molecules or humidity usually disrupts the surface of NCs,
thereby, localizing the photoexcited electrons just below the conduction
band edgeor surface. This, in turn, slows down the electhore
recombination process and also prevents the trapping of electrons in deep
trap states* a2 NB A YLER NIl yif ez (EsSigned K2 NIi
surface defects) for PT1 did not differ much from day 1, reaffirming the
defects stability of podreated NCs. Notably, the PL decay profile changes
from tri-exponential to bexponential upon aging, which is an indication of
NERdAzOGA2Y 2F G(GKS SEOAG2Y NBBPhSEA Y|
potentially attributed to the reduction in crystal symmetry (Figure S9),
which does not necessarily modify the concentration of surface defects,
however, impats the exciton recombination pathway.

To further confirm the positive effect of the KSCN additive and- post
treatment of FAPbBINCs on the device efficiency, PeLEDs were fabricated
using PTO and PT1 as emissive layers. The devices exhibited
electroluminescence at 540 and 523 nm, respectively, with narrow FWHM
(~ 1098 cril (23 nm)), indicating the structure was retained when external
bias was applied. While both the devices exhibited a similaioturroltage
(~2.4 V), PT1 exhibited a maximum luminanc@7&.7 cd nt at 6.4 V,
whereas, PTO achieved a maximum luminance of 130.1%cat the same
voltage (Figure 4b).

The lower luminance intensity is an indication of an emissive layer with a
large amount of nomadiative recombination centers, resulting froan
excess of defects on the surface. Interestingly, PT1 also exhibited a fivefold
higher EQE (1.5% at 523 nm) compared to PTO (0.3% at 540 nm), which is
attributed to the defect healing ability of the salts after pweatment.
Notably, the attained vatuof EQE for PT1 NCs is six times higher than our
previous report on FAPLBNCs (both proebf-concept LEDSY. These
findings demonstrate the positive impact of addition of KSCN to the BAPbBr
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structure and subsequent peseatment on the optoelectronic properties
of perovskites.
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Figure 4 a) Device structure, consisting of glass/ITO/PED@PErovskite/PAT2T/LiF/Al, where
PEDOT, PVK, and-PZX refer to poly(3;éthylene dioxythiophene), polyvinylcarbazole, and 2,4,6
tris[3-(diphenylphosphinyl)phenyl],3,5triazine, respectively, b)-M response curve, and c)
electroluminescence spectra bf/brid multilayer devices, employing PTO and PT1 NCs as emissive
layer at 6.4 V

Conclusion

We demonstrated a facile, roetamperature synthesis of qua®b KSCN
doped FAPDbBr(PTO) NCs, exhibiting improved stability and PLQY by
suppressing the noeradiaive recombination channels. Upon pagating

the NCs (PT1), the confinement and PLQY were further enhanced, reaching
close to unity. Both the NCs exhibited only a slight drop in the PLQY after 5
days, however PT1 also exhibited enhanced 2D featuresodemidity
induced exfoliation of NCs, leaving thinner regions in the ensemble.
Nevertheless, the podteatment strategy maintained stability by healing

the surface defects formed upon exfoliation. More importantly, PT1 NCs
exhibited excellent stabilitynder humidityinduced conditions, remaining
highly emissive for more than 30 days, while the PTO NCs degraded within
24 h of exposure. Finally, PT1 NCs exhibited five times higher EQE as
compared to PTO NCs when employed in PeLEDs, indicating potantial fo
moisturestable optoelectronics.
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Figure S1XRD pattern of PTPrecipitate and supernatant), demonstrating the decreased presence
of the KBr phase in the extracted supernatant.
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Figure S2Lattice parameter of a) Pristine, b) PTO, and c) PT1 NCs calculated using StaTSiEEM.
raw STEM images were restored using a convolutional metvebdrk?
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Figure S3STEM image of PTO, depicting the aggregation of NCs as a result of high surface energy of
the NCs (left and right).

Figure SASTEM image of PT1 NCs (left and right), depicting -defieltd morphology upon post
treatment.
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Figure SS5STEM image depicting the vertically aligned PT1 NCs, and indicating the presence of a low
dimensional structures (left and right).

Figure S6STEM image of PT1 NCs, exhibiting the width of vertically aligned NCs ~ 3 nm as well as the
etching of NCs when exposed to ambient conditions (marked with red circles).
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Figure S7a) EDX elemental mapping of PT1 NCs, exhibiting a region with spherical morphology. The
spheres mainly consisted of N and Br, outlined with Pb due tprésence of FAPbBNCs (at the
periphery). b) The EDX spectrum of the area depicted in panel a shows the presence of Zn.
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Figure S8a) Simulated radial diffraction profile from CrystalDiffract indicating the three phases
FAPDbBy;, KBr and NiBr b) Rotational average from the experimental diffraction pattern shown in c).
The arrows indicate the peak position of the three phases FA@iRIK), KBr (yellow) and o

(red) c) Experimental diffraction pattern, the /BHdiffraction ring is indited with the red arrows at

a reciprocal distance of 0.355 .
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