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{ǳƳƳŀǊȅ 
Over the past three decades, organic light-emitting diodes 
(OLEDs) have been consistently employed in display 
technologies by virtue of their lightweight, foldable, and 
thin configurations, exhibiting high electroluminescence 
(EL) efficiencies. Nevertheless, their 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 next-generation 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 high efficiency. 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 large-scale 
production. Therefore, 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 wet-chemical synthesis, following ligand-assisted 
reprecipitation (LARP) or hot-injection (HI) methods. These 
reactions involve long-chain organic ligands, imparting 
stability in the non-polar solvents. 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, long-chain 
organic ligands also possess insulating properties, which 
impede the charge injection or transport properties in 
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perovskite NCs-based LEDs (PeLEDs). Thus, it is essential to 
achieve a fine balance between the stabilizing though 
insulating hydrophobic ligands and charge-transport 
properties. To this end, several strategies, e.g. use of multi-
dentate ligands, additives, post-treatment, 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 stability 
and optoelectronic properties of Formamidinium lead 
bromide (FAPbBr3) nanocrystals (NCs) for their application 
in perovskite-based light-emitting diodes (PeLEDs). The 
thesis addresses the challenges associated with stability 
using various strategies, including compositional 
engineering, dimensionality tuning, post-treatment, and 
additive incorporation, while also performing an in-depth 
investigation of the resulting changes in physicochemical 
properties. 

Chapter 1 provides an overview of the prevalent colloidal 
synthesis protocols employed for the synthesis of FAPbBr3 
NCs, along with emerging surface engineering techniques. 
It discusses the structural and physicochemical 
characteristics of FAPbBr3 NCs, with a specific focus on 
their remarkable defect-tolerant properties. The chapter 
extensively discusses the strategies, such as ligand and 
compositional engineering, to improve the stability of 
FAPbBr3 NCs. Furthermore, it reviews the notable 
advancements made in FAPbBr3-based LEDs and sheds 
light on the persisting challenges encountered in this field. 

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

Chapter 3 explores the impact of compositional and 
dimensionality tuning on the properties of FAPbBr3 NCs. By 
adjusting the stoichiometric ratio of precursors (PbBr2:FABr 
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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 (PLQY). The enhanced 
PLQY is attributed to the presence of a halide-rich 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 the NC 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 4 introduces a novel post-treatment strategy using 
excess FABr suspended in hexane-containing ligands to 
enhance the intrinsic low stability of FAPbBr3 NCs. The slow 
intrusion of moisture in the suspension causes the 
hydrolysis of FABr, resulting in the formation of ammonium 
bromide (NH4Br) and formamide. The presence of NH4Br 
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 amount of water to the post-treated NCs. 
The findings reveal that water plays a crucial role in 
localized exfoliation and etching of the post-treated NCs, 
creating channels that facilitate the intercalation of NH4

+ 
cations and promote self-assembly 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 water-treated NCs are tested in PeLED devices 
(as a proof-of-concept), with the water-treated NCs 
demonstrating three times higher EQE compared to the 
post-treated 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 5 of the thesis focuses on enhancing the stability 
of FAPbBr3 NCs through two approaches. Firstly, potassium 
thiocyanate (KSCN) in the precursor solution results in an 
additional potassium bromide (KBr) phase. Secondly, a 
post-treatment approach involving a mixture of FABr and 
ZnBr2 leads to the formation of an additional NH4Br phase. 
The synergistic cocktail strategy significantly boosts the 
PLQY of the post-treated NCs to nearly 98% and greatly 
enhances their stability against humidity. Under controlled 
humidity 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 post-treated NCs exhibit a 
remarkable 5-fold increase in EQE, reaching 1.5% 
compared to devices with untreated NCs. 

Chapter 6 provides a summary and an overview of the 
future perspectives, successfully addressing the stability 
challenges of FAPbBr3 NCs in this dissertation. The 
designed strategies, such as compositional engineering, 
post-treatment, 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 highlighting the novelty and potential of 
the research findings. These significant advancements may 
pave the way for the integration of water-compatible and 
highly efficient FAPbBr3 NCs into high-performance 
perovskite-based display technologies. 

Keywords: Hybrid perovskite, optoelectronic, nanocrystals, 
post-treatment, surface defects, etching, water-compatible, 
light-emitting diodes, spectroscopy. 
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{ŀƳŜƴǾŀǘǘƛƴƎ 
In de afgelopen drie decennia zijn organische lichtemitterende 
diodes (OLEDs) consequent toegepast in 
beeldschermtechnologieën vanwege hun lichtgewicht, 
opvouwbare en dunne configuraties met een hoge 
elektroluminescentie (EL) efficiëntie. Toch belemmeren de 
exorbitante kosten en de lage kleurzuiverheid van de 
organische emittermaterialen de opkomst van producten met 
scherpe, natuurlijke kleuren. Sinds 2014 hebben 
metaalhalogenide perovskieten (MHPs) enorme belangstelling 
geoogst als emitterende materialen van de volgende generatie, 
die externe kwantumrendementen (EQE's) van meer dan 30% 
mogelijk maken. Het succes van MHPs komt voort uit hun 
uitstekende opto-elektronische eigenschappen, gemakkelijke 
verwerkbaarheid in oplossingen, defecttolerantie, afstembare 
bandkloof en hoge kleurzuiverheid, waardoor MHPs een hoge 
efficiëntie hebben. Hoewel veel van de vooruitgang wordt 
toegeschreven aan de verkenning van nieuwe composieten, 
defect-passiveringsstrategieën en optimalisatie van het 
syntheseprotocol, blijft de milieustabiliteit 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 industriële normen. 

Perovskiet nanokristallen (NCs) worden meestal 
gesynthetiseerd via nat-chemische synthese, volgens ligand-
ondersteunde reprecipitatie (LARP) of hot-injection (HI) 
methoden. Bij deze reacties worden organische liganden met 
lange ketens gebruikt, die stabiliteit geven 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 colloïdale stabiliteit. Bovendien bezitten organische 
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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 
isolerende hydrofobe liganden en de 
ladingstransporteigenschappen. Hiervoor zijn verschillende 
strategieën gebruikt, zoals het gebruik van multi-dentate 
liganden, additieven, nabehandeling, etc., om de 
stabiliteitsproblemen op te lossen. Desondanks ligt de stabiliteit 
nog steeds ver onder de verwachtingen.    

Dit proefschrift richt zich op het verbeteren van de stabiliteit en 
opto-elektronische eigenschappen van formamidinium 
loodbromide (FAPbBr3) nanokristallen (NCs) voor hun 
toepassing in perovskiet-gebaseerde lichtgevende diodes 
(PeLEDs). Het proefschrift gaat in op de uitdagingen die gepaard 
gaan met stabiliteit door gebruik te maken van verschillende 
strategieën, waaronder compositie-engineering, 
dimensionaliteitsafstemming, nabehandeling en additieve 
incorporatie, terwijl er ook een diepgaand onderzoek wordt 
uitgevoerd naar de resulterende veranderingen in fysisch-
chemische eigenschappen. 

Hoofdstuk 1 geeft een overzicht van de gangbare colloïdale 
syntheseprotocollen die worden gebruikt voor de synthese van 
FAPbBr3 NCs, gecombineerd met nieuwe oppervlakte-
stabiliserende technieken. Het bespreekt de structurele en 
fysicochemische eigenschappen van FAPbBr3 NCs, met speciale 
aandacht voor hun opmerkelijke defecttolerante 
eigenschappen. Het hoofdstuk bespreekt de strategieën, zoals 
ligand- en compositie-engineering, om de stabiliteit van 
FAPbBr3 NCs te verbeteren. Verder wordt er een overzicht 
gegeven van de opmerkelijke vooruitgang die geboekt is bij 
LEDs op basis van FAPbBr3 en 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 3 onderzoekt de invloed van het afstemmen van de 
samenstelling en dimensionaliteit op de eigenschappen van 
FAPbBr3 NCs. Door de stoichiometrische verhouding van de 
precursors (PbBr2:FABr = 1:3) aan te passen, wordt de 
perovskietstructuur getuned van 3D naar quasi-2D. Deze 
transformatie resulteert in een verschuiving van de emissiekleur 
van groen naar blauw en een aanzienlijke verbetering van het 
fotoluminescentie kwandumrendement (PLQY). De verbeterde 
PLQY wordt toegeschreven aan de aanwezigheid van een 
halide-rijk oppervlak, dat de oppervlaktedefecten effectief 
passiveert. Verder induceert de overmaat aan FABr een 
faseovergang van een kubische naar een meer vervormde 
monokliene structuur en verandert de NC-morfologie van 
kubisch naar staafvormig. Hoewel deze modificaties positieve 
effecten hebben op de optische eigenschappen en de prestaties 
van PeLED apparaten, blijft stabiliteit een belangrijke uitdaging 
in dit onderzoek. 

Hoofdstuk 4 introduceert een nieuwe nabehandelingsstrategie 
waarbij een overmaat FABr gesuspendeerd in hexaanhoudende 
liganden wordt gebruikt om de intrinsieke lage stabiliteit van 
FAPbBr3 NCs te verbeteren. Het langzaam binnendringen van 
vocht in de suspensie veroorzaakt de hydrolyse van FABr, wat 
resulteert in de vorming van ammoniumbromide (NH4Br) en 
formamide. De aanwezigheid van NH4Br passiveert effectief de 
defecten en verbetert de opto-elektronische 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 nabehandelde NCs. Uit de bevindingen blijkt dat 
water een cruciale rol speelt bij het plaatselijk exfoliëren en 
etsen van de nabehandelde NCs, waardoor kanalen ontstaan 
die de intercalatie van NH4

+ kationen vergemakkelijken en de 
zelfassemblage van NCs bevorderen. Bijgevolg 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 PeLED-apparaten (als proof-of-
concept), waarbij de met water behandelde NCs een drie 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 5 van het proefschrift richt zich op het verbeteren 
van de stabiliteit van FAPbBr3 NCs door middel van twee 
benaderingen. Ten eerste leidt kaliumthiocyanaat (KSCN) in de 
precursoroplossing tot een extra kaliumbromidefase (KBr). Ten 
tweede leidt een nabehandelingsaanpak met een mengsel van 
FABr en ZnBr2 tot de vorming van een extra NH4Br-fase. De 
synergetische cocktailstrategie verhoogt de PLQY van de 
nabehandelde NCs aanzienlijk tot bijna 98% en verbetert hun 
stabiliteit tegen vochtigheid aanzienlijk. Onder gecontroleerde 
vochtigheidsomstandigheden (37% relatieve vochtigheid) 
behouden de NC-films 70% van hun PLQY gedurende een 
maand, terwijl onbehandelde NCs binnen 24 uur degraderen. 
Bovendien vertonen PeLED apparaten met de nabehandelde 
NCs een opmerkelijke 5-voudige 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 FAPbBr3 NCs in dit 
proefschrift aan te gaan. De ontworpen strategieën, zoals 
compositie-engineering, nabehandeling en additieven, 
resulteren in opmerkelijke verbeteringen in stabiliteit, 
prestaties en watercompatibiliteit. Met name het aspect 
watercompatibiliteit is opmerkelijk, 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 efficiënte FAPbBr3 NCs in 
hoogwaardige, op perovskiet gebaseerde 
beeldschermtechnologieën. 

Trefwoorden: Hybride perovskiet, opto-elektronisch, 
nanokristallen, nabehandeling, oppervlaktedefecten, etsen, 
watercompatibel, lichtemitterende diodes, spectroscopie 
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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 
ƻŦ ƭƛƎƘǘ ŜƳƛǎǎƛƻƴΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǇŜǊƻǾǎƪƛǘŜǎΩ ƴƻǘŀōƭe optoelectronic 
properties, colloidal NCs exhibit unique size-dependent optical 
properties due to the quantum size effect, which makes them highly 
attractive for light emitting diodes (LEDs). In the past few years, 
perovskite-based LEDs (PeLEDs) have demonstrated a meteoritic rise 
in the external quantum efficiency (EQE) values, reaching over 20% to 
date. Among various halide perovskite compositions, FAPbBr3 and its 
variants remain one of the most interesting and sought-after 
compounds for green light emission. This review focuses on the recent 
progress in the design and synthesis protocols of colloidal FAPbBr3 NCs 
and the emerging concepts in tailoring their surface chemistry. The 
structural and physicochemical features of lead halide perovskites 
along with 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 yield (PLQY) of FAPbBr3 NCs is 
extensively discussed. Finally, the fundamental concepts and recent 
progress on FAPbBr3-based 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 originally refer to a class of oxides with the chemical 
formula ABO3, in which A and B are divalent and tetravalent cations, 
respectively. The structure has been named after the Russian 
ƳƛƴŜǊŀƭƻƎƛǎǘ [ŜǾ tŜǊƻǾǎƪƛ ŀƴŘ ǘƘŜ ǘŜǊƳ ΨǇŜǊƻǾǎƪƛǘŜΩ ǿŀǎ ŦƛǊǎǘ ŎƻƛƴŜŘ ōȅ 
Gustav Rose, who discovered the very first perovskite compound, 
CaTiO3.1 Later, an extensive variety of inorganic metal oxides were 
discovered, and actively studied due to their unique opto-physical 
properties such as magnetic, ferroelectric, and electronic conductivity.  
Over the past few years, lead halide perovskites (LHPs) with ABX3 
structure ((A= monovalent cation, B = Pb2+, X= Br, Cl or I), have gained 
prominent attention in a series of optoelectronic devices, e.g. solar 
cells, light emitting diodes (LEDs), and photodetectors.2ς7 These 
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)) of emission (~20 nm), high 
photoluminescence quantum yield (PLQY) (~100%) and wide color 
gamut (~140%).5,8 Additionally, one of the leading features that makes 
them versatile for various applications is the flexible composition 
space, allowing for diverse substitutions of cations or anions, and 
thereby, offering opportunities to fine-tuning the optoelectronic 
properties.9,10 Consequently, a large number of breakthroughs have 
been witnessed in the field of optoelectronics in the past decade. 
Specifically, single-junction solar cells with power conversion efficiency 
(PCE) of over 25% have been obtained, gaining a strong foothold in 
the next-generation solar industry.11 Encouraged by this 
unprecedentedly rapid progress, the attention has also extended to 
light-ŜƳƛǎǎƛƻƴ ŀǇǇƭƛŎŀǘƛƻƴǎΦ Lƴ нлмпΣ CǊƛŜƴŘΩǎ ƎǊƻǳǇ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŜ 
first CH3NH3PbX3-based LEDs at room temperature, exhibiting external 
quantum efficiencies (EQEs) of 0.76% and 0.1% in the emission ranges 
of near-infrared (754 nm) and green (517 nm), respectively.12 {ƛƴŎŜ 
ǘƘŜƴΣ ƛƳǇǊŜǎǎƛǾŜ ǇǊƻƎǊŜǎǎ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƛƴ ǇŜǊƻǾǎƪƛǘŜǎ-ōŀǎŜŘ 
[95ǎ όtŜ[95ǎύ όŜǎǇŜŎƛŀƭƭȅ ƛƴ ƎǊŜŜƴΣ ǊŜŘ, and near-infrared emission 
range), with EQEs over 20% to date.13ς15  
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The performances of tŜ[95ǎ are currently comparable with the 
leading organic LEDs (OLEDs) and quantum-dot LEDs (QLEDs), mainly 
based on CdSe, InP, etc. semiconducting materials.16ς22 Furthermore, 
compared to QLEDs (FWHM ~ 30 nm) and OLEDs (FWHM > 4 0 nm), 
PeLEDs exhibit superior spectral purity (FWHM ~ 20 nm) and high 
brightness, which is desirable for low-cost, high-end LEDs.23ς25 
Importantly, the turn-on voltage, which is the drive voltage at a 
luminance of 1 cd m-2, can be as low as 2 V.26,27 Therefore, all these 
exceptional properties make perovskites a potential candidate for 
future LED devices. Nevertheless, despite the meteoritic rise in EQEs 
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%, respectively.28ς31 This is 
attributed to the wide optical bandgap of blue emission, possessing 
high sub-bandgap trap states. Such shortcomings markedly impede 
the realization of electroluminescence (EL) covering the whole visible 
region.32,33 (ii) Short PeLED lifetime under operating conditions 
(ranging from T50 = 59 h (for blue)34 to 682 h (for near-infrared 
emissions)35. These numbers are substantially far away from the 
current high-performing OLEDs with a lifetime over 6 × 106 h.35ς37   
¦Ǉ ǘƛƭƭ ƴƻǿΣ ǘƘŜ ŘŜǾƛŎŜ ŘŜƎǊŀŘŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳ Ƙŀǎ ƴƻǘ ōŜŜƴ ǿŜƭƭ-
ƛƴŦŜǊǊŜŘΣ ƘƻǿŜǾŜǊΣ ǎǘǳŘƛŜǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ŘŜŦŜŎǘǎ ƛƴ 
ǘƘŜ ǇŜǊƻǾǎƪƛǘŜǎ ŜƳƛǎǎƛǾŜ ƭŀȅŜǊ Ƴŀȅ ƭŜŀŘ ǘƻ ƛƻƴ ƳƛƎǊŀǘƛƻƴΣ ƘȅǎǘŜǊŜǎƛǎΣ 
ƴƻƴ-ǊŀŘƛŀǘƛǾŜ ŎƘŀǊƎŜ ǊŜŎƻƳōƛƴŀǘƛƻƴΣ ŜǘŎΦΣ ǿƘƛŎƘ ŀǊŜ ŘŜǘǊƛƳŜƴǘŀƭ ǘƻ ǘƘŜ 
ŘŜǾƛŎŜ ǇŜǊŦƻǊƳŀƴŎŜΦ ¢ȅǇƛŎŀƭƭȅΣ ƛƻƴ ƳƛƎǊŀǘƛƻƴ ƛǎ ƛƴŜǾƛǘŀōƭŜ ƛƴ ŀƭƭ [Itǎ 
ŘǳŜ ǘƻ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀ ƘƛƎƘ ŜȄǘŜǊƴŀƭ ŦƛŜƭŘ ŀŎǊƻǎǎ ǘƘŜ ŦƛƭƳΣ ǿƘƛŎƘ 
ŎƻƴǎŜǉǳŜƴǘƭȅ ŜƴƘŀƴŎŜǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ŘŜŦŜŎǘǎ ǎŜǊǾƛƴƎ ŀǎ ŘŜƎǊŀŘŀǘƛƻƴ 
ƛƴƛǘƛŀǘƻǊǎΦ38ς40 Thus far, considerable 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 post-treatments, 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, mitigating the ion 
migration pathways.20,41ς43 However, despite considerable progress, 
stability remains a bottleneck for the development of EL devices.  
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While most of the studies are focused on thin-film LEDs, 
polycrystalline films are often sensitive to processing conditions. This 
leads to the development of randomly oriented grains, generation of 
secondary non-perovskite phases, and heterogeneity in the optical 
properties, resulting in poor device stability.44 Additionally, 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 to their size-dependent 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 applications.45ς49 In colloidal NCs, 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 from 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 size allows for 
fine-tuning of emission color over a very broad spectral region within a 
single composition, which makes them very attractive for light 
emission applications.50ς53 As such, perovskite-based 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 energies (Eb) 
due to the confinement effect. Furthermore, the preparation methods 
for colloidal NCs are comparatively facile, with a possibility of 
obtaining a monodisperse and phase-pure system by solution-
processing routes.54,55 
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, i.e. organic-
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 give rise to unusual structural 
and optical properties.56 Motivated by these tunable optoelectronic 
properties, a considerable amount of attention has been devoted to 
LHP nanocrystals and their applications in light emission.  
Over the past few years, all-inorganic CsPbX3 perovskites have 
stimulated enormous attention in the field of optoelectronics due to 
their superior thermal and moisture stability as compared to organic-
inorganic lead halide perovskite counterparts. However, they 
encounter substantial challenges of facile fabrication and phase 
stability. On the other hand, formamidinium lead bromide (FAPbBr3) 
remains one of the most stable Pb-based halide perovskite materials, 
which offers higher thermodynamic stability, originating from stronger 
ionic interaction with the halogen anions in the perovskite crystal. 
Consequently, FAPbBr3 exhibits improved stability against heat, light, 
and moisture.57,58 Moreover, FAPbBr3-based NCs can easily maintain 
t[ ŜƳƛǎǎƛƻƴ җ рнл ƴƳ ǿƛǘƘ ƴŀǊǊƻǿ C²Ia ŀƴŘ ƘƛƎƘ t[v¸Σ ǇǊƻǾƛŘƛƴƎ 
the opportunity to realize the pure green color in the NTSC 
chromaticity diagram.59,60 However, as for methylammonium (MA-) 
and Cs-based 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 make FAPbBr3 a 
promising candidate for LED applications.61  
As the field of perovskites is advancing rapidly, it is of great 
importance to feature the novel developments, challenges, and 
progress made in the past few years. This review focuses on the 
development and emerging concepts in tailoring the properties of 
FAPbBr3 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 FAPbBr3 NCs 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 
pending challenges and possible advancements for further research 
are provided. 

 

1.1 Crystal Structure of LHPs 

1.1.1 Three-dimensional (3D) structure 

Ideally, halide perovskites have a general formula of ABX3, where A is a 
monovalent organic or inorganic cation, B is a divalent cation, and X is 
a halide anion. In this structure, the hexa-coordinated B-site cation 
occupies the center of the octahedron lattice site, forming the corner-
shared octahedral network. The A-cation is centrally located in the 
large cavity, formed by the octahedra units.62 The crystal structure of 
ideal perovskites is illustrated in Figure 1a. The structural stability of 
the perovskite can be estimated from the ionic radii of the constituent 
ions. An empirical formula had been proposed by Goldschmidt in 1920 
to define the tolerance factor (TF).63,64 The equation is presented as: 

 
                                  ὝὊ  

  

  
          (1) 

 

where ὶ is the ionic radius of ion i. This equation is often used to 
estimate whether a specific elemental composition can form a stable 
perovskite structure. A TF in the narrow range of 0.8 ς 1 hints toward 
a stable cubic perovskite structure. Considering the large ionic radii of 
the halides, very few A-site cations can satisfy the TF for cubic LHPs. 
The typical examples of A-site cations are cesium (Cs+), 
methylammonium (CH3NH2

+, MA), and formamidinium (CH5N2
+, FA). 

When the A-site cation is too large (corresponding to TF > 1), the 3D 
corner-shared perovskite structure transforms into a lower-
dimensional crystal structure, i.e., 2D or quasi-2D (Figure 1b). On the 
other hand, a smaller A-site cation (corresponding to TF in the range 
of 0.6 τ 0.8) indicates a distorted structure (that is, structural 
distortion from the cubic aristotype) due to the tilting of metal halide 

octahedra.67ς69 Notably, the aforementioned TF is computed by 
assuming that the ionic radii of the ions are constant. However, it is 
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only a good 0th order approximation to estimate the structural stability 
of the perovskites as its accuracy is often insufficient. Bartel et al. 
ǇǊƻǇƻǎŜŘ ŀ ǊŜǾƛǎŜŘ ¢CΣ ˍΣ ǿƛǘƘ ƳǳŎƘ ƛƳǇǊƻǾŜŘ ŀŎŎǳǊŀŎȅ70: 
 
       †  

 
ὲ ὲ ɂ 

ϳ

ϳ
             (2) 

where ὶ is the ionic radius of ion i, ὲ denotes the oxidation state of 
cation A, (ὲ=1 for the halides), and † τȢρψ  indicates the formation 
of the perovskite with higher credibility (~ 8% error or incorrect), 
compared to the extensively used Goldschmidt TF.71 

 

Figure 1. a) Bulk structure of perovskites; the inset shows the perovskite mineral, CaTiO3 b) layered 

2D perovskite (n = 2) (left), and emission color can 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. 

!ƭǘƘƻǳƎƘ ǘƘŜ ΨƛŘŜŀƭΩ ǇŜǊƻǾǎƪƛǘŜǎ ǎǘǊǳŎǘǳǊŜ ƛǎ Ŏǳbic, there are several 
distorted perovskites structures available; in fact, there are 
considerably more distorted structures than cubic ones. As a matter of 
fact, CaTiO3, the perovskite mineral itself, is structurally orthorhombic 
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instead of cubic.72 The deviation from the ideal cubic structure could 
be either due to (1) cation displacements within the octahedron or (2)  

distortions of the octahedron, 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 BX6 octahedra along with one or 
more of their symmetry axes, while strictly maintaining the corner-
sharing connectivity.73,74 

1.1.2 Low-dimensional structure  

One of the major downsides of 3D LHPs is their long-term 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 alternatives with higher 
stability, making lower-dimensional perovskites a viable candidate. 
Low dimensional perovskites are a subclass of perovskites, 
conceptually derived from the 3D ABX3 structure. They are 
dielectrically confined in at least one dimension, thus exhibiting the 
confinement effect similar to quantum dots (QDs).50ς53 It should be 
noted that the low-dimensional crystal structure is different from 
conventional quantum 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 low-dimensional crystal structure can be bulk or 
nanocrystalline, depending on the size of the particles. Such structures 
possess a general formula, (OA)2An-1BnX3+n, where OA is the bulky 
organic ammonium cation, which plays a crucial role in disconnecting 
the 3D network. The value of n determines the number of octahedra 
units sandwiched between the organic spacer cation; when n equals 1, 
it represents a pure 2D perovskite structure; having a single inorganic 
layer separated between organic layers.65,66 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 
n varying from м Җ ƴ ғ қ can be obtained (Figure 1b). Importantly, by 
manipulating the values of n, distinct optoelectronic properties can be 
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obtained. Such structures are widely known as quasi-2D perovskites 
(otherwise known as Ruddlesden-Popper (RP) phases, layered or 
mixed dimensional perovskites).75 Finally, as n ǘŜƴŘǎ ǘƻ қΣ ǘƘŜ 
stoichiometry approaches that of a 3D perovskite. Thus, any variation 
in the values of n can tailor the bandgap, inducing a strong quantum 
confinement effect as the n approaches unity. Furthermore, in 2D or 
quasi-2D structures, the Goldschmidt TF requirement is relaxed, and 
therefore, they can accommodate an extensive library of bulky organic 
cations to fine-tune the optoelectronic properties and obtain a 
thermodynamically stable structure.6,75,76 

1.2 Defects in LHPs 

Compared with classical oxide-based perovskites, the larger and more 
polarizable ionic components in LHPs lead to weaker Coulombic 
interaction and hence a soft crystal lattice. These ionic interactions 
result in fast crystallization, making them prone to structural 
disorders, associated with the formation of defects.77 Halide 
perovskites belong to that rare class of defect tolerant materials 
where intrinsic defects are either shallow or have high formation 
enthalpies, thus remaining benign.78 ¢ƘŜ ǘŜǊƳ ΨŘŜŦŜŎǘ ǘƻƭŜǊŀƴŎŜΩ ƘŜǊŜ 
indicates that energy levels of the intrinsic defects lie close to or 
within the VBM or CBM, leaving the center of the bandgap defect-free 
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 valence band 
maximum (VBM), which is unlikely in conventional semiconductors 
(bonding VBM and antibonding CBM) (Figure 2).79 The defect 
tolerance in LHPs could be attributed to a variety of factors. First, the 
VBM of APbX3 is formed by the antibonding coupling between the Pb 
6s and halide X np orbitals (n = 3 for Cl, n = 4 for Br, and n = 5 for I), 
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, the interaction between the Pb 6p and X np is weak, and 
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therefore, the CBM remains unaffected. Second, theoretical 
calculations on the unusual defect science in MHPs indicate that the 
 

 

Figure 2. Band structure of (left) defect intolerant conventional semiconductors (i.e. group III-V and II-

VI) and (right) defect tolerant lead halide perovskites. Figure adapted from ref. 82. Copyright 2020 

The Royal Society of Chemistry.  

dominant point defects, such as vacancies (mainly A- 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 spin-orbit coupling becomes significant, resulting 
in lowering of the CB and thereby, favoring the formation of shallow 
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trap states.78,80,81 The combination of these features lead to 
ǇŜǊƻǾǎƪƛǘŜǎΩ ƻǳǘǎǘŀƴŘƛƴƎ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇŜǊŦƻǊƳŀƴŎŜΦ ²ƘƛƭŜ ǘƘŜ 
intrinsic defects in bulk are benign, surface defects still can act as non-
radiative recombination center.82,83 This is predominant in colloidal 
NCs, possessing orders of magnitude higher surface-to-volume 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, adversely impacting the 
stability and optoelectronic performance of the materials and 
devices.84,85 In the case of bulk, only a small fraction of atoms are 
present at the surface and therefore, the dangling bonds on the 
ŜȄǘŜǊƛƻǊ ŎƻƴǘǊƛōǳǘŜ ƛƴǎƛƎƴƛŦƛŎŀƴǘƭȅ ǘƻ ǘƘŜ ƳŀǘŜǊƛŀƭǎΩ ǇǊƻǇŜǊǘƛŜǎΦ hƴ ǘƘŜ 
other hand, the role of the surface becomes dominant at the 
nanoscale, significantly altering the optical properties.84 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, under-coordinated atoms are formed, creating surface traps. 
The dominant surface-terminating group will have certain surface 
properties, which also influence the nature of the entire material. It 
has been reported that defect states responsible for non-radiative 
recombination are majorly located toward the surface of LHPs.81 
aƻǊŜƻǾŜǊΣ ǘƘŜƻǊŜǘƛŎŀƭ ŎŀƭŎǳƭŀǘƛƻƴǎ ŀƭǎƻ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ǘƘŜ 
ǎǘǊǳŎǘǳǊŀƭ ŘŜŦŜŎǘǎ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜ Ŏŀƴ ŜƴƎŜƴŘŜǊ ŘŜŜǇ ǘǊŀǇ ǎǘŀǘŜǎ. 
¦Ǌŀǘŀƴƛ Ŝǘ ŀƭΦ ǊŜǇƻǊǘŜŘ ŀ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǘƘŜƻǊŜǘƛŎŀƭ ǎǘǳŘȅΣ ƛƴǾŜǎǘƛƎŀǘƛƴƎ 
ǘƘŜ ŎƘŜƳƛǎǘǊȅ ƻŦ ǎǳǊŦŀŎŜ ŘŜŦŜŎǘǎ ƛƴ a!tōLо ǿƛǘƘ ǾŀǊƛŜŘ ǎǘƻƛŎƘƛƻƳŜǘǊȅΦ 
Lǘ ǿŀǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ tō-ǊƛŎƘ ŎƻƴŘƛǘƛƻƴ ƛǎ ǘƘŜǊƳƻŘȅƴŀƳƛŎŀƭƭȅ ƭŜǎǎ 
ŦŀǾƻǊŀōƭŜ ǘƘŀƴ L-ǊƛŎƘΣ ƻǿƛƴƎ ǘƻ ǘƘŜ ƘƛƎƘŜǊ ŦƻǊƳŀǘƛƻƴ ŜƴŜǊƎȅ ƻŦ ŎŀǊǊƛŜǊ 
ǘǊŀǇǇƛƴƎ ǳƴŘŜǊ ǘƘŜ tō-ǊƛŎƘ ǎŎŜƴŀǊƛƻΦ86 hǘƘŜǊ ǘƘŜƻǊŜǘƛŎŀƭ ŎŀƭŎǳƭŀǘƛƻƴǎ 
ƻƴ /ǎtō·оΣ ǇƻǎǎŜǎǎƛƴƎ ƘŀƭƛŘŜ ǾŀŎŀƴŎƛŜǎ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜΣ ǊŜǾŜŀƭŜŘ ǘƘŀǘ 
ƘŀƭƛŘŜ ǾŀŎŀƴŎƛŜǎ ŀǊŜ ǎƘŀƭƭƻǿ ƛƴ L-ōŀǎŜŘ ǇŜǊƻǾǎƪƛǘŜǎΣ ǎƭƛƎƘǘƭȅ ŘŜŜǇŜǊ ƛƴ 
.Ǌ-ōŀǎŜŘΣ ŀƴŘ ŎƭƻǎŜ ǘƻ ƳƛŘ-ƎŀǇ ƛƴ /ƭ-ōŀǎŜŘΦ85,87,88 ¢ƘŜ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ 
ǘƘƛǎ ƛǎ ŀƭǎƻ ŜǾƛŘŜƴǘ ƛƴ ǘƘŜ t[v¸ ǾŀƭǳŜǎ ǿƘŜƴ ŎƘŀƴƎƛƴƎ ƘŀƭƛŘŜ ŦǊƻƳ L- ǘƻ 
/ƭ-Φ89 bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜ ŘŜŦŜŎǘǎ ƛƴ .Ǌ-ōŀǎŜŘ ǇŜǊƻǾǎƪƛǘŜǎ ŀƭǎƻ ǊŜƳŀƛƴ 
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ǎƘŀƭƭƻǿΣ ƻǿƛƴƎ ǘƻ ǘƘŜ ƭƻǿ ŦƻǊƳŀǘƛƻƴ ƻŦ ŜƴŜǊƎƛŜǎΦ hǾŜǊŀƭƭΣ ǎǳǊŦŀŎŜ-
ǊŜƭŀǘŜŘ ŘŜŦŜŎǘ ƛƴ [It b/ǎ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǎǳōƧŜŎǘ ƻŦ ŎƻƴŎŜǊƴ ŀƴŘ ǘƘƛǎ 
Ƙŀǎ ŜƴŎƻǳǊŀƎŜŘ ǊŜǎŜŀǊŎƘŜǊǎ ǘƻ ǎŜŜƪ ǎǳǊŦŀŎŜ ŘŜŦŜŎǘ ǇŀǎǎƛǾŀǘƛƻƴ 
ǘŜŎƘƴƛǉǳŜǎΦ 
  

2. Formamidinium Lead Halide Perovskite Nanocrystals: Structure, 
Synthesis, and Optoelectronic properties 

2.1 Polymorphism in FAPbBr3 perovskites 

From the structural point of view, the rotation of corner-shared 
octahedra (i.e. the octahedral tilt) within perovskite structures results 
in different polymorphic phases (crystal structures), upon varying the 
temperature and pressure. Temperature-dependent crystal structures 
of perovskites are listed in the Bärnighausen family tree, where the 
space groups (having lower symmetry), derived from the aristotype 
(space group Pmσm), exhibit different kinds of distortions.  In bulk, 
three polymorphs are mainly realized ς cubic, tetragonal, and 
orthorhombic ς in descending order of symmetry. These polymorphs 
mainly exhibit distinct degrees of tilting of the corner-sharing 
octahedra. At elevated temperature, all LHPs acquire a perovskites 
aristotype, that is, a high-symmetry cubic structure (having an XςPbςX 
angle of 180°), however, as the temperature decreases, the BX6 
octahedra tilt, owing to the differences in the size of the octahedral 
framework and A-site cation, resulting in structures with lower 
symmetry (hettotypes, i.e. structures that are similar to the aristotype, 
but possess low symmetry). Specifically, FAPbBr3 crystallizes into a 
stable cubic structure (Pmσm space group) at room temperature (no 
octahedral tilting is present), transiting into a tetragonal phase 
(P4/mbm) between ~275 and 250 K, followed by an orthorhombic 
transition (Pnma) upon decreasing temperature, between ~150 and 
125 K.90,91 FA+ cations are quite disordered in the cubic phase and can 
rotate freely within the octahedral framework. As the temperature 
decreases, the cation in the tetragonal 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 restricted, exhibiting a disordered state 
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Figure 3. Changes in the optical absorptions (green arrow) and PL spectra (pink arrow) of 
FAPbBr3 under pressure. Figure adapted from ref. 93. Copyright 2016 American Chemical 
Society. 

 (glass-like dynamics). This is in contrast to MA+ cation, which exhibits 
an ordered arrangement of cation in a low-temperature orthorhombic 
phase.92 Furthermore, besides temperature-induced phase transition, 
FAPbBr3 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 study on FAPbBr3 crystals revealed the evolution of optical 
properties upon varying pressure. Figure 3 shows the optical 
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absorption and PL spectra of FAPbBr3 crystal at varying pressure levels. 
Notably, FA-cation exhibits two phase transitions at 0.53 GPa (from 
Pmσm to Im3) and 2.2 GPa (from Im3 to Pnma) during compression, 
followed by amorphization above 4 GPa and finally, a full reversion to 
its original cubic phase under decompression.93 These 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 FAPbBr3 nanocrystals  

bŀƴƻŎǊȅǎǘŀƭǎ ŎƻƳǇǊƛǎŜ ƘǳƴŘǊŜŘǎ ǘƻ Ƴŀƴȅ ǘƘƻǳǎŀƴŘǎ ƻŦ ŀǘƻƳǎΦ {ǳŎƘ 
ǇŀǊǘƛŎƭŜǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ǎȅƴǘƘŜǎƛȊŜŘ ƛƴ ǎƻƭǳǘƛƻƴΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ǎǳǊŦŀŎŜ 
ƭƛƎŀƴŘǎ ς ƳƻƭŜŎǳƭŜǎ ǘƘŀǘ ōƛƴŘ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ- ǿƛǘƘ ǘƘŜ ƘŜŀŘ ƎǊƻǳǇ 
ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ŎǊȅǎǘŀƭ ǎǳǊŦŀŎŜ ŀƴŘ ƘȅŘǊƻŎŀǊōƻƴ ǘŀƛƭ ƻǊƛŜƴǘŜŘ ƛƴ ǘƘŜ 
ƻǇǇƻǎƛǘŜ ŘƛǊŜŎǘƛƻƴΦ ¢ƘŜ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ƘŜŀŘ ƎǊƻǳǇǎ ŀǊŜ ŀƳƛƴƻΣ 
ŎŀǊōƻȄȅƭΣ ǘƘƛƻƭΣ ŜǘŎΦ94ς97 {ǳǊŦŀŎŜ ƭƛƎŀƴŘǎ ŦƻǊƳ ŀ ΨŎŀǇǇƛƴƎΩ ƭŀȅŜǊ ǘƘŀǘ 
ǎŀǘǳǊŀǘŜǎ ǘƘŜ ŘŀƴƎƭƛƴƎ ōƻƴŘǎ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜΣ ŀƛŘƛƴƎ ŎƻƭƭƻƛŘŀƭ ǎǘŀōƛƭƛǘȅ 
ŀƴŘ ǇǊŜǾŜƴǘƛƴƎ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ b/ǎΦ LƳǇƻǊǘŀƴǘƭȅΣ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ 
ǳƴƛŦƻǊƳ ǎƛȊŜŘ b/ǎ ƛǎ ŎǊǳŎƛŀƭΣ ŜǎǇŜŎƛŀƭƭȅ ŦƻǊ ŀǇǇƭƛŎŀǘƛƻƴ ƛƴ ƻǇǘƛŎŀƭ 
ŘŜǾƛŎŜǎΣ ōŜŎŀǳǎŜ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ Ŏŀƴ ŘƛǊŜŎǘƭȅ ōŜ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ 
ƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜƛǊ ŎƘŜƳƛŎŀƭ ŀƴŘ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΦ tŀǊǘƛŎǳƭŀǊƭȅΣ ŦƻǊ 
ŀƴ ensemble of NCs, a size discrepancy may lead to inhomogeneous 
properties, such as broadening of optical spectra.98 

2.2.1 Synthesis routes for colloidal FAPbBr3 nanocrystals  

Synthesis of high-quality and uniform-sized NCs with excellent control 
over shape, size, and composition is critical for the fabrication of high-
performing LEDs as non-uniformity leads to broad emission peaks and 
poor color purity.98,99 Currently, the most commonly used techniques 
for the synthesis of FAPbBr3 NCs are ligand-assisted reprecipitation 
(LARP)100,101 and hot injection (HI)59,102 methods. Schematic 
illustrations of these methods are shown in Figure 4. Both of these 
methods are considered a bottom-up approach, which is effective to 
control the morphologies of FAPbBr3 NCs, such as nanowires,103,104 
nanocubes,101,105,106 and nanosheets (Figure 4, blue block).107ς110 These 
techniques broadly follow the classical models of nucleation and  
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Figure 4. Schematic representation of the reaction system for the synthesis of colloidal perovskites 

NCs by Ligand-assisted reprecipitation (LARP) (Green),  hot injection (HI) (Orange), Emulsion method 

(Violet) and SEM images of varied morphologies (blue), such as a) nanoplatelets b) nanocubes and c) 

nanorods, realizable by following different synthesis protocols.  

growth mechanisms.  
Typically, in the nucleation step, the precursors react to form the 
supersaturated solution of monomers followed by a burst of 
nucleation of NCs.The growth of nuclei is then followed by consuming 
the residual monomers present in the reaction medium.111,112 Zhang 
and co-workers were the first to report the LARP method for 
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synthesizing  LHP QDs (CH3NH3PbX3).101 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 non-polar solvent (usually toluene or hexane) to 
promote the nucleation and growth of NCs (Figure 4, green block).113 
They found that long-chain ligands are necessary to achieve high-
quality MAPbBr3 NCs. Following that, Perumal et al. communicated 
the first report on FAPbBr3 NCs, synthesized by the LARP method 
utilizing long-chain surface ligands, octylamine (OTA), and oleic acid 
(OAc), thereby promoting the precipitation process. The obtained NCs 
had an average particle size of 10ς15 nm and exhibited a green 
emission at 530 nm which is blue-shifted by 10-20 nm as compared to 
that of bulk FAPbBr3. In solution-phase, the NCs exhibited a PLQY of 
55ς 65% with a narrow FWHM of ~22 nm.100  

The HI technique, on the other hand, was first reported by Murray et 
al. in 1993 for the synthesis of cadmium chalcogenide NCs and was 
later adopted to synthesize a variety of NCs.116ς118 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 growth process of monodispersive nuclei 
(Figure 4, orange block). Notably, this approach enables the synthesis 
of small NCs having a narrow size distribution range. Protesescu et al. 
synthesized highly monodisperse cubic-shaped FAPbBr3 QDs using the 
HI method (at 130 °C). By controlling reaction temperature and 
amount of injected oleylammonium bromide (OAmBr), 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 
smallest size corresponds to the largest bandgap.59 Currently, most of 
the synthesis routes for FAPbBr3 NCs 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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of b/ǎΩ ƳƻǊǇƘƻƭƻƎȅΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ōƻǘƘ ǘŜŎƘƴƛǉǳŜǎ ǊŜǉǳƛǊŜ ǇŜǊƻǾǎƪƛǘŜ 
precursor salts to be dissolved in polar solvents, such as DMF and 
DMSO, which leads to the fast degradation of perovskite NCs. A polar 
solvent-free method would be ideal to avoid this issue. Apart from 
these two techniques, the non-aqueous emulsion method are recently 
being explored for the preparation of LHPs NCs.119 In this approach, a 
pair of immiscible polar and non-polar 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 process. The resulting precipitate can be 
redispersed in a non-polar 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 demulsifier.119 However, they are not many 
reports to date for the synthesis of FAPbBr3 NCs. 

2.2.2 Tuning optoelectronic properties of FAPbBr3 NCs 

Following the two of the early reports on LARP and HI methods, 
tremendous efforts have been invested in synthesizing FAPbBr3 NCs 
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 species, reaction time, etc.51,120ς124 In 
general, bulk FAPbBr3 has 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 radius).100 Reducing FAPbBr3 crystallite 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 spectra.126 Moreover, with an objective in light emission 
applications, several parameters are generally required to be 
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optimized for obtaining high quality NC-based thin films, such as (i) 
small crystallite sizes (~ 1-10 nm) to strongly confine the excitons and 
spatially limit the exciton diffusion length, which reduces the 
possibility of dissociation of exciton into free charge carriers (ii) 
pinhole-free uniform film fabrication, comprising uniformly distributed 
grains and smooth surface, to avoid the substantial leakage current, 
(iii) high Eb to strongly confine the excitons, and (iv) good emissive 
properties; it is critical to impede the energetic losses and curtail the 
non-radiative recombination to further boost the efficiency LEDs. To 
address these requirements, perovskite NCs can be 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 low-dimensional perovskites, use of additives 
and surface ligands.127ς131  

2.2.3 Ligand Engineering  
In general, ligands play a critical role in controlling the shape and size 
of NCs, which subsequently determine their optoelectronic properties. 
They are essential in suppressing the non-radiative surface 
recombination centers and  tuning the surface potential and 
energetics.132 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, ŎƘŜƭŀǘŜǎ ǿƛǘƘ ǳƴŘŜǊŎƻƻǊŘƛƴŀǘŜŘ ƭŜŀŘ ŀǘƻƳǎΣ 
ǇǊƻǾƛŘƛƴƎ ƻǾŜǊŀƭƭ ŎƻƭƭƻƛŘŀƭ ǎǘŀōƛƭƛǘȅ ƛƴ ǘƘŜ ǎƻƭǳǘƛƻƴΦ120,133,134 aƻǊŜƻǾŜǊΣ 
ǘƘŜ ǇǊƻǘŜŎǘƛƴƎ ƭŀȅŜǊ ƻŦ ǎǳǊŦŀŎŜ ƭƛƎŀƴŘǎ ƛƳǇŀǊǘǎ ǎǘŀōƛƭƛǘȅ ǘƻ b/ǎ ƛƴ 
ŎƻƭƭƻƛŘŀƭ ǎƻƭǳǘƛƻƴΦ /ǳǊǊŜƴǘƭȅΣ ǎŜǾŜǊŀƭ ǎǳǊŦŀŎŜ ƭƛƎŀƴŘ ǊŜƎǳƭŀǘƛƻƴǎ ŀǊŜ 
ŜȄǘŜƴǎƛǾŜƭȅ ōŜƛƴƎ ŜȄǇƭƻǊŜŘ ǘƻ ŎƻƴǘǊƻƭ ŀƴŘ Ƴŀƛƴǘŀƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ 
ƛƴǘŜƎǊƛǘȅ ŀƴŘ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ C!tō.Ǌо b/ǎΦ 
Lƴ ŀƴ ŜŀǊƭȅ ǊŜǇƻǊǘΣ tǊƻǘŜǎŜǎŎǳ Ŝǘ ŀƭΦ ǎƘƻǿŜŘ ǘƘŀǘ h!Ƴ.Ǌ ǇǊƻǾƛŘŜǎ ŀ 
ƴŀǊǊƻǿ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ƻƭŜȅƭŀƳƛƴŜ όh!ƳύΣ ǿƘƛŎƘ 
ǇǊƻƳƻǘŜǎ ǘƘŜ ŘŜǇǊƻǘƻƴŀǘƛƻƴ ƻŦ C!Ҍ ƛƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎΦ ¢ƘŜ ōǊƻƳƛŘŜ 
ŎƻƴǘŀƛƴƛƴƎ h!Ƴ.Ǌ ƭƛƎŀƴŘ ǇǊƻǾƛŘŜǎ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ōǊƻƳƛŘŜ ǎƻǳǊŎŜΣ ǿƘƛŎƘ 
ƘŜƭǇǎ ƛƴ ŀƛŘƛƴƎ ōŜǘǘŜǊ ǎǘŀōƛƭƛǘȅ ŀƴŘ ǳƴƛŦƻǊƳ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴΣ ƻǿƛƴƎ ǘƻ 
ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ƻƭŜȅƭŀƳƳƻƴƛǳƳ ƻƭŜŀǘŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ 
b/ǎ ǿŀǎ ŦǳǊǘƘŜǊ ǘǳƴŜŘ ōȅ ǾŀǊȅƛƴƎ ŜƛǘƘŜǊ ǘƘŜ ŀƳƻǳƴǘ ƻŦ h!Ƴ.Ǌ όǘƘŜ 
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ƘƛƎƘŜǊ ŀƳƻǳƴǘ ȅƛŜƭŘŜŘ ǎƳŀƭƭŜǊ b/ǎύ ŀƴŘ ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ όƘƛƎƘŜǊ 
ǘŜƳǇŜǊŀǘǳǊŜ ȅƛŜƭŘŜŘ ƭŀǊƎŜǊ b/ǎύΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ C!tō.Ǌо b/ǎ ŜȄƘƛōƛǘŜŘ 
ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ŜƳƛǎǎƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎΣ ǊŀƴƎƛƴƎ ŦǊƻƳ птл ǘƻ ррл ƴƳΣ 
ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ǎƛȊŜΦ59 In a similar approach, tŀǳƭ Ŝǘ ŀƭΦ ǳǘƛƭƛȊŜŘ b-
ōǊƻƳƻǎǳŎŎƛƴƛƳƛŘŜ όb.{ύ ŀǎ ŀ ōǊƻƳƛŘŜ ǎƻǳǊŎŜ ǘƻ ƻōǘŀƛƴ ǳƴƛŦƻǊƳ-ǎƛȊŜŘ 
C!tō.Ǌо ƴŀƴƻŎǳōŜǎ ǿƛǘƘ ƴŜŀǊ-ǳƴƛǘȅ t[v¸Φ {ǇŜŎƛŦƛŎŀƭƭȅΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ƻŦ 
b.{ ǿƛǘƘ ƻǊƎŀƴƛŎ ŀŎƛŘǎ ƛǎ ƪƴƻǿƴ ǘƻ ƎŜƴŜǊŀǘŜ I.ǊΣ ǿƘƛŎƘ ǊŜŀŎǘŜŘ ǿƛǘƘ 
h!Ƴ ǘƻ ŦƻǊƳ h!Ƴ.Ǌ όCƛƎǳǊŜ рŀύΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ ƴŀƴƻŎǳōŜǎ ǊŜǘŀƛƴŜŘ 
ƴŜŀǊƭȅ ур҈ ƻŦ ǘƘŜ ƛƴƛǘƛŀƭ t[ ŀŦǘŜǊ сл Řŀȅǎ ƻŦ ǎǘƻǊŀƎŜ ƛƴ ŀƴ ŀƳōƛŜƴǘ 
ŀǘƳƻǎǇƘŜǊŜ ŀƴŘ ул҈ ƻŦ ǘƘŜ ƛƴƛǘƛŀƭ t[ ŀŦǘŜǊ нпƘ ƻŦ Ŏƻƴǘƛƴǳƻǳǎ 
ƛƭƭǳƳƛƴŀǘƛƻƴΦ ¢ƘŜ ŜȄŎŜƭƭŜƴǘ ǎǘŀōƛƭƛǘȅ ǿŀǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ōǊƻƳƛŘŜ-ǊƛŎƘ 
ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ŀ ǇŀǊǘƛŀƭ ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ C!Ҍ ǿƛǘƘ ŀƭƪȅƭŀƳƳƻƴƛǳƳ 
ŎŀǘƛƻƴΣ ŦƻǊƳƛƴƎ ƻƭŜȅƭŀƳƳƻƴƛǳƳ ƭŜŀŘ ōǊƻƳƛŘŜ-ǘŜǊƳƛƴŀǘŜŘ ǎǳǊŦŀŎŜΦ114 
{ƛƳƛƭŀǊƭȅΣ aŀƘŀƴƪǳŘƻ ŀƴŘ Ŏƻ-ǿƻǊƪŜǊǎ ŜƳǇƭƻȅŜŘ ǘƘǊŜŜ ǇǊŜŎǳǊǎƻǊ IL 
ƳŜǘƘƻŘ ǘƻ ǎȅƴǘƘŜǎƛȊŜ C!tō.ǊоΣ ǿƘŜǊŜƛƴΣ ǘƘŜ о-ŘƛōǊƻƳƻ-рΣр-
ŘƛƳŜǘƘȅƭƘȅŘŀƴǘƻƛƴ ό5.5aIύ ǿŀǎ ŜƳǇƭƻȅŜŘ ŀǎ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ōǊƻƳƛŘŜ 
ǎƻǳǊŎŜΦ ¢ƘŜ ƻōǘŀƛƴŜŘ b/ǎ ȅƛŜƭŘŜŘ ƘƛƎƘ t[v¸ ǿƛǘƘ ŜȄŎŜƭƭŜƴǘ ŀƳōƛŜƴǘ 
ǎǘŀōƛƭƛǘȅΦ135   

YƛƳ ŀƴŘ Ŏƻ-ǿƻǊƪŜǊǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŘƛŦŦŜǊŜƴǘ ƭŜƴƎǘƘǎ ƻŦ ǘƘŜ 
ƘȅŘǊƻŎŀǊōƻƴ ŎƘŀƛƴ ƛƴ ǘƘŜ ŀƳƛƴŜ ƭƛƎŀƴŘ όƴ-ōǳǘȅƭŀƳƛƴŜΣ ƴ-ƘŜȄȅƭŀƳƛƴŜΣ ƻǊ 
ƴ-ƻŎǘȅƭŀƳƛƴŜύ ƻƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ŀƴŘ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ 
b/ǎΦ134 ¢ƘŜȅ ƻōǎŜǊǾŜŘ ǘƘŀǘ ǘƘŜ ǎǳǇǇǊŜǎǎƛƻƴ ŜŦŦŜŎǘ ƻŦ ƭƛƎŀƴŘǎ ƻƴ ǘƘŜ 
ǇŜǊƻǾǎƪƛǘŜ ŎǊȅǎǘŀƭ ƎǊƻǿǘƘ ǿŀǎ ǎŀǘǳǊŀǘŜŘ ǿƘŜƴ ǘƘŜ ŎƘŀƛƴ ƭŜƴƎǘƘ ǿŀǎ 
ƭƻƴƎŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ƴ- ƘŜȄȅƭŀƳƛƴŜΦ Lƴ ŦŀŎǘΣ b/ǎ ǇǊŜǇŀǊŜŘ ǿƛǘƘ ŀ ǎƘƻǊǘŜǊ 
ŎƘŀƛƴ ƭƛƎŀƴŘΣ ƴ-ōǳǘȅƭŀƳƛƴŜΣ ȅƛŜƭŘŜŘ ǘƘŜ ƘƛƎƘŜǎǘ t[v¸Φ bƻǘŀōƭȅΣ ƭƛƎŀƴŘ 
ƭŜƴƎǘƘǎ ǎƘƻǊǘŜǊ ǘƘŀƴ ƴ-ōǳǘȅƭŀƳƛƴŜ ȅƛŜƭŘŜŘ ŀ ǿŜŀƪ ƭǳƳƛƴŜǎŎŜƴŎŜ ŀƴŘ 
ǎǘŀōƛƭƛǘȅΣ ǿƘƛƭŜ ƭƻƴƎŜǊ ƻƴŜǎ ŜȄƘƛōƛǘŜŘ мύ ǎǘŜǊƛŎ ŜŦŦŜŎǘǎΣ ƭƛƳƛǘƛƴƎ ǘƘŜ Ŧǳƭƭ 
ǇŀǎǎƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ŀƴŘ нύ ǎǳǊŦŀŎŜ ŜŦŦŜŎǘǎΣ ǿƘƛŎƘ ƛƴǘŜƴǎƛŦȅ ƻƴ 
ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ ǎƛȊŜ ƻŦ b/ǎΣ ƭŜŀŘƛƴƎ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŘŜŦŜŎǘ ŘŜƴǎƛǘȅΦ ¢ƘŜ 
ǊƻƭŜ ƻŦ ƭƛƎŀƴŘǎ ƛƴ ǘǳƴƛƴƎ ǘƘŜ ǎƘŀǇŜ ŀƴŘ ǎƛȊŜ ǿŀǎ ŦǳǊǘƘŜǊ ǎƘƻǿƴ ōȅ tŀǘǊŀ 
Ŝǘ ŀƭΦ109 ¢ƘŜȅ ŜƳǇƭƻȅŜŘ -hōǊƻƳƻ ƪŜǘƻƴŜǎ όǇƘŜƴŀŎȅƭ ōǊƻƳƛŘŜύ ŀǎ ŀ ŀǎ ŀ 
ǎƻǳǊŎŜ ƻŦ ōƻǘƘ ƭƛƎŀƴŘ ŀƴŘ ƘŀƭƛŘŜΣ ǿƘƛŎƘ ǿƘŜƴ ǊŜŀŎǘŜŘ ǿƛǘƘ h!ƳΣ 
ȅƛŜƭŘŜŘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǘŜǊǘƛŀǊȅ ŀƳƳƻƴƛǳƳ ōǊƻƳƛŘŜ ƭƛƎŀƴŘǎΦ 
!ŘŘƛǘƛƻƴŀƭƭȅΣ ŀ ǎƳŀƭƭŜǊ ŀƳƻǳƴǘ ƻŦ C!Ҍ ǊŜƭŀǘƛǾŜ ǘƻ tōнҌ ǿŀǎ 
ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƻ ōŜ ŎǊǳŎƛŀƭ ǘƻ ƻōǘŀƛƴ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ƳƻǊǇƘƻƭƻƎȅΦ 
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{ǇŜŎƛŦƛŎŀƭƭȅΣ ǳǇƻƴ ǾŀǊȅƛƴƎ ǘƘŜ Ǌŀǘƛƻ ƻŦ C! ŀƴŘ ǘŜǊǘƛŀǊȅ ŀƳƳƻƴƛǳƳ ƛƻƴǎΣ 
ŎǳōƛŎΣ ŘƻŘŜŎŀƘŜŘǊŀƭΣ ŀƴŘ ǉǳŀǎƛ-ǎǇƘŜǊƛŎŀƭ ǎƘŀǇŜǎ ƻŦ C!tō.Ǌо 
ƴŀƴƻŎǊȅǎǘŀƭǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ǿƛǘƘ ŜȄŎŜƭƭŜƴǘ ƳƻƴƻŘƛǎǇŜǊǎƛǘȅΦ ²ƘƛƭŜ ǘƘŜ 
ŜƳƛǎǎƛƻƴ ǇŜŀƪ ǊŜƳŀƛƴǎ ǘƘŜ ǎŀƳŜΣ ǘƘŜ ǉǳŀǎƛ-ǎǇƘŜǊƛŎŀƭ ǇŀǊǘƛŎƭŜǎ 
ŜȄƘƛōƛǘŜŘ ǘƘŜ ƘƛƎƘŜǎǘ t[ ƭƛŦŜǘƛƳŜ ŀƳƻƴƎ ǘƘŜǎŜ ǎƘŀǇŜǎΦ109 

 
Figure 5. a) Reaction scheme of NBS-Mediated Synthesis of FAPbBr3 NCs (top), and PL emission and 

absorption spectra of FAPbBr3 NCs (bottom) b) PL and absorption spectra of FAPbBr3 quantum dots, 

the inset is depicting the flask containing solid-state ligands, irradiated under UV light (top) and 

change of PL intensity as a function of storage days of FAPbBr3 (bottom). SA denotes a pair of solid-

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 from ref. 115. Copyright 2017 

American Chemical Society. 

¢ƘŜ ŎƻƳƳƻƴ ƛǎǎǳŜ ǿƛǘƘ ǘƘŜǎŜ ƳƻƴƻŘŜƴǘŀǘŜ ƭƛƎŀƴŘǎ ƛǎ ǘƘŀǘ ǘƘŜȅ ŀǊŜ 
ƴƻǘ ǘƛƎƘǘƭȅ ōƻǳƴŘ ŀƴŘ ǳǎǳŀƭƭȅ ǳƴŘŜǊƎƻ ŀƴ ŜȄŎƘŀƴƎŜ ōŜǘǿŜŜƴ ǘƘŜƛǊ 
ōƻǳƴŘ ŀƴŘ ŦǊŜŜ ǎǘŀǘŜΦ ¢Ƙƛǎ ƛƳǇƭƛŜǎ ǘƘŀǘ ǘƘŜ ƭƛƎŀƴŘǎ ŀǊŜ ǇǊƻƴŜ ǘƻ 
ǳƴŘŜǊƎƻ ŀ ŎƻƳǇƭŜȄ ǇǊƻǘƻƴŀǘƛƻƴ-ŘŜǇǊƻǘƻƴŀǘƛƻƴ ǇǊƻŎŜǎǎ ǘƘŀǘ Ƴŀȅ 
ƛƴŘǳŎŜ ŘŜǘŀŎƘƳŜƴǘ ƻŦ ƭƛƎŀƴŘǎ ŘǳǊƛƴƎ ŎƭŜŀƴƛƴƎ ƻǊ ƭƻƴƎ-ǘƛƳŜ ǎǘƻǊŀƎŜΣ 
ŜƴƎŜƴŘŜǊƛƴƎ ǎǘŀōƛƭƛǘȅ ƛǎǎǳŜǎΦ136ς140 ¢ƻ ŀŘŘǊŜǎǎ ǘƘƛǎΣ ŀŘƻǇǘƛƴƎ ƭƛƎŀƴŘǎ 
ǿƛǘƘ ƳǳƭǘƛǇƭŜ ŎƻƻǊŘƛƴŀǘƛƴƎ ƎǊƻǳǇǎ ƛǎ ŀƴǘƛŎƛǇŀǘŜŘ ǘƻ ǎǳŦŦƛŎŜ ǘƘŜ ƛǎǎǳŜΦ 
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wŜŎŜƴǘƭȅΣ ǎǘǳŘƛŜǎ ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ōƛŘŜƴǘŀǘŜ ƭƛƎŀƴŘǎΣ ǎǳŎƘ ŀǎ Řƛ-
ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘΣ141 ŀƴŘ ǇƘƻǎǇƘƻƴƛŎ ŀŎƛŘ142 Ŏŀƴ ǘƛƎƘǘƭȅ ōƛƴŘ ǘƻ ǘƘŜ 
ǎǳǊŦŀŎŜΣ ƳƛƴƛƳƛȊƛƴƎ ǘƘŜ ƭƛƎŀƴŘ ƭƻǎǎ ŀƴŘ ǊŜǎǳƭǘƛƴƎ ƛƴ ƘƛƎƘ b/ ǎǘŀōƛƭƛǘȅ 
ŀƴŘ t[v¸Φ tƘƻǎǇƘƻƴƛŎ ŀŎƛŘ ƭƛƎŀƴŘǎ ŀǊŜ ƪƴƻǿƴ ǘƻ ōƛƴŘ ǎǘǊƻƴƎƭȅ ƻƴ ƳŜǘŀƭ 
ƛƻƴǎΣ ƭƛƪŜ tōΣ ŀǎ ƛǘ Ƙŀǎ ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ 
ǘƘŜ tō{Ŝ ǎǳǊŦŀŎŜ ŀƎŀƛƴǎǘ ƻȄƛŘŀǘƛƻƴΦ143 [ƛ Ŝǘ ŀƭΦ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ 
ǇƘƻǎǇƘƻƴƛŎ ŀŎƛŘ ƭƛƎŀƴŘǎ ŎƻǳƭŘ ŦƻǊƳ ǎǘŀōƭŜΣ ǎǘǊƻƴƎ ƘȅŘǊƻƎŜƴ ōƻƴŘǎ 
ǿƛǘƘ ƘŀƭƛŘŜ ƛƻƴǎ ƻŦ ǇŜǊƻǾǎƪƛǘŜǎΣ t-hI---·Φ144 wŜŎŜƴǘƭȅΣ !ǎƘǘƻƴ Ŝǘ ŀƭΦ 
ǎȅƴǘƘŜǎƛȊŜŘ C!tō.Ǌо b/ǎ ǘƘǊƻǳƎƘ ŀ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜΣ ƭŜǎǎ ŜƴŜǊƎȅ-
ƛƴǘŜƴǎƛǾŜΣ ǇƘƻǎǇƘƛƴŜ ƻȄƛŘŜ ǊƻǳǘŜΣ ǿƘŜǊŜ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ŀƳƛƴŜ ƭƛƎŀƴŘ ƛǎ 
ǊŜǇƭŀŎŜŘ ōȅ ǘǊƛƻŎǘȅƭǇƘƻǎǇƘƛƴŜ ƻȄƛŘŜ ό¢hthύΦ145 ¢Ƙƛǎ ƛǎ ǘƘŜ ŦƛǊǎǘ ǎǘǳŘȅ 
ǘƘŀǘ ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ƛƳǇŀŎǘ ƻŦ !-ǎƛǘŜ ŎŀǘƛƻƴΣ C!ҌΣ ƻƴ ǘƘŜ ŀŎƛŘ-ōŀǎŜ 
ŜǉǳƛƭƛōǊƛǳƳ ƻŦ ǘƘŜ ƭƛƎŀƴŘǎΣ ¢hth ŀƴŘ h!ŎΦ 5ǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 
ƭŀōƛƭŜ ǇǊƻǘƻƴǎΣ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ŎƻƳǇŜǘƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ C!-
ƻƭŜŀǘŜΥ¢hth ŀƴŘ h!ŎΥ ¢hth ŎƻƳǇƭŜȄΣ ƭŜŀŘƛƴƎ ǘƻ ŀƴ ƻǾŜǊŀƭƭ ŜȄŎƘŀƴƎŜ 
ƻŦ h!ŎΥ¢hth ǿƛǘƘ C!-ƻƭŜŀǘŜΥ ¢hthΣ ŦǳǊǘƘŜǊƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ 
C!tō.Ǌо b/ǎΦ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜ ƛƴǘŜǊŎŀƭŀǘƛƻƴ ƻŦ ¢hth ōŜǘǿŜŜƴ ǘƘŜ 
ƭŀȅŜǊǎ ƻŦ C!tō.Ǌо ǊŜǎǳƭǘŜŘ ƛƴ ƳƻŘŜǎǘ t[v¸ ŀƴŘ ƭŜǎǎ-ǳƴƛŦƻǊƳ 
ƴŀƴƻŎǳōŜǎΦ146 ! ǎƛƳƛƭŀǊ ƛƴǘŜǊŎŀƭŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳ Ƙŀǎ ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ 
ƻōǎŜǊǾŜŘ ŦƻǊ 5a{hΣ ŦƻǊƳƛƴƎ C!Ҍς5a{hςC!Ҍ ƻǊƎŀƴƛŎ ǎǇŀŎŜǊǎΣ ŀƴŘ 
ǊŜǎǳƭǘƛƴƎ ƛƴ ƳƛȄŜŘ-ŘƛƳŜƴǎƛƻƴŀƭ ǎǘǊǳŎǘǳǊŜǎΦ bƻǘŀōƭȅΣ ǘƘŜ ōƛƴŘƛƴƎ ƎǊƻǳǇ 
ƛƴ 5a{h ƛǎ ǎƛƳƛƭŀǊ ǘƻ ǘƘŀǘ ƻŦ ¢hthΦ147   !ƳōǊƻȊ Ŝǘ ŀƭΦ ŜȄŎƭǳŘŜŘ ŀƭƭ 
ǘƘŜ ŘƻǿƴǎƛŘŜǎ ƻŦ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ ǎȅƴǘƘŜǎƛǎ ǊƻǳǘŜΣ ǎǳŎƘ ŀǎ ǘƘŜ ǳǎŜ ƻŦ 
ǇƻƭŀǊ ǎƻƭǾŜƴǘǎΣ ŀƳƛƴŜ ƭƛƎŀƴŘǎΣ ƻǊ ƘƛƎƘ-ǘŜƳǇŜǊŀǘǳǊŜ ǎȅƴǘƘŜǎƛǎΦ ¢ƘŜȅ 
ǎȅƴǘƘŜǎƛȊŜŘ C!tō.Ǌо b/ǎ ōȅ ǊŜǇƭŀŎƛƴƎ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ǇŀƛǊ ƻŦ ƭƛƎŀƴŘǎ 
ǿƛǘƘ ŀ ǇƘƻǎǇƘƛƴŜ-ōŀǎŜŘ ŀƭǘŜǊƴŀǘƛǾŜΣ ¢hth ŀƴŘ Řƛ-ƛǎƻ-ƻŎǘȅƭ ǇƘƻǎǇƘƛƴƛŎ 
ŀŎƛŘΣ ǿƛǘƘ ƻŎǘŀŘŜŎŜƴŜ όh59ύ ŀǎ ǎƻƭǾŜƴǘΦ ²ƘƛƭŜ ǘƘŜ t[v¸ ǿŀǎ ŀǊƻǳƴŘ 
пр҈Σ ǘƘŜ tō-h-t ōƻƴŘ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ŎƻǳƭŘ ōŜ Ŝŀǎƛƭȅ ǊŜƳƻǾŜŘ ŀŦǘŜǊ 
ŀƴǘƛ-ǎƻƭǾŜƴǘ ǘǊŜŀǘƳŜƴǘΦ148 {ǳƴ ŀƴŘ Ŏƻ-ǿƻǊƪŜǊǎ ŜƳǇƭƻȅŜŘ ǎƻƭƛŘ-ǎǘŀǘŜΣ 
ƘƛƎƘ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ όрл-тл ϲ/ύ ƭƛƎŀƴŘǎΣ ǎǳŎƘ ŀǎ ǎǘŜŀǊƛŎ ŀŎƛŘ ό{!ύ ŀƴŘ 
ƻŎǘŀŘŜŎȅƭŀƳƛƴŜ όh!ύ ǘƻ ŎŀǇ C!tō.Ǌо v5ǎΦ ¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ŜƭƛƳƛƴŀǘŜǎ ǘƘŜ 
ŀōǎƻǊǇǘƛƻƴ-ŘŜǎƻǊǇǘƛƻƴ ƻŦ ƭƛƎŀƴŘǎΣ ŀǎ ŎƻƳƳƻƴƭȅ ƻōǎŜǊǾŜŘ ǿƘŜƴ ǳǎƛƴƎ 
ŎƻƴǾŜƴǘƛƻƴŀƭ ƭƛǉǳƛŘ ƭƛƎŀƴŘǎ όh!Ŏκh!ƳύΣ ƘŀǾƛƴƎ ŀ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ ƻŦ мрς
нр ϲ/Φ ¢ƘŜ ǎǘǊƻƴƎŜǊ ŀŘƘŜǎƛƻƴ ƻŦ ǘƘŜǎŜ ƭƛƎŀƴŘǎ ǘƻ ǘƘŜ ǇŜǊƻǾǎƪƛǘŜ ǎǳǊŦŀŎŜ 
ǊŜǎǳƭǘŜŘ ƛƴ ŀ t[ ŜƳƛǎǎƛƻƴ ŀǘ рот ƴƳΣ ŀ ƘƛƎƘ t[v¸ ƻŦ уу҈Σ ŀƴŘ ƘƛƎƘ 
ŎƻƭƻǊ ǇǳǊƛǘȅ όC²Ia Ϥ нм ƴƳ όCƛƎǳǊŜ рōύΦ aƻǊŜƻǾŜǊΣ ǘƘŜ ǇŜǊƻǾǎƪƛǘŜǎ 
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ǊŜƳŀƛƴŜŘ ǎǘŀōƭŜ ƛƴ ǘƘŜ ŀƛǊ ŦƻǊ ŀǘ ƭŜŀǎǘ рл ŘŀȅǎΦ115 .ŜǎƛŘŜǎΣ ƭƛƎŀƴŘǎ ŀƭǎƻ 
ƘŜƭǇ ƛƴ ǘǳƴƛƴƎ ǘƘŜ ŜȄƻǘƛŎ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ǘƘŜ 
ǇŀǊǘƛŀƭ ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ ƻƭŜȅƭŀƳƛƴŜ ǿƛǘƘ όwύ-н-ƻŎǘȅƭŀƳƛƴŜ ŘǳǊƛƴƎ ǘƘŜ 
ǎȅƴǘƘŜǎƛǎ ƻŦ C!tō.Ǌо b/ǎ ǊŜǎǳƭǘǎ ƛƴ ƳƻƴƻŘƛǎǇŜǊǎŜ ŎƘƛǊŀƭ ǇŜǊƻǾǎƪƛǘŜ b/ǎ 
ǘƘŀǘ ŜƳƛǘ ŎƛǊŎǳƭŀǊƭȅ ǇƻƭŀǊƛȊŜŘ ƭǳƳƛƴŜǎŎŜƴŎŜ ό/t[ύ ǿƛǘƘ ŀ ƭǳƳƛƴŜǎŎŜƴŎŜ 
ŘƛǎǎȅƳƳŜǘǊȅ όƎύ ŦŀŎǘƻǊ ƻŦ сΦу Ҏ млҍнΣ ǿƘƛŎƘ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ƘƛƎƘŜǎǘ ǾŀƭǳŜ 
ŀƳƻƴƎ ǇŜǊƻǾǎƪƛǘŜ ƳŀǘŜǊƛŀƭǎΦ ¢ŀōƭŜ м ǎǳƳƳŀǊƛȊŜǎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ƭƛƎŀƴŘ 
ŜƴƎƛƴŜŜǊƛƴƎ ŀƴŘ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ǊƻǳǘŜǎ ƻƴ ǘƘŜ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ 
ǇŜǊŦƻǊƳŀƴŎŜΦ 

2.2.4 Composition Engineering 

Non-stoichiometric composition 

!ƭǘƘƻǳƎƘ ŀƴ ŜǉǳƛƳƻƭŀǊ Ǌŀǘƛƻ ƻŦ C!.Ǌ ŀƴŘ tō.Ǌн ƛǎ ŘŜǎƛǊŀōƭŜ ǘƻ ŦƻǊƳ 
ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ C!tō.Ǌо ŎƻƳǇƻǎƛǘƛƻƴΣ ƛǘ ƛǎ ŦƻǳƴŘ ǘƘŀǘ ƴƻƴ-
ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŎƻƳǇƻǎƛǘƛƻƴ Ŏŀƴ Ǉƭŀȅ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜǎ ƛƴ ǘƘƛƴ-ŦƛƭƳ 
ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ŘŜŦŜŎǘ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƛƴ b/ǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ƛǘ Ƙŀǎ ōŜŜƴ 
ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳŜǘŀƭƭƛŎ ƭŜŀŘ όtōлύΣ ǿƘƛŎƘ ƴŜƎŀǘƛǾŜƭȅ 
ƛƳǇŀŎǘǎ ǘƘŜ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǇŜǊƻǾǎƪƛǘŜǎ ōȅ ŎǊŜŀǘƛƴƎ 
ƴƻƴ-ǊŀŘƛŀǘƛǾŜ ŘŜŎŀȅ ǇŀǘƘǿŀȅǎΣ ƛǎ ǇǊŜǾŀƭŜƴǘ ǿƘŜƴ ŀƴ ŜǉǳƛƳƻƭŀǊ 
ǇǊŜŎǳǊǎƻǊ Ǌŀǘƛƻ ƛǎ ǳǎŜŘΦ149ς152 ¢Ƙƛǎ ǳƴƛƴǘŜƴŘŜŘ ƭƻǎǎ ƻŦ ƘŀƭƛŘŜ ŀǘƻƳǎ Ŏŀƴ 
ōŜ Ŝŀǎƛƭȅ ƳƛǘƛƎŀǘŜŘ ōȅ ǳǎƛƴƎ ŜȄŎŜǎǎ ƘŀƭƛŘŜ ǇǊŜŎǳǊǎƻǊǎ ŀƴŘ Ŏŀƴ ǇǊŜǾŜƴǘ 
ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ƳŜǘŀƭƭƛŎ tō ŀǘƻƳǎ ƛƴ ǘƘŜ Ŧƛƴŀƭ ǇŜǊƻǾǎƪƛǘŜ ǇǊƻŘǳŎǘΦ 
/ƘŜƴ ŀƴŘ Ŏƻ-ǿƻǊƪŜǊǎ ǾŀǊƛŜŘ ǘƘŜ Ǌŀǘƛƻ ƻŦ C!.Ǌκtō.Ǌн ŦǊƻƳ м ǘƻ нΦт 
ŘǳǊƛƴƎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ C!tō.Ǌо b/ǎΦ ²ƛǘƘ ƛƴŎǊŜŀǎƛƴƎ C!.Ǌκtō.Ǌн Ǌŀǘƛƻǎ 
ŦǊƻƳ мΦл ǘƻ нΦнΣ ǘƘŜ ŜƳƛǎǎƛƻƴ ǇŜŀƪ ǎƘƛŦǘŜŘ ŦǊƻƳ рнп ǘƻ рон ƴƳΦ 
IƻǿŜǾŜǊΣ ǿƘŜƴ ǘƘŜ Ǌŀǘƛƻ ǿŀǎ ŦǳǊǘƘŜǊ ƛƴŎǊŜŀǎŜŘ ǘƻ нΦтΣ ǘƘŜ ŜƳƛǎǎƛƻƴ 
ǇŜŀƪ ǎƘƛŦǘŜŘ ōŀŎƪ ǘƻ рнф ƴƳ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ t[v¸ ŦǊƻƳ сн҈ ǘƻ ту҈Φ 
¢ƘŜ ƘƛƎƘ t[v¸ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǎŜƭŦ-ǇŀǎǎƛǾŀǘƛƻƴ ŜŦŦŜŎǘ ƻŦ C!Σ ǿƘƛƭŜ 
ǘƘŜ ǎƘƛŦǘ ƛƴ ǘƘŜ ŜƳƛǎǎƛƻƴ ǇŜŀƪ ǿŀǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ŘƛŦŦŜǊŜƴǘ ǎƛȊŜǎ ƻŦ ǘƘŜ 
b/ǎ όCƛƎǳǊŜ сŀύΦ125 5ŜǎǇƛǘŜΣ ǘƘŜǊŜ ōŜƛƴƎ ƴƻ ƛƴŦƻǊƳŀǘƛƻƴ ǊŜƎŀǊŘƛƴƎ ǘƘŜ 
н5 ǎǘǊǳŎǘǳǊŜΣ ǘƘŜ ǊŜŀŘŜǊ Ŏŀƴ ƴƻǘƛŎŜ ŀ ǎƳŀƭƭ ŀōǎƻǊǇǘƛƻƴ ōŀƴŘ ŀǊƻǳƴŘ 
пол ƴƳΣ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ŀƴ ƛƴŘƛŎŀǘƛƻƴ ƻŦ н5 ǎǘǊǳŎǘǳǊŜΦ aƻǊŜ ǎƻΣ ǘƘŜ 
ŀŘŘƛǘƛƻƴ ƻŦ ƘƛƎƘŜǊ ƳƻƭŀǊ ŀƳƻǳƴǘǎ ƻŦ C!.Ǌ ŘƛŘ ƴƻǘ ŎŀǳǎŜ ŀƴȅ ŎƘŀƴƎŜ ƛƴ 
ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜΣ ŀǎ ǿŜ ƴƻǘƛŎŜŘ ƛƴ ƻǳǊ ǎǘǳŘȅΦ122 
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¢ƘŜ ƻōǎŜǊǾŜŘ ŘƛǎŎǊŜǇŀƴŎƛŜǎ ŎƻǳƭŘ ǎǘŜƳ ŦǊƻƳ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǎȅƴǘƘŜǎƛǎ 
ǊŜŎƛǇŜǎΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ǎǘǊŀǘŜƎȅ ƛǎ ŀŘǾŀƴǘŀƎŜƻǳǎ ŀǎ ǘƘŜ ǳǎŜ ƻŦ ŀ ƎǊŜŀǘ 
ǉǳŀƴǘƛǘȅ ƻŦ ƛƴǎǳƭŀǘƛƴƎ ƭƛƎŀƴŘǎ ŎƻǳƭŘ ōŜ ŀǾƻƛŘŜŘ ŀǎ C!.Ǌ ƛǘǎŜƭŦ ƘŜŀƭǎ ŀƴŘ 
ǎǘŀōƛƭƛȊŜǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ  

Figure 6. a) PL and absorption spectra of FAPbBr3 with different ratios of FABr; exhibiting a red shift 

on increasing the FABr amount. b) PL and absorption spectra of corresponding nanocubes, prepared 

using 1:1 PbBr2/FABr (top) and of corresponding nanorods prepared using 1:3 PbBr2/FABr (bottom); 

Panel a) Reprinted with permission from ref 125. Copyright 2020 WILEY-VCH verlag GmbH & Co. 

KGaA, Weinheim.  Panel b) adapted from ref. 122. Copyright 2019 American Chemical Solciety. 

{ƛƳƛƭŀǊƭȅΣ ǿŜ ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ŀ ƴƻǾŜƭ ƳƻǊǇƘƻƭƻƎȅ-ǘǳƴŀōƭŜ ǎȅƴǘƘŜǎƛǎ 
ƻŦ C!tō.Ǌо b/ǎ ǳǘƛƭƛȊƛƴƎ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ Ǌŀǘƛƻǎ ƻŦ 
ǇǊŜŎǳǊǎƻǊǎΦ122 ¢ƘŜ ŜȄŎŜǎǎ ƻŦ C!.Ǌ ȅƛŜƭŘŜŘ ŀ ǊƻŘ-ǎƘŀǇŜŘ ƳƻǊǇƘƻƭƻƎȅΣ 
ǇƻǎǎŜǎǎƛƴƎ ŀ ǉǳŀǎƛ-н5 ǎǘǊǳŎǘǳǊŜΣ ǿƘƛƭŜ ŀƴ ŜǉǳƛƳƻƭŀǊ Ǌŀǘƛƻ ƻŦ ǇǊŜŎǳǊǎƻǊǎ 
ȅƛŜƭŘŜŘ ŀ ǘȅǇƛŎŀƭ ŎǳōŜ-ǎƘŀǇŜŘ ƳƻǊǇƘƻƭƻƎȅ ǿƛǘƘ ŀ ŎǳōƛŎ ŎǊȅǎǘŀƭ 
ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ ǎǘǳŘȅ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ŜȄŎŜǎǎ ƻŦ C!ҌΣ 
ǇǊƻǘƻƴ ŜȄŎƘŀƴƎŜ ƻŎŎǳǊǎ ǿƛǘƘƛƴ ŀƳƛƴŜ-ōŀǎŜŘ ǎȅǎǘŜƳǎ Ǿƛŀ 
ƘƻƳƻŎƻƴƧǳƎŀǘƛƻƴ όC!IҌϊϊϊh!ƳύΣ ŦƻǊƳƛƴƎ ƻƭŜȅƭŀƳƳƻƴƛǳƳ ŎŀǘƛƻƴΣ 
ǇǊƻƳƻǘƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀƴ ŀŘŘƛǘƛƻƴŀƭ н5 ǎǘǊǳŎǘǳǊŜ όCƛƎǳǊŜ сōύΦ ¢ƘŜ 
ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ǉǳŀǎƛ-н5 ŎƻƳǇƻƴŜƴǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƳǇǊƻǾŜŘ ǘƘŜ t[v¸ 
ŦǊƻƳ ол҈ ǘƻ тл҈Φ ¢ƘŜ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ t[v¸ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ 
ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ŀōǳƴŘŀƴŎŜ ƻŦ .Ǌ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜ ŀƴŘ ŀƭǎƻΣ ǘƻ ǘƘŜ ǉǳŀǎƛ-
н5 crystal structure. Moreover, for the first time, a monoclinic phase 
was observed for this type of FAPbBr3 nanorods.122 
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A-site mixing 

Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ŀǇǇƭȅƛƴƎ C!.Ǌ-ǊƛŎƘ ŎƻƴŘƛǘƛƻƴǎΣ ǘƘŜ ƳƛȄŜŘ !-ǎƛǘŜ Ŏŀǘƛƻƴ 
ǎǘǊŀǘŜƎȅ Ƙŀǎ ŀƭǎƻ ƘŜƭǇŜŘ ƛƴ ōƻƻǎǘƛƴƎ ǘƘŜ ǎǘŀōƛƭƛǘȅ ŀƴŘ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ 
ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ [It b/ǎΦ163ς169 CƻǊ ƛƴǎǘŀƴŎŜΣ ŀƴ ƛƴŎǊŜƳŜƴǘŀƭ ǇŀǊǘƛŀƭ 
ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ C!Ҍ Ŏŀǘƛƻƴ ǿƛǘƘ /ǎҌ ȅƛŜƭŘŜŘ ŀ ōƭǳŜ-ǎƘƛŦǘ ƛƴ ǘƘŜ ǇŜŀƪ 
Ǉƻǎƛǘƛƻƴ ό/ǎȄC!м-Ȅtō.ǊоύΣ ǎǘŀǊǘƛƴƎ ŦǊƻƳ ром ǘƻ рмф ƴƳΣ ǿƛǘƘ ƴŀǊǊƻǿ 
C²Ia Ϥ мф-но ƴƳ όCƛƎǳǊŜ тŀύΦ ¢ƘŜ ƘƛƎƘŜǎǘ t[v¸ ǾŀƭǳŜ ƻŦ то҈ ǿŀǎ 
ƻōǘŀƛƴŜŘ ŦƻǊ Ȅ Ґ лΦмΣ ǿƘƛŎƘ ƎǊŀŘǳŀƭƭȅ ŘŜŎǊŜŀǎŜŘ ƻƴ ŦǳǊǘƘŜǊ ƛƴŎǊŜŀǎƛƴƎ 
ǘƘŜ ŀƳƻǳƴǘ ƻŦ /ǎ ŎŀǘƛƻƴΦ {ǘǊǳŎǘǳǊŀƭƭȅΣ ŀ ƎǊŀŘǳŀƭ ƛƴŎǊŜŀǎŜ ƛƴ /ǎ ŎƻƴǘŜƴǘ 
ŘƛǎǇƭŀȅŜŘ ŀ ǎƭƛƎƘǘ ǎƘƛŦǘ ƛƴ ǘƘŜ ·w5 ǊŜŦƭŜŎǘƛƻƴǎ ǘƻǿŀǊŘǎ ƘƛƎƘŜǊ нʻ ǾŀƭǳŜǎΣ 
ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ǎƘǊƛƴƪŀƎŜ ƻŦ ƭŀǘǘƛŎŜΣ ƻǿƛƴƎ ǘƻ ǘƘŜ ǎƳŀƭƭŜǊ ƛƻƴƛŎ ǊŀŘƛǳǎ ƻŦ 
/ǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ŘƻǇƛƴƎ /ǎ ƛƴ ǘƘŜ C!tō.Ǌо ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ŀƭǎƻ 
ƛƳǇŀǊǘŜŘ ƘƛƎƘŜǊ ǎǘŀōƛƭƛǘȅ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ ¢ȅǇƛŎŀƭƭȅΣ ǇǊƛǎǘƛƴŜ C!tō.Ǌо b/ 
ŦƛƭƳΣ ǿƘŜƴ ŘǊƻǇ Ŏŀǎǘ ŦǊŜǎƘƭȅ ƛƴ ŀƳōƛŜƴǘΣ ǿƻǳƭŘ ŘŜƎǊŀŘŜ ǉǳƛŎƪƭȅ 
όǾƛǎǳŀƭƭȅ ǘǳǊƴǎ ƎǊŜŜƴ ǘƻ ȅŜƭƭƻǿ ǘƻ ƻǊŀƴƎŜύΣ ƘƻǿŜǾŜǊΣ /ǎ ƛƴŎƻǊǇƻǊŀǘŜŘ 
ŦƛƭƳǎ ǊŜƳŀƛƴŜŘ ǎǘŀōƭŜ ƛƴ ŀƛǊΦ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ŀƴ ŜȄŎŜǎǎ ŀƳƻǳƴǘ ƻŦ /ǎ όȄ Ҕ 
лΦнύ ƛƴŎǊŜŀǎŜŘ ǘƘŜ ƴƻƴ-ǊŀŘƛŀǘƛǾŜ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊ ǊŀǘŜ ŀƴŘ ŘǊŀǎǘƛŎŀƭƭȅ 
ŘŜǘŜǊƛƻǊŀǘŜŘ ǘƘŜ ŦƛƭƳ ƳƻǊǇƘƻƭƻƎȅΦ153 ¢Ƙƛǎ ǿƻǊƪ ǿŀǎ ƭŀǘŜǊ ŜȄǘŜƴŘŜŘΣ 
ǿƘŜǊŜƛƴΣ ƴƻǿ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƭŜŀŘ ǿŀǎ ǾŀǊƛŜŘ ƛƴ C!лΦу/ǎлΦнtōȄ.Ǌо 
όȄ Ґ мΦлΣ лΦуΣ лΦтΣ ŀƴŘ лΦсύ ŎƻƳǇƻǎƛǘƛƻƴΦ !ǎ ǘƘŜ ƭŜŀŘ ŎƻƴǘŜƴǘ ǿŀǎ 
ŘŜŎǊŜŀǎŜŘ ŦǊƻƳ мΦл ǘƻ лΦсΣ ŀ ōƭǳŜ ǎƘƛŦǘ ƛƴ ǘƘŜ ŜƳƛǎǎƛƻƴ ǇŜŀƪΣ ŦǊƻƳ рнс 
ǘƻ рнн ƴƳΣ ǿŀǎ ƻōǎŜǊǾŜŘ όCƛƎǳǊŜ тōύΦ  
¢Ƙƛǎ ƪƛƴŘ ƻŦ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ƳƻŘƛŦƛŎŀǘƛƻƴΣ ƘŀǾƛƴƎ Ŏŀǘƛƻƴ-ǊƛŎƘ ŀƴŘ ƭŜŀŘ-
ŘŜŦƛŎƛŜƴǘ ǇǊŜŎǳǊǎƻǊǎ όȄ Ґ лΦсύΣ ƛƴǘǊƻŘǳŎŜŘ ŀ ǎŜŎƻƴŘŀǊȅ ǇƘŀǎŜ ƛƴ ǘƘŜ Ŧƛƴŀƭ 
ǇǊƻŘǳŎǘΣ ōŜƭƻƴƎƛƴƎ ǘƻ C!пtō.Ǌсκ/ǎпtō.ǊсΣ ǿƘƛŎƘ ŎƻǳƭŘ ǇƻǘŜƴǘƛŀƭƭȅ 
ƛƳǇŀŎǘ ǘƘŜ ǊŀŘƛŀǘƛǾŜ ǊŜŎƻƳōƛƴŀǘƛƻƴ ǊŀǘŜΦ 
!ƭƻƴƎǎƛŘŜΣ ŀƴ ƛƴǘŜǊŜǎǘƛƴƎ ƻōǎŜǊǾŀǘƛƻƴ ǿŀǎ ƳŀŘŜ ƛƴ ǘƘŜ ·t{ ǎǘǳŘȅΣ 
ǊŜǾŜŀƭƛƴƎ ǘƘŀǘ ǘƘŜ ǇŜŀƪ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ ƳŜǘŀƭƭƛŎ ƭŜŀŘ όϤмот Ŝ±ύ ǿŀǎ 
ŘǊŀǎǘƛŎŀƭƭȅ ŘŜŎƭƛƴŜŘ ŦƻǊ ǘƘŜ ƭŜŀŘ-ŘŜŦƛŎƛŜƴǘ ǎŀƳǇƭŜǎ όȄ Ґ лΦуΣ лΦтΣ ŀƴŘ 
лΦсύΦ ¢Ƙƛǎ ǿŀȅ ǘƘŜ ƴƻƴ-ǊŀŘƛŀǘƛǾŜ ǊŜŎƻƳōƛƴŀǘƛƻƴ ŎŀǳǎŜŘ ōȅ 
ǳƴŎƻƻǊŘƛƴŀǘŜŘ tō ŀǘƻƳǎ ƛǎ ƛƴƘƛōƛǘŜŘΦ154 wŜŎŜƴǘƭȅΣ YƛƳ Ŝǘ ŀƭΦ ŜȄǇƭƻǊŜŘ 
ǘƘŜ ǎǳōǎǘƛǘǳǘƛƻƴ ƻŦ C!Ҍ ƛƴ C!tō.Ǌо ōȅ ǎƛƴƎƭŜ ƎǳŀƴƛŘƛƴƛǳƳ όD!Ҍύ ŎŀǘƛƻƴǎΣ 
ǿƘŜǊŜ ǘƘŜ ŜȄǘǊŀ ŀƳƛƴƻ ƎǊƻǳǇ ƛƴ D!Ҍ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ƭŀǘǘƛŎŜ ƘŀƭƛŘŜǎ 
ǘƘǊƻǳƎƘ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎΣ ǇǊƻƳƻǘƛƴƎ ǎǳǊŦŀŎŜ ǎǘŀōƛƭƛȊŀǘƛƻƴΦ ¢ƘŜ 
ǎǘǊŀǘŜƎȅ ǿŀǎ ŦƻǳƴŘ ǘƻ ƴƻǘ ƻƴƭȅ ŎǊŜŀǘŜ ŀƴ ŜƴǘǊƻǇȅ-ǎǘŀōƛƭƛȊŜŘ ǇƘŀǎŜ ōǳǘ  
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ŀƭǎƻ ȅƛŜƭŘŜŘ ǎƳŀƭƭŜǊ ƳƻƴƻŘƛǎǇŜǊǎŜ b/ǎΦ158 

Figure 7. a) Absorption (left) and PL spectra of FAόмҍȄύCsxPbBr3 (x = 0ς0.6) (right). b) Absorption 
(left) and PL spectra of perovskite with varied Pb ratio in FA0.8Cs0.2PbxBr3 (right). The inset is 
the photo of as-formed perovskite nanocrystals under ultraviolet excitation. Panel a) 
reproduced with permission from ref. 153. Copyright 2017 WILEY-VCH verlag GmbH & Co. 
KGaA, Weinheim. Panel b) reproduced with permission from ref. 154.  Copyright 2018 
American Chemical Society. 

B-site mixing  

In view of lead toxicity, tin (Sn) has been considered as a promising 
substitute to lead, since both of them belong to the same group in the 
periodic table and possess a similar ionic radius, Pb2+ ~ 119 pm and 
Sn2+  ~ 118 pm.170 However, Sn-based perovskites are remarkably 
prone to oxidation, converting from Sn2+ to Sn4+ and thus, 
deteriorating the optoelectronic properties.171 While earlier studies 
were focused on the Cs-based172,173 or MA-based174,175 perovskites for 
Pb-Sn mixed composition, recently FAPb1-xSnxBr3 NCs176,177 have also 
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gained momentum, along with partial Pb replacement by other metals 
in the perovskite structure.178ς181 Cai et al. reported the facile 
synthesis of FAPb1-xSnxBr3 NCs at RT using a modified LARP 
approach.155 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 blue-shifted, peaking from 534 nm (x = 0) to 516 
nm (x = 0.5), yielding high PLQY up to 97% for x = 0.2 composition and 
then plunges with higher x content. Furthermore, the decay time also 
increased from 161 ns (x = 0) to 182 ns (x = 0.2) and then drastically 
reduced to 40 ns (x = 0.5), indicating a higher non-radiative 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 
ŘŜƭŜǘŜǊƛƻǳǎ ŦƻǊ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ŀǇǇƭƛŎŀǘƛƻƴǎΦ YƻǾŀƭŜƴƪƻΩǎ ƎǊƻǳǇ ǎǘǳŘƛŜŘ 
the growth mechanism, shape evolution, and halide ion segregation of 
FAPbX3 (X = Br/Cl) nanocubes and NPLs by employing an automated 
droplet-based microfluidic method.136 This route of synthesis enables 
an in-situ absorption and PL spectroscopy that assists in understanding 
and fine-tuning 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 FAPbBr3 structure 
(above 40%) result in fast halide ion segregation, causing instability in 
optical properties.136 Next, an ion-exchange reaction was performed 
by blending the as-prepared FAPbBr3 NCs with PbX2 (X = Cl and I), as a 
post-synthetic transformation. This strategy yielded a series of NCs 
with tunable emission wavelengths ranging from 452 to 646 nm. The 
XRD patterns remained unchanged on varying compositions. However, 
the mixed halide composition exhibited lower PLQY as compared to 
FAPbBr3, indicating degradation and phase separation.156 Pisanu et al. 
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utilized the mixed cation system FA0.8Cs0.2PbBr3 to perform a halide 
exchange reaction, using PbI2 and PbCl2, as a post-synthetic step at 
room temperature.182 They could modulate the emission wavelength 
simply by varying the stirring time, starting from 5 to 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 
reactions. The impact of mixed-cation and -anion compositions on the 
optoelectronic properties can be seen in Table 1.  

2.2.5 Dimensionality 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 co-ǿƻǊƪŜǊǎΩ ǊŜǇƻǊǘ ƻƴ ό/4N9NH3)2(MA)n-1SnI3n+1 όƴ Ґ м ҍ 
5) composition.183 Recently, nanoplatelets (NPLs), having 2D structure, 
have attracted considerable attention due to their added advantage of 
high Eb and air stability along with tunable optoelectronic 
properties.51,184 Furthermore, they can be synthesized with thickness 
less than 4 nm, featuring a strong directional confinement effect and 
large Eb (a few hundred meV).66 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 overcome this issue, numerous amounts of research 
have been performed on the quasi-2D structure, which combines the 
merit of both 2D and 3D structures. Generally quasi-2D perovskites 
can be seen as self-assembled multi-quantum well systems, where the 
combined effect of large Eb and dielectric confinement make it difficult 
for excitons to dissociate and form free carriers, which is highly 
desirable for PeLEDs application.75,185,186 Notably, the Eb of an exciton 
in a 2D system is known to be 4 times larger than the 3D counterparts. 
However, the confinement effect decreases as the size of inorganic 
ǎƭŀōǎ ƛƴŎǊŜŀǎŜǎΦ /ƻƳǇŀǊŜŘ ǘƻ о5 ǇŜǊƻǾǎƪƛǘŜǎ όƴ Ҧ қύΣ ǘƘŜ ǉǳŀǎƛ-2D 
layered structure is incredibly attractive for PeLED application due to 
1) a higher moisture resistance, owing to the hydrophobic nature of 
ǘƘŜ ƻǊƎŀƴƛŎ ŎŀǘƛƻƴΣ ŀŎǘƛƴƎ ŀǎ ŀ ΨǊŀƛƴŎƻŀǘΩ нύ ƘƛƎƘŜǊ ŎƘŀǊƎŜ-carrier 
confinement and 3) larger binding energy to prevent easy dissociation 
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of the exciton.187 Nevertheless the PLQY decreases as the 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 non-radiative recombination. 
Therefore, constructing pure 2D perovskites (n = 1), exhibiting pure 
blue emission, with fewer defects is quite challenging.186 Zhang et al. 
reported a colloidal synthesis technique for micrometer-sized FAPbBr3 
nanosheets, having monolayer-thickness of n = 2.110 They found that it 
has been challenging to control the thickness of 2D sheets (especially 
for n > 2) in colloidal synthesis and usually, sheets with varying 
thicknesses were obtained. Later, Kumar et al. fabricated ultrapure 2D 
FAPbBr3 NPLs, with n ranging from 7 to 10. As the colloidal stability of 
2D FAPbBr3 is considered to be low in highly polar solvents, such as 
DMF content in toluene, the synthesis was carried out by dissolving 
FABr and PbBr2 separately in ethanol and DMF, respectively. They also 
incorporated a small amount of polymeric compound, poly-methyl-
methacrylate (PMMA) into the FAPbBr3 colloidal solution, to enhance 
the dielectric quantum well effect. As a consequence, the synthesized 
FAPbBr3-PMMA complex showed an increase in PLQY from 88 to 92% 
along with a decrease in exciton lifetime from 42 to 24 ns. The NPLs 
also exhibited high color purity with FWHM = 22.8 at an emission 
wavelength of 530 nm (Figure 8a).159  
One of 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 issue, Li et al. followed a HI approach to synthesize 
2D FAPbBr3 NPLs 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-
methyl-1-pentanol could only dissolve FABr when the temperature 
had reached 120 °C. The 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 an Eb of 168.4 meV. Moreover, 
NPLs could be washed several times to remove excess ligands, 
withoutlosing stability, which is an added advantage for the final 
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device performance.160 Yu et al. demonstrated a novel ion-exchange 
mediated self-assembly (IEMSA) method to prepare FAPbBr3 NPLs 

Figure 8. a) PL spectra for the colloidal 2D FAPbBr3 perovskites and their composite with 
PMMA in toluene solution and thin films b) SEM image of FAPbBr3 NPLs and inset depicts the 
SEM image of OA2PbBr4 c) Schematic illustration of the synthesis process of FAPbBr3 NCs (left) 
and PL absorption and emission spectra of (SBE-18)-capped FAPbBr3 NCs and OA/OAM-
capped FAPbBr3 NPLs, 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 2018 WILEY-VCH verlag GmbH & Co. KGaA, Weinheim. Panel 
c) reproduced with permission from ref. 162. Copyright 2019 American Chemical Society. 

(Figure 8b). The 2D layered NPLs, OA2PbBr4, prepared using the 
spontaneous reprecipitation method, were exposed to FA 
acetate/acetic acid solution in 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 the OA2PbBr4 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 FAPbBr3 NPLs. The FAPbBr3 NPLs 
demonstrated an ultrapure green emission, finely tunable in the 
narrow range of 525-535 nm, with high PLQY (74-85%) and FWHM < 
25.161 Generally, a slight change in thickness causes a large shift in PL 
emission, making emission fine-tuning quite challenging, especially for 
perovskite prepared using LARP or HI approach. For Instance, Fang et 
al. utilized a modified LARP method to synthesize 2D FAPbBr3 NPLs by 
varying ligands concentration.   

Table 1. Impact of ligand, composition and dimensional engineering on optoelectronic performance 
of FAPbBr3 NCs. 

Composition Synthesis 

route 

Ligands PLQY 

(%) 

Emission 

maxima 

(nm) 

FWHM Ref. 

Ligand Engineering 

3D FAPbBr3 

QDs 

HI OAmBr/OAc 85 530 22 59 

3D FAPbBr3 

NCs 

HI OAm/OAc 95 531 20 114 

3D FAPbBr3 

NCs 

Emulsion 

(RT) 

Butylamine/OAc 

Hexylamine/OAc 

Octylamine/OAm 

72 

69 

64 

528 

522 

522 

27  134 

3D FAPbBr3 

NCs 

HI TOPO/OAc 70 518 - 145 

3D FAPbBr3 

QDs 

HI SA/OA 88 537 21 115 

3D FAPbBr3 

NCs 

HI OAm/OAc ~91-95% 532 ~22 135 

3D FAPbBr3 

NCs 

HI OAmBr/OAc   85.8 525 24 2 

Compositional Engineering 

  

3D FAPbBr3 

NCs 

LARP OTA/OAc 74a 532 22 125 

FAPbBr3 NCs LARP OAm/OAc 70b 

  

496, 530 

  

- 122 

FA0.8Cs0.2PbBr3 

NCs 

LARP OTA/OAc 65 525 ~20 153 
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FA0.8Cs0.2Pb0.7B

r3 NCs 

LARP OAm/OAc 70-85 522 ~ 20 154 

FAPb0.8Sn0.2Br3 

NCs 

LARP OAm/OAc  97.5 ~530 ~23 155 

FAPb(Cl0.8Br0.2)3 

NCs 

Microfluidic OAm and OAc  56 ~512 ~27 136 

FAPbX3 NCs one-step 

homogeneou

s (RT) 

tetraoctylammoniu

m bromide/OAc 

 76             518 20 156 

FAPbBr3  NCs Emulsion OTA/OAc 88 538 22 157 

FAPbBr3/FAxCs1

-xPbBr3 

/CsPbBr3 

HI OAc/OAm 82        

93 (x =1) 

532 

504 

21 

18 

8 

FA0.9GA0.1PbBr3 LARP Decylamine/OAc 93.3 ~533 - 158 

Dimensional Engineering 

  

2D FAPbBr3 

NPLs     (n = 7 - 

10) 

LARP OTA/OAc 92c 530 2.6 159 

2D FAPbBr3 

NPLs 

(n = 7 - 10) 

HI 2-methyl-1-

pentanol 

92 531 22 160 

2D FAPbBr3 

NPLs 

Ion-exchange 

mediated 

self-assembly 

OA 85 525 25.3 161 

2D FAPbBr3 

NPLs 

(n = 1 ς 4) 

LARP OTA/OAc 91 532  21 60 

2D FAPbBr3 

NCs 

(n = 4) 

LARP SBE-18 90.6 534 20.5 162 

a values obtained for FABr:PbBr2 = 2.2:1. b Values obtained for rod-shaped FAPbBr3 NCs. C 

Values obtained for FAPbBr3 NPLs + PMMA composite. 

3 Application of FAPbBr3 NCs 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 and holes are injected from anode and cathode, which 
transport through the charge selective layers, and then radiatively 
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recombine inside emitting layer to emit photons.189 The performance 
of LEDs depends on three major parameters: (i) PLQY of NC thin films, 
(ii) 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 layer for next-generation 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. Due to the loss of ligands, solid-state 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 charge 
transport inside NC thin films, resulting in non-radiative Auger 
recombination. Apart from the NC thin films, high-performing devices 
also require efficient charge injection from charge selective layers to 
the emitter layer. This can be achieved by proper band alignment of 
the charge selective layers and utilizing additional carrier blocking 
layers to effectively confine charges within the emitter layer.  

3.1 Green emitting FAPbBr3 LEDs 

The utilization of FAPbBr3 NCs in LEDs was first reported by Perumal et al. 
¢ƘŜȅ ŜȄŀƳƛƴŜŘ нΣн Σн-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 
(TPBi) and 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine 
(B3PYMPM) as electron transport layers (ETL), while poly(3,4-
ethylenedioxythiophene):poly(styrene-sulfonate) PEDOT:PSS) was employed 
as hole transport layer (HTL) (Figure 9a). The device with B3PYMPM 
exhibited bright EL of up to 2714 cdm-2, while TPBi exhibited higher 
luminous efficiency of 6.4 cd A-1, and luminous power efficiency of 5.7 lm W-

1 (Figure 9b-d).100 While the performance was modest, it is far from the 
standards required for commercialization or even comparable with OLEDs 
and QLEDs. The poor performance of LEDs was attributed to the excess 
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 nature. Therefore, it is imperative to 
optimize the ligand density and chain length on the surface to realize 
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efficient charge transport and injection properties.127ς131 Additionally, 
PeLEDs are mostly based on a mainstream device architecture, consisting of 
glass / ITO / PEDOT:PSS / perovskite / TPBi / LiF / Al composition, in light of 
the well-aligned band with the  ETL  and the  HTL. However, the acidic  

Figure 9. The device architecture along with the schematic energy level. b) The PL spectra of FAPbBr3 
NCs and the EL spectra of PeLED with B3PYMPM and TPBi as ETL c) Current density/Luminance vs 
Voltage characteristic 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 
TPBi as ETL. Figures from a) ς d) are adapted from ref. 100. Copyright 2016 Scientific reports.  

nature of PEDOT:PSS and electrochemically active LiF and Al exacerbate the 
device instability.190,191 It has been demonstrated that the hygroscopic 
nature and the acidity of the PSS group cause the breakdown of the device 
upon exposure to oxygen and moisture.192 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 ligands, a mixed-cation system is considered a potential approach to 
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improve the device performance. Zhang et al. constructed PeLEDs based on 
FAмҍȄCsxPbBr3 ŎƻƳǇƻǎƛǘƛƻƴΣ ǿƘŜǊŜ ǇŜǊƻǾǎƪƛǘŜΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀƴŘ ŘŜǾƛŎŜ 
performance were strongly dependent on the Cs content. The optimized 
composition, having x = 2, exhibited a reasonable EQE of 2.8%, a 
luminescence of 55005 cd m-2

, and a CE of 10.09 cd A-1 (Figure 10a).153 
Afterwards, Zhang et al. adopted a stoichiometric modification approach, 
where they utilized the aforementioned mixed A-cation composition 
(FA0.8Cs0.2PbxBr3), while decreasing the amount of Pb, to inhibit the non-
radiative recombination caused by the presence of undercoordinated 
metallic lead atoms (Pb0). Interestingly, as the value of x decreased from 1 
to 0.7, the device performance and stability were greatly boosted, achieving 
a maximum luminescence, CE and EQE of 45440 cd m-2, 28.61 cd A-1 and 
and 6.75%, respectively (Figure 10b). The enhanced performance is 
attributed to the improved hole injection barrier at the interface between 
perovskite and HTL. Moreover, the elevated device stability is attributed to 
the hydrogen-bonding interaction between the organic cation and halide 
anions, triggered by the moderately adsorbed moisture, especially for lead-
less perovskites with organic-rich composition. Notably, a further decrease 
in the Pb content, from 0.7 to 0.6, deteriorated the device performance.154 
Overall, the A- and B-site cation play a dominant role in affecting the device 
performance. For instance, a similar study based on lead-less perovskites 
(FAPb0.7Sn0.3Br3) exhibited a high EQE of 11.38% with maximum luminous 
efficiency up to 45.99 cd A-1.155 

Recently, Kim et al. fabricated the most efficient green LED to date, based 
on FA1-xGAxPbBr3. As x increased from 0 to 0.1, the CE increased from 61.3 
to 95.7 cd A-1. With further post-treating the surface by introducing a 
bromide vacancy healing agent, 1,3,5-tris(bromomethyl)-2,4,6-
triethylbenzene (TBTB), between NC films and TPBi layer, the surface 
defects and hence, the non-radiative recombination were greatly 
suppressed, achieving a CE and EQE of 108 cd A-1 and 23.4%, respectively. 
Although the mixed-cation strategy (A-site or B-site) has shown 
considerable improvement in device performance as well ŀǎ ƳŀǘŜǊƛŀƭΩǎ 
stability towards ambient conditions, the operational stability still remains 
far from the commercial standards.158 Furthermore, besides ligands having 
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an insulating nature, the ligand binding to the NC surface is also highly 
dynamic, inducing their detachment during the purification process and  

Figure 10. a) EQE-current density (left), and current efficiency-current density of PeLEDs based 
on FA1-xCsxPbBr3 (x = 0, 0.1, 0.2 and 0.3) (right). b) EQE-current density (left), and current 
efficiency-current density of PeLEDs based on FA0.8Cs0.2PbxBr3 (x = 1.0, 0.8, 0.7 and 0.6) (right). 
Panel a) reproduced with permission from ref. 153. Copyright 2017 WILEY-VCH verlag GmbH 
& Co. KGaA, Weinheim. Panel b) reproduced with permission from ref. 154.  Copyright 2018 
American Chemical Society. 

thus, causing further instability.126 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 significantly influence the nature of the surface.194ς196 However, it 
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is important to note that such a core-shell structure is more beneficial when 
there is a minimum lattice mismatch between the core and the shell, 
reducing the interfacial energy of the hybrid structure.197,198  
Zhang et al. recently synthesized stable core/alloyed-shell/shell structure of 
FAPbBr3/FAxCs1-xPbBr3/CsPbBr3 NCs. The incorporation of the alloyed layer 
in the core-shell structure mitigated the lattice mismatch between the core 
and the shell, yielding a high PLQY of 93%. The core-shell NC-based LED 
exhibited higher luminance (1758 cd m-2), CE (19.75 cd A-1), and EQE (8%) as 
compared to core-only LED devices. Moreover, the operational stability was 
also significantly enhanced.8 Another alternative strategy to obviate the use 
of excess ligands is to incorporate the excess of A-site cation, which has 
been demonstrated to be an effective method in promoting radiative 
recombination. Recently, Chen et al. synthesized FAPbBr3 NCs by varying the 
stoichiometry of FABr/PbBr2 in the precursor solution. As shown in Figure 
11a, excess FABr helps in self-passivating 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 improvement. 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 FABr/PbBr2 
yielded an EQE of 17.1%, which is a respectable value for green LEDs based 
on FAPbBr3 NCs (structure: ITO/PEDOT:PSS/PVK/FAPbBr3 NCs/TPBi/LiF/Al 
(Figure 11c)).125 Notably, this strategy does not apply for B-site cation as an 
excess of Pb has shown to deteriorate the device performance.154 Recently, 
the mixed-cation perovskites NCs (FA0.5MA0.5PbBr3) were synthesized by 
employing a range of alkylamine ligands, having varied chain lengths (C6 ς 
C16).193 In this work, the authors found out that a higher degree of quantum 
confinement was established by increasing the hydrophobicity of the ligands 
(Figure 11d), yielding smaller crystallites. Generally, it is well known that in a 
quantum-confined system, the electron-hole wavefunction overlaps 
together, resulting in larger recombination rates and luminescence 
efficiency as compared to the bulk. Herein, through ligand engineering, a 
ŎƭŜŀǊ ƛƴŦƭǳŜƴŎŜ ƻŦ ƭƛƎŀƴŘ ƭŜƴƎǘƘ ƻƴ ǘƘŜ ƭǳƳƛƴŀƴŎŜΣ ǘƘŜ ŘŜǾƛŎŜΩǎ ǘǳǊƴ-on 
voltage, and the EQE were explored and is depicted in Figure 11e and 11f. 
Notably, the CE and EQE values reached a maximum of 38.1 cd A-1 and 
16.2%, respectively, for C10. However, the efficiency, hereafter, began to 
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drop for ligands with longer chain length (C12 - C16), despite having near-
unity PLQY, perhaps due to their insulating 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, enabling improved light 
outcoupling efficiency.193 Similarly, Kim et al. also investigated the impact of 
ligand chain length on LED performance. Different from the 
abovementioned study, a gradual decrease in the chain length, from 
octylamine (C8) to butylamine (C4), resulted in an increase in current 
density and a decrease in turn-on voltage of FA-based LEDs, achieving a 
maximum EQE of 2.05%.134 The variation in trends and performance as 
compared to aforementioned study could be attributed to the differences in 
the choice of A-site cation and the synthesis protocol. Recently, Zhao et al. 
replaced the conventional ligand system (OTA/OAc) with short aromatic 
ligands of 2-naphthalene sulfonic acid (NSA) for LED application. It was 
revealed that the NSA molecules not only 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 cmς2 and EQE of 19.2%.199 
While most of the work on 3D FAPbBr3 is focused on improving the 
optoelectronic properties of NCs, suitable device architecture with efficient 
charge injection also plays a key role in improving the performance of 
PeLEDs. For instance, Fan et al. 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 FAPbBr3 NCs in toluene. They found 
that the parasitic emission due to interface was gradually disappeared on 
increasing the concentrations of NCs, indicating the exciton recombination 
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 the maximum EQE of 3.84%, Commission Internationale de 
L'Eclairage (CIE) of 0.183, 0.763, CE of 16.08 cd A-1, and PE of 12.95 lm W-1.2 
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Zhang and co-workers reported a modified nonaqueous emulsion synthesis 
to produce highly luminescent and color-tunable mixed-halide FAPb(BrxX1-x) 
QDs at room temperature, covering most of the visible region (430-690 nm). 
The as-prepared FAPbBr3 QDs exhibited bright green emission at 538 nm 
with FWHM ~ 22 nm and a high PLQY of 88%. However, the resulting 
FAPbBr3 QDs-based LED could reach only a luminance of 403 cd m-2, a 
maximum EQE of 2.8%. One of the possible reasons was the use of polar 
solvent, DMF, during the synthesis which is known to offer poor stability to 
the NCs.157  

3.2 Low-dimensional FAPbBr3 LEDs 

From the device application point of view, besides PLQY, Eb is another 
significant parameter for PeLED performance. Theoretically, the large Eb 
promotes the recombination 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 Eb (as a result of reduced dielectric 
screening) and the quantum confinement effect, which promotes the 
formation of excitons rather than free carriers. Additionally, they also take 
advantage of efficient energy funneling from small n- to large n-domains, 
promoting radiative recombination.200 Kumar et al. reported the ultrapure 
green LEDs based 2D FAPbBr3 NPLs (n = ~ 7 to 10 and Eb = ~162 meV), 
exhibiting a maximum EQE and luminance of 3.04% and 2939 cd m-2, 
respectively. Notably, the efficiency of the device based on the 2D FAPbBr3-
PMMA complex exhibited 3 times better performance as compared to the 
neat FAPbBr3, which can be attributed to the dielectric confinement effect 
induced by the polymer. Although the recorded device performance is fair 
ǘƻ ƳƛŘŘƭƛƴƎΣ ǘƘƛǎ ǎǘǳŘȅ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŜ ΨƎǊŜŜƴŜǎǘΩ [95 ŜǾŜǊ ǊŜǇƻǊǘŜŘΣ 
corresponding to the CIE 1931 color coordinates of (0.168, 0.773).159 
Similarly, another study on FAPbBr3 NPLs (n = 1-4) demonstrated a large Eb 
of 287.5 meV. The PeLEDs based on FAPbBr3 NPLs displayed a maximum CE 
and EQE of 15.31 cd A-1 and 3.53%, respectively, with decent air stability.60 
Li et al. explored the impact of solvent polarity on device performance.  
Particularly, they synthesized FAPbBr3 NPLs using a low-polar solvent, which 
greatly improved the stability 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 17.32 cd A-1 and 4.5%, 
respectively. The high performance is attributed to the high Eb (168 meV) 
and impressive PL properties of FAPbBr3 NPLs. Additionally, the adoption of 
low polar solvent also assisted in aiding stability, which certainly also 
contributed to high device performance.160  

Figure 11. a) Reaction illustrating the self-passivation of excess FABr b) EQEςluminance curves of 

PeLEDs based on FAPbBr3 NCs with varying molar ratio of FABr/PbBr2 c) Energy band diagram of 

FAPbBr3 NCs with varying molar ratio of FABr/PbBr2 d) PL emission spectra of FAPbBr3 NCs 

synthesized using varied chain length of alkylaamine ligands e) Current efficiency as a function of alkyl 

chain length, and f) Luminance-voltage curves for PeLEds with different chain length (from C6 ς C16). 

Panel a-c) adapted from ref 125. Copyright 2020 WILEY-VCH verlag GmbH & Co. KGaA, Weinheim. 

Panel d-f) reproduced with permission from ref. 193. Copyright 2019 American Chemical Society. 

3.3 Blue-emitting FAPbBr3 LEDs 

The development of blue PeLEDs has not gained a similar level of 
success as compared to their green and red counterparts. The blueς
emissive perovskites possess a wide bandgap which significantly 
increases the likelihood of sub-bandgap trap states. Moreover, the 
larger bandgap requires higher turn-on voltages, which again 
adveǊǎŜƭȅ ƛƳǇŀŎǘǎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǘŀōƛƭƛǘȅΦ  DŜƴŜǊŀƭƭȅΣ ǘƘŜ ōƭǳŜ 
luminescent perovskites can be obtained by either of the two ways: (i) 
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Doping Cl- in Br-based perovskites, as the bandgap of pure chloride 
effect in the pure Br- based perovskites NCs (QDs or NPLs).30,203 
However, the mixed-halide perovskites depict two major limitations: 
(i) The Cl- based perovskites usually exhibit low PLQY, which eventually 
affects the efficiency of the resultant blue-emission based on mixed-
halide perovskites (ii) They tend to exhibit phase segregation, resulting 
in either multiple emission peaks or a shift of emission towards the 
green region.204 To mitigate inhomogeneous distribution and ion 
migration during operation, Zhang et al employed Cl-terminated 
amine ligands, 2-(2-naphthyl)ethylamine hydrochloride to synthesize 
FAPbBr3-xClx NCs. Instead of typical NC synthesis, they formed NCs 
directly on conducting substrate using antisolvent treatment. The 
device architecture is shown in Fig 12a. The resultant device achieved 
a significantly improved performance with EL emission centered at 
птп ƴƳΣ ǘƘŜ ƳŀȄƛƳǳƳ ƭǳƳƛƴŀƴŎŜ ƻŦ нумл ŎŘ Ƴ-2, and EQE of 3.1% 
along with enhanced spectra stability (Figure 12).33 As compared to Br-
ligands, Cl-terminated ligands demonstrated much-improved device 
efficiency, stability with the least amount of peak shifts with increased 
applied voltage (Fig 12 e-f).  In contrast, single halide NPLs, possess a 
large Eb and dielectric barrier which is expected to impede ionic 
migration. Recently, Peng et al. synthesized deep-blue emitting 
colloidal FAPbBr3 NPLs (n = 2) using the one-step TOPO-mediated 
reprecipitation method. In this approach, they synthesized FAPbBr3 
NPLs using both conventional pairs of ligands, OAc/OAm and 
OAc/OAmBr. The latter combination of ligands yielded stable blue-
emission at 440 nm and high QY up to 55%. Due to the low solubility 
of PbBr2 in a polar solvent, TOPO was employed as a coordinating 
solvent in the reaction.  Phosphines are known to possess strong 
coordination ability as the functional group P=O acts as electron-
donating ligands and binds to the Pb atom, forming a PbBr2-TOPO 
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 acid-base equilibrium between protic acid and 
TOPO. By effectively optimizing the concentration of ligands, the final 
product, FAPbBr3 NPLs, exhibited high chemical and structural 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 deep-blue emitting perovskite was 
employed as an emissive layer in the LED device structure, yielding an 
EQE of 0.14% at low operating voltage.32 

 

Figure 12. (a) Device structure of FAPbBrоҍȄClx thin films (b) Current density-voltage-luminance 
curves for PeLED device. (c) External quantum efficiency curves of the resultant PeLEDs 
fabricated by Br-ligands and Cl-ligands. (d) The corresponding CIE color coordinates of EL 
devices based on Br-ligands and Cl-ligands. (e) EL spectra based on Br-ligands derived devices 
under varied biases. (f) EL spectra of Cl-ligands derived devices under varied biases. The inset 
shows an optical picture of an operating device. Panel a) ς f) adapted with permission from 
ref. 33. Copyright 2020 American Chemical Society. 

 

Table 2. Performance of PeLEDs based on FAPbBr3 NCs.  

Device architecture 

  

EL 

(nm) 

Voltage 

(V) 

Luminous 

efficiency 

(cd A-1) 

Maximum 

Luminousity 

(cd m-2) 

EQE 

(%) 
Stability Ref. 

PEDOT:PSS/FAPbBr3/B3PYMPM/CsCO3/Al 

PEDOT:PSS/FAPbBr3/TPBi/CsCO3/Al 

  

   

530.7 

   

533.4 

2.3 

2.8 

5.4 

6.4  

2714 

465 
- - 100 

ITO/Buffer hole injection 

layer/FAPbBr3/TPBi/LiF/Al (hole only device) 
530 4.5 

   0.46a 

   9.16b 

3.348a 

142.56b 

0.16a 

2.05b 
- 134 

ITO/PEDOT:PSS/PVK/FAPbBr3/TPBi/LiF/Al 536 3.6 76.8 466 17.1 
T50 = 18 

min 

   

125 
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ITO/PEDOT:PSS/PVK/FAPbBr3/TPBi/LiF/Al 545 3.9 20.3 33993 4.07 
T50 = 6 

min 
115 

ITO/PEDOT:PSS/TFB/FA0.8Cs0.2PbBr3/TPBi/LiF/Al 525 3.5   10.09 55005 2.80 
T50 = 

80s 
153 

ITO/PEDOT:PSS/TFB/FA0.8Cs0.2Pb0.7Br3 

/TPBi/LiF/Al 

   

~530 
3.3   28.61 45440 6.75 

T50 = 4 

min 
154 

ITO /PEDOT:PSS/FA0.5MA0.5PbBr3 /3TPYMB /LiF 

/Al 
528   3.37         38.1 3322 16.2 

L85 = 

243 

min  

   

193 

ITO/PEDOT: PSS/ PVK/ FAPb0.7Sn0.3Br3 / TPBi/ 

LiF/ Al 
528 9.8   45.99 7492 11.38 

T50 = 

1.7 min 
155 

ITO/PEDOT:PSS/TFB/FAPbBr3QDs/TPBi/LiF/ Al 545 3.3 - 403 2.8 - 
   

157 

ITO/PEDOT:PSS/PVK/FAPbBr3NCs/TPBi/LiF/Al 532 3.8         85.4 67,115 19.2 
T50 = ~ 

20 min 
199 

ITO/PEDOT:PSS/Poly-TPD/  FAPbBr3/FAxCs1-

xPbBr3 /CsPbBr3NCs (x = 1)/TPBi/LiF/Al 
508 2.6   19.75 1758 8.1 

T50 = ~ 

48 min 
8 

ITO/PEDOT:PSS/PVK/FAPbBr3 NCs /TPBi /LiF/Al 528 3.6   16.08 594.1 3.84 - 2 

ITO/PEDOT:PSS/ FAPbBr3xClx/B3PYMPM/LiF/Al 473 3.9 - 2810 3.1 
T50 = 

~74 s 
33 

ITO/PEDOT:PSS/PVK:TAPC/FAPbBr3 

NPLs/TPBi/Ca/Ag 
532  3.53   15.31   3062 3.53 

T50 = 32 

min 
60 

ITO/PEDOT:PSS/2D FAPbBr3 NPLs+ 

PMMA/3TPYMB/LiF/Al 
529  2.75  13.02 2939 3.04 - 159 

ITO/PEDOT:PSS/Poly-TPD/2D FAPbBr3 

NPLs/TPBi/LiF/Al 
534 4  17.32 7205 4.5 - 160 

ITO/Buf-HIL/FA0.9GA0.1PbBr3/TBTB/TPBi/LiF/Al 531  -         108 - 23.4 

T50 = 

132   

min 

158 

Device performance recorded for a n-octylamine and b n-butylamine Ligand. TFB = poly[9,9-
dioctylfluorene-co-N-[4-(3-methylpropyl)]diphenylamine, PVK = poly-N-vinylcarbazole, 3TPYMB = 
Tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane, TAPC = 1,1-Bis[(di-4-
tolylamino)phenyl]cyclohexane, B3PYMPM = 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine. 

4 Looking 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 cost-efficient 
solution-processing routes. FAPbBr3, having an ideal perovskite crystal 
structure, remains one of the most important representative 
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candidates of halide perovskites. The application of FAPbBr3 NCs 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 and fine-tuning 
the optoelectronic properties of FAPbBr3 NCs and their variants. The 
eventual impact of compositional, surface, and thus judicious defect 
engineering on the LED device performance has also been reviewed. 
Within the last decade, various strategies were developed to improve 
b/ǎΩ ǇŜǊŦƻǊƳŀƴŎŜΣ ǎǘŀōƛƭƛǘȅΣ ŀƴŘ [95 ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΦ IƻǿŜǾŜǊΣ ŘŜǎǇƛǘŜ 
the great success achieved so far, several bottlenecks are yet to be 
addressed before commercialization. We envisage that with a 
common goal of sustainable earth, significant challenges are waiting to 
be tackled for halide perovskites in general, and for FAPbBr3 NCs, 
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 retain the full potential 
of their exceptional properties when deposited in solid-state (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 stabilizing- though insulating - 
hydrophobic ligands and charge transport properties. Particularly, 
organic ligands are essential to improve the morphology and air 
stability of perovskite NCs. Moreover, the incorporation of ligands also 
offers potential for dimensional-dependent photophysical properties. 
It has been illustrated that the length of the alkyl chain greatly 
influences the optoelectronic properties; short-chain 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. Post-treatment with inorganic passivating 
agents could be employed as an additional synthesis step to heal the 
defects formed upon washing. Additionally, environmental stability 
ŎƻǳƭŘ ōŜ ŜǎǘŀōƭƛǎƘŜŘ ōȅ ŎƻŀǘƛƴƎ b/ǎΩ ǎǳǊŦŀŎŜǎ ǿƛǘƘ ŀ ƳŜǘŀƭ ƻȄƛŘŜ ƻǊ 
hydrophobic polymers, resulting in a core-shell structure.  
The size of the A-cation not only determines the crystal structure but 
also impacts the stability. Therefore, by carefully designing the 
composition of the A-site cation, strong electrostatic interactions, such 
as hydrogen- or halogen-bonding, can be induced. For instance, partial 
substitution of the A-site cation with an inorganic substitute, such as 
NH4Br, could be an interesting alternative to boost stability. This 
substitution offers 1) A stronger ionic interaction of NH4

+ with the 
halide ion as compared to FA+, owing to the differences in their ionic 
radii, resulting in enhanced stability. 2) The Br-rich conditions provided 
by NH4Br have been demonstrated to passivate the undercoordinated 
Pb sites, promoting stability. More such alternatives of substituting 
FA+ with inorganic cations could be an interesting approach to boost 
the stability of FAPbBr3 NCs. Additionally, mixed A-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 stability enhancement. Moreover, besides A-site mixing, 
a partial B-site cation exchange reaction between Pb2+ and Mn2+ has 
been widely studied, especially for inorganic perovskites, and has 
proven to add stability to the structure. Moreover, it also reduces the 
toxicity of Pb-based perovskites. However, to the best of our 
knowledge, no study on Mn2+-doped FAPbBr3 NCs has been reported 
yet. These ideas represent an important area for further investigation 
and may pave the way to ameliorate the balance between stability 
and efficiency. 
Low-dimensional 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 promising one for LED application. Although surplus studies 
have been performed on (quasi-)2D FAPbBr3-based thin films for LED 
applications, rare studies have been reported on the synthesis of 2D-
FAPbBr3 NCs and their implementation in the device application. 
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Together with the aid of compositional and phase engineering, it is 
believed that stability-related concerns can be alleviated further. 
As much as ligands or partial substitution of cations and anions are 
necessary to enhance the performance of perovskite NCs, the 
synthesis methodologies also make a substantial impact. Thus far, 
ligand-assisted reprecipitation (LARP) and hot injection (HI) 
approaches have been majorly adopted for the preparation of FAPbBr3 
NCs, however, the emulsion-based method (a room-temperature re-
precipitation approach) has rarely been explored for this composition. 
Moreover, other synthesis approaches, such as mechano-chemical 
methods, can limit the use of polar solvents and high temperatures, 
which could favor the stability aspect and processing costs. 
Additionally, this technique is advantageous for mass production, 
which can be promising for large-scale commercial applications, and 
thus, it is worthwhile pursuing further.  
The PL peak position is tunable by altering the composition 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 shape-tunable synthesis of NCs, especially for FA-based 
perovskites, are still lacking and require more attention. Such 
morphology-tunable synthesis would be intriguing to understand the 
effect of the shape of NCs on the device performance. For instance, 
oriented deposition of rod- or- wire-like NC structures could induce 
directional charge mobility, thereby 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, FAPbBr3 holds 
potential for the unprecedented generation of cost-effective, wide-
color gamut and flexible displays. aƻǊŜ ŀǘǘǊŀŎǘƛǾŜƭȅΣ C!tō.Ǌо b/ǎ 
ŜƴŘƻǿ ŀ t[ ǎǇŜŎǘǊǳƳ җ рнл ƴƳ ǿƛǘƘ ƴŀǊǊƻǿ C²IaΣ ǇǊƻǾƛŘƛƴƎ ǘƘŜ 
ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ŀŎƘƛŜǾŜ ǘƘŜ ƴŜǿƭȅ ŘŜŦƛƴŜŘ ŎǊƛǘƛŎŀƭ ǿƛƴŘƻǿ ƻŦ 
wŜŎƻƳƳŜƴŘŀǘƛƻƴ нлнлΦ However, there are still some pending 
challenges to address before furthering the advancement of this 
exciting field: 
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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. Amongst others, PEDOT:PSS is one 
of the most widely used hole transport layers (HTLs) in the fabrication 
of FAPbBr3 NCs-based LED devices and it is well known that PEDOT:PSS 
tends to corrode the ITO, deteriorating the device performance. 
Therefore, the acidic PEDOT: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 PeLEDs, possessing high efficiency and 
ƻǇŜǊŀǘƛƴƎ ƭƛŦŜǘƛƳŜΣ ǊŜƳŀƛƴǎ ǘƘŜ άIƻƭȅ DǊŀƛƭέ ŦƻǊ ǎƻƭƛŘ-state light 
emission and display application (white light generation). Therefore, 
further optimization by introducing additives, compositional 
engineering, and designing core-shell structures or post-treatment 
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 unsatisfactory 
energy level alignment with the blue-emitting 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. In an attempt to exclude this approach, several scalable 
techniques, such as spray deposition, inject printing, slot-die coating, 
and doctor blading, have recently gained momentum for the 
fabrication of perovskite-based solar cells. Such methods can also be 
adapted for the fabrication of NC-based PeLED as well, which could 
pave a way for future commercialization. 
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MHPs have shown tremendous improvement in enhancing the PeLED device 
performance, exceeding 30%,1 which is comparable to OLED and QD-based 
LEDs.2 However, despite these remarkable achievements, the 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 
non-radiative recombination 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 surface defects limits their full 
potential and poses a challenge for achieving stable and high-performance 
PeLEDs. 

Moreover, moisture is one of the critical factors that pose a threat to the 
stability of perovskite materials. Studies have indicated that the exposure of 
hybrid perovskite structures, such as MAPbI3, to moisture, weakens the 
hydrogen bonding between the organic A-site cation and halide of the 
octahedral, compromising structural integrity, reducing luminescence 
efficiency, and leading to poor device performance. Strategies including 
compositional engineering,3,4 ligand engineering,5,6 dimensionality 
engineering,7,8, and post-treatment9 have been explored to address stability 
concerns. Nevertheless, the impact of moisture and strategies to enhance 
moisture compatibility in other hybrid classes, such as FAPbBr3, has not 
been extensively investigated and require further exploration. 

The primary goal of this thesis is to address the critical challenges of stability 
and moisture-induced degradation in perovskite NCs, with a particular focus 
on the FAPbBr3 structure. In Chapter 3, a novel protocol is developed that 
involves the use of an excess of FABr in the precursor solution. This protocol 
aims to tune the dimensionality of FAPbBr3 NCs from 3D to quasi-2D, with 
the intention of improving their optoelectronic properties. Subsequent 
chapters of the thesis address the stability concerns through two distinct 
approaches. Chapter 4 focuses on the utilization of excess FABr during the 
post-treatment step, aiming to effectively heal the surface defects and 
enhance the compatibility of post-treated FAPbBr3 NCs with water. Chapter 
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 ZnBr2 during the post-treatment step. The objective of 
this approach is to provide a comprehensive solution to enhance the 
stability and performance of FAPbBr3 NCs under ambient conditions. 
Moreover, this research aims to gain a deeper understanding of the 
mechanism through which additives, employed during the synthesis or post-
treatment processes, contribute to stability enhancement. 

Through an in-depth investigation of these mechanisms, employing a wide 
array of advanced structural and optical characterization tools, this research 
strives to shed light on the 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 application in the next 
generation of optoelectronic devices. 
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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, organic-inorganic hybrid 
formamidinium lead bromide (FAPbBr3) has arisen as a promising candidate 
for efferent light emitting devices, due to its capacity for sharp and bright 
green light emissions (530 nm). Herein we have applied a facile single-step 
ligand-mediated method for phase-controlled synthesis of FAPbBr3 cube- 
and rod-shaped nanocrystals (NCs), starting from different ratios of 
precursor agents. Examining their structural and optoelectronic properties ς 
using a combination of synchrotron X-ray diffraction, X-ray spectroscopy, 
scanning electron microscopy and steady-state and time-resolved 
photoluminescence (PL) ς we reveal the two NC types to fundamentally 
differ. While the cube-shaped NCs exhibit properties aligning with that of 
bulk FAPbBr3, the nanorods exhibit a two-phase microstructure and the co-
existence of both a typical cubic perovskite structure alongside the 
formation of a new low-symmetry 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 quasi-2D perovskites. The two phase nanorods generation 
can be assigned to the proton exchange in the presence of excess 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 organic-inorganic hybrid 
perovskite semiconductors ς possessing the general ABX3 chemical 
formula.1,2 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 (100-1000 
nm), to small exciton binding energies and high quantum yields.3 Further, 
their tunable emission 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 low-cost light emitting diodes 
(LEDs).4ς6  
Even though various perovskite systems have shown photoluminescence 
quantum yields (PLQYs) up to 90% at 450 nm,7,8 producing color stable and 
efficient blue LEDs remains challenging.9ς12 Another critical issue is the poor 
stability of perovskite thin films in LED devices.13,14 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  parasitic non-radiative recombination 
pathways.14,15 The PL efficiency can be improved by confining excitons in 
small nanograins (~100 nm),4,15 or by making use of quantum dots (< 20 nm) 
or nanocrystals while simultaneously passivating the surface defects using 
ligands.16,17 Recently, a new perovskite material class has emerged, known 
as quasi-2D perovskites, possessing the merits of both 3D and 2D 
structures.18ς20 Quasi-2D systems are formed by incorporating bulky 
insulating cation spacers into the inorganic 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 PL properties than 
those of 3D counterparts.21  
In this manuscript, we report on the synthesis of brightly emissive FAPbBr3 
nanocrystals (NCs), using a facile and scalable ligand-mediated wet-chemical 
method under ambient conditions.22ς24 By taking advantage of proton 
exchange processes between alkylamines during growth, we find that by 
increasing the molar concentration of FABr relative to that of the PbBr2  
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precursor (from one to three-fold), the formation of NCs with a rod-like 
structure is promoted over nanocubes. An extensive photophysical 
evaluation of the NCs reveals that, unlike the conventional properties of the 
nanocubes, our nanorods, FA2PbBr4-FAPbBr3, thin films exhibit 
characteristics consentient with recent reports of quasi-2D perovskite 
systems, displaying a blue-green emission (490 nm; PLQY 32 % at 445 nm), 
originating from the presence of a relatively exotic monoclinic FAPbBr3 NC 
phase.  

Results and Discussion 

Preparation of NCs: 

First we outline a new and facile single-step, high yielding route for the 
synthesis of quasi-2D perovskites. Interestingly, unlike other reported 
procedures wherein the ammonium cation is intentionally added to obtain 
the quasi-2D structure,5,25,26 our synthesis approach induces the formation 
of an ammonium cation during the synthesis. The preparation steps involve 
a ligand-mediated wet-chemical approach which is conducted under 
ambient conditions.22ς24,27 Specifically, by oversaturating the molar 
concentration of FABr relative to that of the PbBr2 precursor 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 into the perovskite lattice. Note 
that further support and discussion on this process is still to come (vide 
ƛƴŦǊŀΣ ǎŜŎǘƛƻƴ ·t{Σ ǇŀƎŜпύΦ ¦ƭǘƛƳŀǘŜƭȅΣ ƻƴ ǾŀǊȅƛƴƎ ǘƘŜ ǇǊŜŎǳǊǎƻǊǎΩ ƳƻƭŀǊ ǊŀǘƛƻΣ 
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 PbBr2: FABr ratio of 1:1, while larger blue emitting nanorods 
(yellow in color) with dimensions in 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 compositional overview of the different 
orange and yellow FAPbBr3 NCs 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 FAPbBr3 nanocubes will act as an 
archetypal control to the relatively exotic properties of the nanorods.  

 

Figure 1. SEM images of (a) FAPbBr3 nanocubes (PbBr2:FABr = 1:1) and (b) FAPbBr3 nanorods 
(PbBr2:FABr = 1:3) . The insets picture the suspensions under visible (right) and 365 nm UV (left) 
illumination. 

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 in the 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 consistent with several 
recent reports on 2D perovskite systems.28,29 

Synchrotron X-ray diffraction:  
Next we exact the crystal structure and phase purity of the FAPbBr3 NCs 
using high-resolution XRD. The two NC types were placed in quartz 
capillaries exposed to a high- throughput synchrotron X-ray beam tuned to a 
wavelength of 0.95774 Å, under ambient conditions. Figure 2 presents the 
respective diffraction scans recorded and the structural refinements made 
for the two types of NCs. First, in line with the well-known 
thermodynamically favored structure of FAPbBr3,30,31 the nanocubes exhibit 
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a cubic structure (refined to a = 5.9943 Å using the Pmоm space group) with 
no obvious reduction in the unit cell translational symmetry.32 Again, this is 
in strong contrast to the diffraction pattern recorded for the yellow FAPbBr3 
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 cubic-like scattering features. A refinement of 
the XRD data in Figure 2b is best made accounting for two separate phases. 
Namely, a low-symmetry monoclinic structure (a = 9.0060 Å, b = 8.0570 Å, c 
Ґ мнΦтфпл ) ŀƴŘ ʲ Ґ фрΦплɕǳǎƛƴƎ ǘƘŜ tнκƳ ǎǇŀŎŜ ƎǊƻǳǇύ ƛǎ ŘŜǊƛǾŜŘ from the 
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 agrees to the experimental 
data, exacting further details is made difficult by the strong presence of a 
(100) texture (indicative of the rod-shaped morphology), complex organics 
(i.e. FA), and the two-phase character. To the best of our knowledge, this is 
the first time that FAPbBr3 has been found to exist in 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 quasi-2D FAPbBr3 structure.33  The monoclinic cell can be 

considered as a distorted version of Ѝςὥ Ѝςὥ ςὥ orthorhombic cell.  
Such a lattice transformation in perovskites is an indication of a cooperative 
tilting of PbBr6 octahedra around c-axis; opposite tilting direction for two 
neighboring layers doubles the c-axis.34 Notably a and b pseudo-cubic cell 
dimensions are shorter than c and on average, are practically the same as 
for the cubic phase (6.364x5.697x6.397, 0.5*(6.364+5.697)=6.03, ac = 
5.9943). We point out that the low-angle monoclinic peaks in Figure 2b do 
resemble the interplanar scattering peaks seen in true 2D crystal planes,35 
however, such a feature is not necessarily synonymous in a quasi-2D 
arrangement. The compositional difference revealed through the prior EDX 
data, agree with the formation of a quasi-2D FAPbBr3 layers.33   Although, 
unit cell dimensions clearly indicate that 3D framework of PbBr6 corner- 
sharing octahedra is preserved.  

X-ray photoelectron spectroscopy (XPS):  

In the absence of clear low-angle interplanar 2D XRD peaks, we now explore 
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the different coordination details of NCs within the context of the 
anticipated quasi-2D system (nanorods). Figure 2c presents the X-ray 
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 also 
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) and widths 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 there exists a 
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 quasi-2D nanorods. For 
completeness, we provide the peak analysis in Table S1 of the SI. 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 highly distorted 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 (RNH3)2PbBr4. In addition, the large 
increase in the N/Pb ratio detected within the XPS signals further supports 
the notion of excess formamidinium and oleylammonium cations, 
participating at the quasi-2D perovskite surface.36ς39 Note that the 
abundance of Br atoms at the perovskite surface is anticipated to play an 
important role in potentially passivating parasitic surface states.40  
In the presence of an excess of formamidinium, proton exchange can occur 

within amine-based systems via homoconjugation (FAH+ΞΞΞOAm).41 It 
follows that oleylamine is transformed into the oleylammonium cation, 
which competes with FA+ ions for lattice sites and promotes the formation 
of low-dimensional structures represented by the  formula 
[RNH3]2[FAPbBr3]ƴҍмPbBr4.42,43 As mentioned above, our synthesis approach 
induces the formation of the ammonium cation during the synthesis. To 
probe the mechanism involved here, experiments targeting the role of 
proton excess were carried out. Figure S4 displays the SEM and XRD 
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characterization of materials grown when HBr was added to the synthesis 
protocol with a PbBr2/FABr 1:1 percursor ratio. In this case, the excess 
protons provided by the HBr result in the formation of rod-like FAPbBr3 NCs 
with again the contribution of a monoclinic crystal structure. Therefore, HBr 
is anticipated to form as an intermediate product during the reaction of 
PbBr2 with a higher molar concentration of FABr. 

 

Figure 2.  Powder XRD patterns of FAPbBr3 a) nanocubes and 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 the Br3d, Pb4f and N1s signals for the FAPbBr3 NCs. 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 all-important optical properties of the FAPbBr3 NCs 
drop-casted in the form of a thin film. Figure 3 shows the steady-state 
absorption ς reflectance spectra converted using the Kubelka-Munk 
Ŝǉǳŀǘƛƻƴ ʰόwύ Ґ όм-R)2/(2R) and PL emission spectra of the FAPbBr3 
nanocubes and nanorods. Both samples exhibit a wide absorption band and 
intense PL emission, however there are several important differences. For 
the nanocubes, the UV-VIS absorption spectrum in Figure 3a is typical of 
FAPbBr3, with an absorption onset near 600 nm together with an excitonic 
feature near 530 nm. The sharp and intense PL emission is also 
characteristic,30,44  centered at 546 nm and with a narrow full width at half-
maximum (FWHM) of 26 nm, indicative of the high color purity of FAPbBr3, 
and confirms the overall high quality and uniformity of the nanocubes. 
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Furthermore, the thin film made from the nanocubes is found to remain 
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 two-phase quasi-2D framework, each having a 
different electronic structure and bandgap. While the excitonic band at 522 
nm is again resolved in the nanorods ς characteristic of a 3D FAPbBr3 direct 
bandgap ς an additional blue-shifted excitonic band appears at 440 nm 
όƛŘŜƴǘƛŦƛŜŘ ƘŜǊŜ ōȅ ΨϝΩύΦ wŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƴŀƴƻŎǳōŜǎΣ ǘƘŜ ǎƘƛŦǘ ƛƴ ŀōǎƻǊǇǘƛƻƴ ǘƻ 
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 a low-symmetry perovskite (like the monoclinic phase revealed 
here) is typically paralleled by only a minor shift in the electronic bandgap,40 
the blue-shift expressed in our data is inexplicably large and cannot be 
accounted for based solely on a phase restructuring. Such a strong blue-
shift is in agreement with a low-dimensional perovskite structure, consisting 
of just a few layers of perovskite unit cells45 and is indicative of quantum 
confinement.46 The deconvoluted PL spectrum of the nanorods exhibits 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 low-energy emission corresponds well to the excitonic peak in 
the absorption spectrum at 520 nm, representing the emission from the 3D 
portion of the NC composite. Conversely, we assign the high-energy blue 
emission to radiative recombination originating from the quasi-2D 
components.20,45 The thin films made from nanorods exhibited a PLQY up to 
19% and 32% at 405 nm and 445 nm excitation, respectively. Interestingly, 
pumping the cubic phase (˂exc = 485 nm) yielded high PLQY up to 70%, 
which is comparatively higher than the pure cubic phase. For more details, 
please refer S6 of SI. 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 wavelengths ¢ƻ 
ƛƴǾŜǎǘƛƎŀǘŜ Ƙƻǿ ǘƘŜ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ŜƳƛǘǘƛƴƎ ǎǇŜŎƛŜǎ ƛƴ ǘƘŜ ǉǳŀǎƛ-н5 
ŎƻƴƎƭƻƳŜǊŀǘŜ ŀǊǊŀƴƎŜ ǘƘŜƳǎŜƭǾŜǎ ǊŜƭŀǘƛǾŜ ǘƻ ŜŀŎƘ ƻǘƘŜǊΣ ǿŜ ŦƛǊǎǘ ŀǘǘŜƳǇǘŜŘ 
¢ǊŀƴǎƳƛǎǎƛƻƴ 9ƭŜŎǘǊƻƴ aƛŎǊƻǎŎƻǇŜ ό¢9aύ ƻƴ ǘƘŜǎŜ ƴŀƴƻǊƻŘǎΦ IƻǿŜǾŜǊΣ ǎƛƴŎŜ 
ǘƘŜ ǇŜǊƻǾǎƪƛǘŜǎ ŀǊŜ ǾŜǊȅ ǎŜƴǎƛǘƛǾŜ ǘƻ ƘƛƎƘ-ŜƴŜǊƎȅ ǇǊƻōŜǎΣ ǘƘŜ ¢9a ǊŜǎǳƭǘǎ 
ǿŜǊŜ ƴƻǘ ŎƻƴŎƭǳǎƛǾŜΦ ¢ƘŜǊŜŦƻǊŜΣ ǿŜ ŎƘƻǎŜ ǘƻ ŎƻƴŘǳŎǘ ǊŜƭŀǘƛǾŜƭȅ ƭƻǿ-ŜƴŜǊƎȅΣ 



Chapter 3 

74 
 

ǘǿƻ-ǇƘƻǘƻƴ ŜȄŎƛǘŀǘƛƻƴ ŀƴŘ ƛƳŀƎƛƴƎΣ ƻƴ ǘƘŜǎŜ ƴŀƴƻǊƻŘǎΣ ŀǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 
оŎΦ IŜǊŜ ǿŜ ƘŀǾŜ ŎƘƻǎŜƴ ǘƻ ŜȄŀƳƛƴŜ ŀƴŘ ŎƻƳǇŀǊŜ ǘƘŜ t[ ƛƴǘŜƴǎƛǘȅ ƳŀǇǎ  

 

Figure 3. Normalized absorption and emission spectra of dropcasted thin films of FAPbBr3 (a) 
nanocubes and (b) nanorods,recorded at 395 nm excitation, prepared using 1:1 and 1:3 PbBr2/FABr 
precursor ratio, respectively. For the nanorods, the second high-energy excitonic absorption feature 
ƛǎ ƛŘŜƴǘƛŦƛŜŘ ōȅ ΨϝΩΦ ¢ƘŜ ŎƻƭƻǊŜŘ ǎǉǳŀǊŜǎ ƛƴǎŜǘ ǘƻ ōƻǘƘ Ǉƭƻǘǎ ǊŜŦƭŜŎǘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǇŜǊŎŜƛǾŜŘ t[ 
emission color under a 365 nm UV lamp. (c) Corresponding two-photon PL maps of a collection of 
FAPbBr3 nanorods, using two 910 nm (left) and 1064 nm (right) photons to excite the emission 
signals. In both cases, photoluminescence is detected in a reduced spectral window ranging from 
495-540 nm, which covers most 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 the anti-correlation. 

ǊŜŎƻǊŘŜŘ ŎƻƴǎŜŎǳǘƛǾŜƭȅ ƻƴ ǘƘŜ ǎŀƳŜ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ƴŀƴƻǊƻŘǎ ǳǎƛƴƎ ōƻǘƘ фмл 
ƴƳ ŀƴŘ млсп ƴƳ ǘǿƻ-ǇƘƻǘƻƴ ŜȄŎƛǘŀǘƛƻƴΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŜȄŎƛǘŀǘƛƻƴ 
ŜƴŜǊƎƛŜǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ прр ƴƳ ŀƴŘ рон ƴƳΦ Lƴ ǘƘƛǎ ǿŀȅΣ ǘƘŜ фмл ƴƳ ƳŀǇ ǿƛƭƭ 
Ŏƻƴǎƛǎǘ ƻŦ ŀƴ ŜƳƛǎǎƛƻƴ ŎƻƳǇǊƛǎŜŘ ƻŦ Ƴŀƛƴƭȅ ōƭǳŜ όн5ύ ŀƴŘ ǎƻƳŜ ƎǊŜŜƴ όо5ύΣ 
ǿƘƛƭŜ ǘƘŜ млсп ƴƳ ƳŀǇ ǿƛƭƭ ƻƴƭȅ ŜȄŎƛǘŜ ǘƘŜ ƎǊŜŜƴ ŜƳƛǘǘƛƴƎ ǇƘŀǎŜΦ ¢ƘǳǎΣ ƛŦ 
ǘƘŜ ǘǿƻ ǎŜǇŀǊŀǘŜ ǇƘŀǎŜǎ Řƻ ƴƻǘ ŎƻƛƴŎƛŘŜ ƛƴ ǎǇŀŎŜΣ ǘƘŜǊŜ ǎƘƻǳƭŘ ōŜ ŀƴ 
ŀƴǘƛŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŜƳƛǎǎƛƻƴ ƳŀǇǎ ǇǊŜǎŜƴǘŜŘ ƛƴ 
CƛƎǳǊŜ оŎΤ ƛΦŜΦ ŀ ǊŜƎƛƻƴ ǿƘƛŎƘ ƛǎ ōǊƛƎƘǘŜǊ ǳƴŘŜǊ ƻƴŜ ŜȄŎƛǘŀǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘ 
ǎƘƻǳƭŘ ōŜ ǊŜƭŀǘƛǾŜƭȅ ǿŜŀƪŜǊ ǳƴŘŜǊ ǘƘŜ ƻǘƘŜǊΦ Lǘ Ŧƻƭƭƻǿǎ ǘƘŀǘ ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ 
ƛƴǘŜƴǎƛǘƛŜǎ ƻŦ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǇƛȄŜƭǎ ŦƻǊƳƛƴƎ ǘƘŜ ǘǿƻ-ǇƘƻǘƻƴ t[ ƳŀǇǎ όCƛƎǳǊŜ 
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оŘύΣ ǘƘŜǊŜ ŜȄƛǎǘǎ ŀ ǎǘǊƻƴƎ ǾƻƛŘ ǿƘŜǊŜ ŀ ŎƻǊǊŜƭŀǘƛƻƴ ǿƻǳƭŘ ŜȄƛǎǘǎ όƛΦŜΦ ƛŦ ŀƭƭ 
Ǉƻƛƴǘǎ ƛƴ ǎǇŀŎŜ ǿŜǊŜ ǘƻ ŜƳƛǘ ŜǉǳƛǾŀƭŜƴǘƭȅύΣ ŀƴŘ ǿŜ ǎŜŜ ƛƴǎǘŜŀŘ ŎƭŜŀǊ 
ŜǾƛŘŜƴŎŜ ŦƻǊ ŀƴǘƛŎƻǊǊŜƭŀǘƛƻƴΦ !ǘ ƭŜŀǎǘ ƻƴ ǘƘŜ ǎŎŀƭŜ ƻŦ ǘƘƛǎ ƻǇǘƛŎŀƭ ŘƛŦŦǊŀŎǘƛƻƴ 
ƭƛƳƛǘŜŘ ƛƳŀƎŜǎΣ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ŀƴŘ ǎŜǇŀǊŀǘƛƴƎ ŘƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ǘǿƻ ǇƘŀǎŜǎ 
ƳŀƪƛƴƎ ǳǇ ǘƘŜ ƴŀƴƻǊƻŘǎ Ŏŀƴ ōŜ ǊŜǎƻƭǾŜŘΣ ŎƻƴŦƛǊƳƛƴƎ ǘƘŜ ǉǳŀǎƛ-н5 
ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǇƘŀǎŜǎ ǊŜǾŜŀƭŜŘ ǘƘǊƻǳƎƘ ōƻǘƘ ƻǳǊ 
·w5 ǊŜŦƛƴŜƳŜƴǘ ŀƴŘ ƻǇǘƛŎŀƭ ŀōǎƻǊǇǘƛƻƴκŜƳƛǎǎƛƻƴ ǎǘǳŘƛŜǎΦ IƻǿŜǾŜǊΣ ǊŜǎƻƭǾƛƴƎ 
ǇƘŀǎŜǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ Ǌŀǘƛƻ ƻŦ ǘƘŜ ǇƘŀǎŜǎ ǿƛǘƘƛƴ ƻƴŜ ŎǊȅǎǘŀƭ ƛǎ ƛƳǇƻǎǎƛōƭŜ ŘǳŜ 
ǘƻ ŘƛŦŦǊŀŎǘƛƻƴ ƭƛƳƛǘ ƻŦ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǿŜ ŜȄŜŎǳǘŜŘ ŀƴ ŜȄŎƛǘŀǘƛƻƴ 
ǇƻǿŜǊ ŘŜǇŜƴŘŜƴŎŜ ǎǘǳŘȅ ƻƴ ǇƻǘŜƴǘƛŀƭ ǎǘǊǳŎǘǳǊŀƭ ŎƘŀƴƎŜǎ ŀƴŘ ŀƭǎƻ 
ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ŜȄŎƛǘŀǘƛƻƴ ǇƻǿŜǊ ƻƴ ǘƘŜ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ƎǊŜŜƴ-
ŜƳƛǘǘƛƴƎ ǇƘŀǎŜ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ƴŀƴƻǊƻŘǎΦ tƭŜŀǎŜ ǊŜŦŜǊ ǘƻ {L όCƛƎǳǊŜ 
{т ŀƴŘ {уύ ŦƻǊ ƳƻǊŜ ŘŜǘŀƛƭǎ ƻƴ ǘƘƛǎ ŜȄǇŜǊƛƳŜƴǘΦ 

t[ ƭƛŦŜǘƛƳŜ ƳŜŀǎǳǊŜƳŜƴǘǎ 

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 ensemble of NCs. Due to the significant 
overlap in the two emission bands arising from our quasi-2D nanorods, 
clean deconvolution of the decaying species is difficult. By assessing the 
decaying PL signals near each emission wavelength maxima, i.e. at 490 nm 
and at 530 nm, we can make a qualitative evaluation of the charge dynamic 
in the two-phase nanorods. Typical PL decays are presented in Figure 4 and 
their temporal intensities, I(t), were analyzed using either a bi- or tri-

exponential fit:    Ὅὸ В ὃÅØÐ Ȣ  

IŜǊŜ ˍi represent the different lifetime components in order of an increasing 
time constant, corresponding with a decay amplitude ὃ. Further, the 
lifetime data were recorded through imaging an ensemble of NCs (~20 x 20 
µm), forming the basis of the averaged lifetime and amplitude values inset 
into Figure 4. Generally, the PL emission in perovskites can be described 
using a simple three-charge recombination pathway model (approximately 
on three different time scales):  (i) fast recombination of bound excitons, or 
trap-assisted recombination (1-10 ns), (ii) recombination of unbounded 
excitons (10 ς 100 ns), and (iii) clean band-to-band recombination of free 
charge carriers (100s of ns). Photo-exciting a perovskite crystal, these three 
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processes are observed simultaneously 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 time scales ς free 
electrons and holes will scatter though the crystal47 and will potentially 
transfer across interfacing phases, to only recombine once they overlap. 
First, exciting the FAPbBr3 nanocubes 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 FAPbBr3 nanorods, three measurement schemes 
were targeted for comparison; excitation far above the two absorption 
edges (405 nm) to examine both the blue (Figure 4b) and green (Figure 4c) 
emitting species; the contribution from each component is provided in 
Table S3 and exciting 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 tri-exponential fits. For all datasets, the decay rate is 
dominated by the fast component (~ 79 %), indicating a quantum confined 
quasi-2D system. Typically, for a pure (OAm)2PbBr4  system, we obtained a 
monoexponential decay of 2.5 ns. (Figure S5d) This is unsurprising given the 
general constraints of excitonic recombination within a quantum confined 
system. Hence, we assign this fast decay to the quasi-2D component in the 
nanorods (Figure 4b). Interestingly, for the green emitting portion of the 
nanorods, two long decay components appear again. On exciting the 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 other with more narrow bandgap. (Figure 4c) As previously 
stated, this notion has been repeatedly observed in quasi-2D perovskite 
systems.48,49 On the other hand, moving to 485 nm excitation causes the 
long component of the green emission to dramatically shorten 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, the emission contribution is 
mostly from the 3D perovskites, however, as we also excite the tail end of 
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the quasi-2D blue emissive part, the fast decay component also contributes 
to the lifetime decay. As mentioned before, the XRD and PL data confirmed 
the dual 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 low photon counts. A 
more detailed study on the complex decay behavior of the system is on the 
way. 

Figure 4. Fluorescence lifetime over the first microsecond for (a) FAPbBr3 nanocubes recorded at 485 
nm excitation wavelength and (b)-(d) nanorods recorded at 405 nm and 485 nm excitation 
wavelength, with the experimental 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 cube- and rod-shaped FAPbBr3 NCs 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 conduction band around ~ 3,4 and 5.6 eV, 
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respectively,50,51 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 FAPbBr3 NCs in a toluene (220 nm)/p-PBD (20 nm)|Al 
(150 nm). All the 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 interaction between the Al metal 
and the perovskite material, which in many cases degrades the perovskite.52   

Figure 5. a) PeLED configuration for comparison of the b) I-V response curve for the FAPbBr3 
PbBr2/FABr 1:1 nanocubes (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 presented just as a proof-of-principle study. 
Nevertheless, the uniformity of the applied perovskite thin film layer was 
measured using a non-contact optical profilometer and the results are 
depicted in Figure S10. Figure 5b shows the current-voltage IςV curve for 
the PbBr2/FABr 1:1 nanocubes and 1:3 nanorods  devices, where in both 
cases, a typical diode characteristic was obtained.53 Both morphologies 
exhibit a comparable turn-on voltage of around ~2.8 V. However, 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 FAPbBr3 nanorods exhibit 
better charge injection or mobility properties than the FAPbBr3 nanocubes. 
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 nanocubes and 
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 mobility are improved by modifying the FAPbBr3 crystal 
ǎǘǊǳŎǘǳǊŜ ŀƴŘ ƳƻǊǇƘƻƭƻƎȅΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ ƎǊŜŜƴ 9[ ŦƻǊ ŎǳōŜǎ ό˂max = 547 
nm, FWHM = 28 nm) perfectly matches its corresponding PL spectrum 
(Figure 4), 

while only the green emission component is contained in the EL spectrum of 
ǘƘŜ ƴŀƴƻǊƻŘǎ ό˂max = 545 nm, FWHM = 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 component54, 
b) a substantial contribution of radiative recombination of charges in the 
smallest band gap 3D phase11 or c) the instability of the lower dimensional 
phase under heating or moist conditions. The exact mechanism is still 
unknown and requires further investigation. Additionally, further steps to 
stabilize the monoclinic structure of FAPbBr3 perovskites are necessary to 
improve the device stability and performance. 

Conclusion 

We demonstrated a facile and scalable method to prepare FAPbBr3 NCs 
having different morphologies and physico-chemical properties by 
compositional engineering. By applying a three-fold higher molar ratio of 
FABr, FAPbBr3 nanorods were formed, exhibiting a hybrid quasi-2D 
perovskite structure. For the first time, a monoclinic phase was observed for 
this type of FAPbBr3 nanorods. The additional quasi-2D component 
significantly improved the PLQY from 30 to 70%. The high PLQY value could 
be attributed to (i) the existence of FAPbBr3 perovskite in the monoclinic 
phase, (ii) the quasi-2D/3D quantum well-like band alignment in the crystal 
structure or (iii) the excess of bromide atoms exhibiting a passivating effect 
to the surface defects. Furthermore, this study reveals a unique mechanism 
to synthesize a quasi-2D perovskite structure. The presence of a lower 
dimensional layer containing OAmBr in the nanorods prepared by a 1:3 
PbBr2/FABr precursor ratio was further confirmed by XRD, EDX, 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 emissive layer in LEDs. However, due to the exotic nature of 
the twoςphase 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 FAPbBr3 NCs and resolve 
important questions concerning the charge dynamics within the novel two-
phase systems.   

Methods 

1. Experimental procedure 

For the synthesis of FAPbBr3, a precursor solution consisting of 0.02 mmol 
PbBr2 and 0.02 mmol or 0.06 mmol FABr (1:1 and 1:3 precursor ratios 
respectively) dissolved in 1 ml of N-dimethylformamide (DMF) was injected 
dropwise into a vigorously stirring toluene solution, containing oleylamine 
(OAm) and oleic acid (OAc) as capping ligands. To 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. After 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 washed with 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 
representation of the synthesis procedure. (Figure S1)  

2. Instruments 

2.1 Scanning Electron Microscope (SEM): Morphology and composition 
analysis were studied using FEI Quanta FEG-250 environmental scanning 
electron microscope at 10 KV, equipped with an energy-dispersive 
spectrometer. The nanoparticles suspension was drop-casted on a silicon 
chip prior to the measurement. 

2.2 Synchrotron X-Ray Diffraction: Synchrotron-based X-ray diffraction data 
were collected at BM01   (SNBL/ESRF in Grenoble, France) using 
PILATUS@SNBL diffractometer.55 ¢ƘŜ ƳƻƴƻŎƘǊƻƳŀǘƛŎ ōŜŀƳ ό˂ Ґ лΦфрттп )ύ 
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and the parameters of the detector were calibrated on LaB6 powder using 
PyFAI.56 The obtained 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 Fullprof.57 

2.3 UV-Vis Diffuse reflectance Spectroscopy:  Diffuse reflectance spectra 
(DRS) were recorded on a Perkin Elmer Lambda 950 UV-VIS-NIR 
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 Kubelka-Monk function: F(R) = (1-
R)2/(2R). 

2.4 Emission and Excitation Spectroscopy: Excitation and emission spectra 
were recorded on an Edinburgh Instruments FLS 980 spectrofluorimeter.  
Samples were measured in front-face mode as thin films created by 
dropcasting a suspension onto a glass slide that fitted into the Edinburgh 
solids accessory. 

2.5 Photoluminescence quantum yield: Quantum yield measurements were 
performed on a Horiba Fluorolog 3.22 spectrofluorimeter with F-3029 
integrating sphere accessory fitted with a sample holder to accommodate 
thin film samples drop-casted on a glass slide. 

 

2.6 Two-photon Microscopy: The photoluminescence maps were recorded 
on an upright microscope (BX61WI/FV1000, Olympus) with 25×, 1.05 NA 
water immersion objective (XLPLAN, Olympus) using picosecond pulsed 
lasers of 1064 nm (picoTRAIN, High-Q) and 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 power 
of each beam at focus was 15 mW. For both excitation sources, the 
photoluminescence was detected in the epi-direction and transmitted 
through a 495-540 nm band pass filter before reaching a photomultiplier 
tuber. The optical resolution of two-photon microscopy can be estimated by 
the FWHM of the point-spread function, given by equation 1 and 2(for an 
objective with a numerical aperture superior to 0.7): 



Chapter 3 

82 
 

                                        Ò   
Ȣ

Ѝ Ȣ ςÌÎ ς          όмύ   

                             Ò  
Ȣ

Ѝ Ѝ
ςÌÎ ς        όнύ 

²ƘŜǊŜ ʇ ƛǎ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘΣ Î ƛǎ ǘƘŜ ǊŜŦǊŀŎǘƛǾŜ ƛƴŘŜȄ ƻŦ ǘƘŜ 
ƛƳƳŜǊǎƛƻƴ ƳŜŘƛǳƳΣ ŀƴŘ .! ƛǎ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ŀǇŜǊǘǳǊŜ ƻŦ ǘƘŜ ƻōƧŜŎǘƛǾŜΦ  

¢ƘǳǎΣ ŀǎ ǿŜ ǳǎŜŘ фмл ƴƳ ŀƴŘ млсп ƴƳ ŀǎ ǘƘŜ ǘǿƻ ŜȄŎƛǘŀǘƛƻƴ ǎƻǳǊŎŜǎΣ ǘƘŜ 
ǊŜǎƻƭǳǘƛƻƴ ŦƻǊ ǘƘŜ ǘǿƻ ƛƳŀƎŜǎ ŀǊŜ ǊŜǎǇŜŎǘƛǾŜƭȅ ƎƛǾŜƴ ōȅΥ 

                Òȟ πȢσρφ ʈÍ Ƞ Òȟ ρȢρπς ʈÍ 

                   Òȟ πȢσφω ʈÍ Ƞ Òȟ ρȢςψω ʈÍ 

2.7 PL Lifetime spectroscopy: Fluorescence lifetime data were recorded on a 
home-built confocal FLIM microscope. Emission from a pulsed 405-nm laser 
diode (LDH-P-C-405, Picoquant, Berlin, Germany) was cleaned up spectrally 
(Semrock 406/15 Brightline HC (AHF F37-406)). Emission from a pulsed 
485-nm laser diode (LDH-D-C-485, Picoquant) was cleaned up spectrally 
(Chroma ET485/20x, F49-482, AHF Analysentechnik, Tübingen, Germany). 
Laser pulsing was set to 1 MHz (PDL 828 Sepia2, Picoquant). The laser was 
coupled into a single-mode polarization maintaining optical fiber (PMC-
400Si-2.6-NA012-3-APB-150-P, Schäfter+Kirchhoff GmbH, Hamburg, 
Germany) using a 60FC-4-RGBV11-47 fiber coupler (SuK). Light was 
collimated using a collimator with xyz adjustable lens (60FC-L-4-RGBV11-47, 
SuK), the linear polarization cleaned up (CCM1-PBS251, Thorlabs GmbH, 
Dachau, Germany) and light was reflected via a 3-mm thick polychroic 
mirror (Chroma zt405/488/561/640rpc, F73-410, AHF) into a galvanometric 
mirror scanner (TILL Yanus IV digital scanner, FEI Munich, Gräfelfing, 
Germany) that was connected to the back port of the microscope body 
(IX71, Olympus Belgium, Berchem Belgium). Imaging was controlled via a 
home-written software (C#, Microsoft Visual Studio®). Inside the 
microscope body the light was reflected upwards (3-mm thick Full Reflective 
Ag Mirror, F21-005, AHF, mounted in a TIRF Filter Cube for BX2/IX2, 
F91-960, AHF) to the objective (UPLSAPO-60XW, Olympus). Sample 
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emission transmitted through the polychroic mirror was focussed through a 
50-µm pinhole (P50S, Thorlabs) via an achromatic lens (AC254-150-A-ML, 
Thorlabs) and collimated again (AC254-50-A-ML, Thorlabs). After 
collimation, the emission was reflected on a dichroic mirror (H560LPXR, 
F48-559, AHF). Then, the emission was spectrally split into two bands via an 
additional dichroic mirror (H507LPXR, F48-507): the blue part was spectrally 
filtered through a  450/50 ET Bandpass emission filter (AHF), the green part 
through a HQ525/50 bandpass filter (Chroma). Emission was focused 

(AC254-50-A-ML, Thorlabs) on an avalanche photodiode (t-SPAD, 
Picoquant). The detector was connected to a time-correlated single photon 
counting (TCSPC) device (Hydraharp 400, Picoquant) and powered using a 
power supply (DSN-102, Picoquant). The laser powers used were 0.15, 0.75 
and 1.5 nW, measured between the polychroic mirror and the galvo 
(LabMax Top, 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 loaded in the PAM software.58 
(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 surface. Data were fitted by 2- or 3-component 
convolution fitting. 
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7. IǳŀƴƎΣ IΦΤ ½ƘŀƻΣ CΦΤ [ƛǳΣ [ΦΤ ½ƘŀƴƎΣ CΦΤ ²ǳΣ ·ΦΤ {ƘƛΣ [ΦΤ ½ƻǳΣ .ΦΤ tŜƛΣ vΦΤ ½ƘƻƴƎΣ 
IΦ 9Ƴǳƭǎƛƻƴ {ȅƴǘƘŜǎƛǎ ƻŦ {ƛȊŜ-¢ǳƴŀōƭŜ /IоbIоtō.Ǌо vǳŀƴǘǳƳ 5ƻǘǎΥ !ƴ 
!ƭǘŜǊƴŀǘƛǾŜ wƻǳǘŜ ǘƻǿŀǊŘ 9ŦŦƛŎƛŜƴǘ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎΦ !/{ !ǇǇƭΦ aŀǘŜǊΦ 
LƴǘŜǊŦŀŎŜǎ нлмрΣ т όрмύΣ нумнуςнумооΦ  

8. [ŜŜΣ WΦ-²ΦΤ /ƘƻƛΣ ¸Φ WΦΤ ¸ŀƴƎΣ WΦ-aΦΤ IŀƳΣ {ΦΤ WŜƻƴΣ {Φ YΦΤ [ŜŜΣ WΦ ¸ΦΤ {ƻƴƎΣ ¸Φ-IΦΤ 
WƛΣ 9Φ YΦΤ ¸ƻƻƴΣ 5Φ-IΦΤ {ŜƻΣ {ΦΤ Ŝǘ ŀƭΦ Lƴ-{ƛǘǳ CƻǊƳŜŘ ¢ȅǇŜ L bŀƴƻŎǊȅǎǘŀƭƭƛƴŜ 
tŜǊƻǾǎƪƛǘŜ CƛƭƳ ŦƻǊ IƛƎƘƭȅ 9ŦŦƛŎƛŜƴǘ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 5ƛƻŘŜΦ !/{ bŀƴƻ нлмтΣ мм 
όоύΣ ооммςоомфΦ  

9. .ƻƘƴΣ .Φ WΦΤ ¢ƻƴƎΣ ¸ΦΤ DǊŀƳƭƛŎƘΣ aΦΤ [ŀƛΣ aΦ [ΦΤ 5ǀōƭƛƴƎŜǊΣ aΦΤ ²ŀƴƎΣ YΦΤ IƻȅŜΣ 
wΦ [Φ ½ΦΤ aǸƭƭŜǊ-.ǳǎŎƘōŀǳƳΣ tΦΤ {ǘǊŀƴƪǎΣ {Φ 5ΦΤ ¦ǊōŀƴΣ !Φ {ΦΤ Ŝǘ ŀƭΦ .ƻƻǎǘƛƴƎ 
¢ǳƴŀōƭŜ .ƭǳŜ [ǳƳƛƴŜǎŎŜƴŎŜ ƻŦ IŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜ bŀƴƻǇƭŀǘŜƭŜǘǎ ǘƘǊƻǳƎƘ 
tƻǎǘǎȅƴǘƘŜǘƛŎ {ǳǊŦŀŎŜ ¢ǊŀǇ wŜǇŀƛǊΦ bŀƴƻ [ŜǘǘΦ нлмуΣ му όуύΣ рномςрноуΦ  

10. [ƛƎƴƻǎΣ LΦΤ tǊƻǘŜǎŜǎŎǳΣ [ΦΤ 9ƳƛǊƻƎƭǳΣ 5Φ .ΦΤ aŀŎŜƛŎȊȅƪΣ wΦΤ {ŎƘƴŜƛŘŜǊΣ {ΦΤ 
YƻǾŀƭŜƴƪƻΣ aΦ ±ΦΤ ŘŜaŜƭƭƻΣ !Φ WΦ ¦ƴǾŜƛƭƛƴƎ ǘƘŜ {ƘŀǇŜ 9Ǿƻƭǳǘƛƻƴ ŀƴŘ IŀƭƛŘŜ-
Lƻƴ-{ŜƎǊŜƎŀǘƛƻƴ ƛƴ .ƭǳŜ-9ƳƛǘǘƛƴƎ CƻǊƳŀƳƛŘƛƴƛǳƳ [ŜŀŘ IŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜ 
bŀƴƻŎǊȅǎǘŀƭǎ ¦ǎƛƴƎ ŀƴ !ǳǘƻƳŀǘŜŘ aƛŎǊƻŦƭǳƛŘƛŎ tƭŀǘŦƻǊƳΦ bŀƴƻ [ŜǘǘΦ нлмуΣ 
му όнύΣ мнпсςмнрнΦ  

11. ¸ŀƴƎΣ ·ΦΤ ½ƘŀƴƎΣ ·ΦΤ 5ŜƴƎΣ WΦΤ /ƘǳΣ ½ΦΤ WƛŀƴƎΣ vΦΤ aŜƴƎΣ WΦΤ ²ŀƴƎΣ tΦΤ ½ƘŀƴƎΣ [ΦΤ 
¸ƛƴΣ ½ΦΤ ¸ƻǳΣ WΦ 9ŦŦƛŎƛŜƴǘ DǊŜŜƴ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎ .ŀǎŜŘ ƻƴ vǳŀǎƛ-¢ǿƻ-
5ƛƳŜƴǎƛƻƴŀƭ /ƻƳǇƻǎƛǘƛƻƴ ŀƴŘ tƘŀǎŜ 9ƴƎƛƴŜŜǊŜŘ tŜǊƻǾǎƪƛǘŜ ǿƛǘƘ {ǳǊŦŀŎŜ 
tŀǎǎƛǾŀǘƛƻƴΦ bŀǘǳǊŜ /ƻƳƳǳƴƛŎŀǘƛƻƴǎ нлмуΣ ф όмύΦ  

12. YǳƳŀǊΣ {ΦΤ WŀƎƛŜƭǎƪƛΣ WΦΤ ¸ŀƪǳƴƛƴΣ {ΦΤ wƛŎŜΣ tΦΤ /ƘƛǳΣ ¸Φ-/ΦΤ ²ŀƴƎΣ aΦΤ bŜŘŜƭŎǳΣ 
DΦΤ YƛƳΣ ¸ΦΤ [ƛƴΣ {ΦΤ {ŀƴǘƻǎΣ 9Φ WΦ DΦΤ Ŝǘ ŀƭΦ 9ŦŦƛŎƛŜƴǘ .ƭǳŜ 9ƭŜŎǘǊƻƭǳƳƛƴŜǎŎŜƴŎŜ 
¦ǎƛƴƎ vǳŀƴǘǳƳ-/ƻƴŦƛƴŜŘ ¢ǿƻ-5ƛƳŜƴǎƛƻƴŀƭ tŜǊƻǾǎƪƛǘŜǎΦ !/{ bŀƴƻ нлмсΣ мл 
όмлύΣ фтнлςфтнфΦ  

13. [ƛΣ ½ΦΤ ¸ŀƴƎΣ aΦΤ tŀǊƪΣ WΦ-{ΦΤ ²ŜƛΣ {Φ-IΦΤ .ŜǊǊȅΣ WΦ WΦΤ ½ƘǳΣ YΦ {ǘŀōƛƭƛȊƛƴƎ 
tŜǊƻǾǎƪƛǘŜ {ǘǊǳŎǘǳǊŜǎ ōȅ ¢ǳƴƛƴƎ ¢ƻƭŜǊŀƴŎŜ CŀŎǘƻǊΥ CƻǊƳŀǘƛƻƴ ƻŦ 
CƻǊƳŀƳƛŘƛƴƛǳƳ ŀƴŘ /ŜǎƛǳƳ [ŜŀŘ LƻŘƛŘŜ {ƻƭƛŘ-{ǘŀǘŜ !ƭƭƻȅǎΦ /ƘŜƳƛǎǘǊȅ ƻŦ 
aŀǘŜǊƛŀƭǎ нлмсΣ ну όмύΣ нупςнфнΦ  

14. ¸ǳŀƴΣ IΦΤ 5ŜōǊƻȅŜΣ 9ΦΤ WŀƴǎǎŜƴΣ YΦΤ bŀƛƪƛΣ IΦΤ {ǘŜǳǿŜΣ /ΦΤ [ǳΣ DΦΤ aƻǊƛǎΣ aΦΤ 
hǊƎƛǳΣ 9ΦΤ ¦Ƨƛ-ƛΣ IΦΤ 5Ŝ {ŎƘǊȅǾŜǊΣ CΦΤ Ŝǘ ŀƭΦ 5ŜƎǊŀŘŀǘƛƻƴ ƻŦ aŜǘƘȅƭŀƳƳƻƴƛǳƳ 
[ŜŀŘ LƻŘƛŘŜ tŜǊƻǾǎƪƛǘŜ {ǘǊǳŎǘǳǊŜǎ ǘƘǊƻǳƎƘ [ƛƎƘǘ ŀƴŘ 9ƭŜŎǘǊƻƴ .ŜŀƳ 5ǊƛǾŜƴ 
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Lƻƴ aƛƎǊŀǘƛƻƴΦ ¢ƘŜ WƻǳǊƴŀƭ ƻŦ tƘȅǎƛŎŀƭ /ƘŜƳƛǎǘǊȅ [ŜǘǘŜǊǎ нлмсΣ т όоύΣ рсмς
рссΦ  

15. ·ƛŀƻΣ ½ΦΤ YŜǊƴŜǊΣ wΦ !ΦΤ ½ƘŀƻΣ [ΦΤ ¢ǊŀƴΣ bΦ [ΦΤ [ŜŜΣ YΦ aΦΤ YƻƘΣ ¢Φ-²ΦΤ {ŎƘƻƭŜǎΣ DΦ 
5ΦΤ wŀƴŘΣ .Φ tΦ 9ŦŦƛŎƛŜƴǘ tŜǊƻǾǎƪƛǘŜ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎ CŜŀǘǳǊƛƴƎ 
bŀƴƻƳŜǘǊŜ-{ƛȊŜŘ /ǊȅǎǘŀƭƭƛǘŜǎΦ bŀǘǳǊŜ tƘƻǘƻƴƛŎǎ нлмтΣ мм όнύΣ млуςммрΦ  

16. vǳŀƴΣ [Φ bΦΤ ¸ǳŀƴΣ aΦΤ /ƻƳƛƴΣ wΦΤ ±ƻȊƴȅȅΣ hΦΤ .ŜŀǳǊŜƎŀǊŘΣ 9Φ aΦΤ IƻƻƎƭŀƴŘΣ 
{ΦΤ .ǳƛƴΣ !ΦΤ YƛǊƳŀƴƛΣ !Φ wΦΤ ½ƘŀƻΣ YΦΤ !ƳŀǎǎƛŀƴΣ !ΦΤ Ŝǘ ŀƭΦ [ƛƎŀƴŘ-{ǘŀōƛƭƛȊŜŘ 
wŜŘǳŎŜŘ-5ƛƳŜƴǎƛƻƴŀƭƛǘȅ tŜǊƻǾǎƪƛǘŜǎΦ WƻǳǊƴŀƭ ƻŦ ǘƘŜ !ƳŜǊƛŎŀƴ /ƘŜƳƛŎŀƭ 
{ƻŎƛŜǘȅ нлмсΣ моу όуύΣ нспфςнсррΦ  

17. !ƘŀǊƻƴΣ {ΦΤ 9ǘƎŀǊΣ [Φ ¢ǿƻ 5ƛƳŜƴǎƛƻƴŀƭ hǊƎŀƴƻƳŜǘŀƭ IŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜ 
bŀƴƻǊƻŘǎ ǿƛǘƘ ¢ǳƴŀōƭŜ hǇǘƛŎŀƭ tǊƻǇŜǊǘƛŜǎΦ bŀƴƻ [ŜǘǘΦ нлмсΣ мс όрύΣ онолς
онорΦ  

18. /ƘŜƴΣ ¸ΦΤ {ǳƴΣ ¸ΦΤ tŜƴƎΣ WΦΤ ¢ŀƴƎΣ WΦΤ ½ƘŜƴƎΣ YΦΤ [ƛŀƴƎΣ ½Φ н5 wǳŘŘƭŜǎŘŜƴς
tƻǇǇŜǊ tŜǊƻǾǎƪƛǘŜǎ ŦƻǊ hǇǘƻŜƭŜŎǘǊƻƴƛŎǎΦ !ŘǾŀƴŎŜŘ aŀǘŜǊƛŀƭǎ нлмуΣ ол όнύΣ 
мтлопутΦ  

19. [ƛΣ [ΦΤ ½ƘƻǳΣ bΦΤ /ƘŜƴΣ vΦΤ {ƘŀƴƎΣ vΦΤ ½ƘŀƴƎΣ vΦΤ ²ŀƴƎΣ ·ΦΤ ½ƘƻǳΣ IΦ 
¦ƴǊŀǾŜƭƛƴƎ ǘƘŜ DǊƻǿǘƘ ƻŦ IƛŜǊŀǊŎƘƛŎŀƭ vǳŀǎƛ-н5κо5 tŜǊƻǾǎƪƛǘŜ ŀƴŘ /ŀǊǊƛŜǊ 
5ȅƴŀƳƛŎǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ [ŜǘǘΦ нлмуΣ ф όрύΣ ммнпςммонΦ  

20. .ȅǳƴΣ WΦΤ /ƘƻΣ IΦΤ ²ƻƭŦΣ /ΦΤ WŀƴƎΣ aΦΤ {ŀŘƘŀƴŀƭŀΣ !ΦΤ CǊƛŜƴŘΣ wΦ IΦΤ ¸ŀƴƎΣ IΦΤ 
[ŜŜΣ ¢Φ-²Φ 9ŦŦƛŎƛŜƴǘ ±ƛǎƛōƭŜ vǳŀǎƛ-н5 tŜǊƻǾǎƪƛǘŜ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎΦ 
!ŘǾŀƴŎŜŘ aŀǘŜǊƛŀƭǎ нлмсΣ ну όопύΣ трмрςтрнлΦ  

21. ²ŀƴƎΣ ½ΦΤ ²ŀƴƎΣ CΦΤ {ǳƴΣ ²ΦΤ bƛΣ wΦΤ IǳΣ {ΦΤ [ƛǳΣ WΦΤ ½ƘŀƴƎΣ .ΦΤ !ƭǎŀŜŘΣ !ΦΤ 
IŀȅŀǘΣ ¢ΦΤ ¢ŀƴΣ ½Φ aŀƴƛǇǳƭŀǘƛƴƎ ǘƘŜ ¢ǊŀŘŜ-ƻŦŦ .ŜǘǿŜŜƴ vǳŀƴǘǳƳ ¸ƛŜƭŘ ŀƴŘ 
9ƭŜŎǘǊƛŎŀƭ /ƻƴŘǳŎǘƛǾƛǘȅ ŦƻǊ IƛƎƘ-.ǊƛƎƘǘƴŜǎǎ vǳŀǎƛ-н5 tŜǊƻǾǎƪƛǘŜ [ƛƎƘǘ-
9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎΦ !ŘǾŀƴŎŜŘ CǳƴŎǘƛƻƴŀƭ aŀǘŜǊƛŀƭǎ нлмуΣ ну όптύΣ мулпмутΦ  

22. ½ƘŀƴƎΣ CΦΤ ½ƘƻƴƎΣ IΦΤ /ƘŜƴΣ /ΦΤ ²ǳΣ ·ΦΤ IǳΣ ·ΦΤ IǳŀƴƎΣ IΦΤ IŀƴΣ WΦΤ ½ƻǳΣ .ΦΤ 
5ƻƴƎΣ ¸Φ .ǊƛƎƘǘƭȅ [ǳƳƛƴŜǎŎŜƴǘ ŀƴŘ /ƻƭƻǊ-¢ǳƴŀōƭŜ /ƻƭƭƻƛŘŀƭ /IоbIоtō·о ό· 
Ґ .ǊΣ LΣ /ƭύ vǳŀƴǘǳƳ 5ƻǘǎΥ tƻǘŜƴǘƛŀƭ !ƭǘŜǊƴŀǘƛǾŜǎ ŦƻǊ 5ƛǎǇƭŀȅ ¢ŜŎƘƴƻƭƻƎȅΦ !/{ 
bŀƴƻ нлмрΣ ф όпύΣ прооςпрпнΦ  

23. IǳŀƴƎΣ IΦΤ {ǳǎƘŀΣ !Φ {ΦΤ YŜǊǎƘŀǿΣ {Φ ±ΦΤ IǳƴƎΣ ¢Φ CΦΤ wƻƎŀŎƘΣ  
!Φ [Φ /ƻƴǘǊƻƭ ƻŦ 9Ƴƛǎǎƛƻƴ /ƻƭƻǊ ƻŦ IƛƎƘ vǳŀƴǘǳƳ ¸ƛŜƭŘ /IоbIоtō.Ǌо tŜǊƻǾǎƪƛǘŜ 

vǳŀƴǘǳƳ 5ƻǘǎ ōȅ tǊŜŎƛǇƛǘŀǘƛƻƴ ¢ŜƳǇŜǊŀǘǳǊŜΦ !ŘǾŀƴŎŜŘ {ŎƛŜƴŎŜ нлмрΣ н όфύΣ 
мрллмфпΦ  

24. ½ƘŀƴƎΣ CΦΤ /ƘŜƴΣ /ΦΤ YŜǊǎƘŀǿΣ {Φ ±ΦΤ ·ƛŀƻΣ /ΦΤ IŀƴΣ WΦΤ ½ƻǳΣ .ΦΤ ²ǳΣ ·ΦΤ /ƘŀƴƎΣ 
{ΦΤ 5ƻƴƎΣ ¸ΦΤ wƻƎŀŎƘΣ !Φ [ΦΤ Ŝǘ ŀƭΦ [ƛƎŀƴŘ-/ƻƴǘǊƻƭƭŜŘ CƻǊƳŀǘƛƻƴ ŀƴŘ 
tƘƻǘƻƭǳƳƛƴŜǎŎŜƴŎŜ tǊƻǇŜǊǘƛŜǎ ƻŦ /IоbIоtō.Ǌо bŀƴƻŎǳōŜǎ ŀƴŘ 
bŀƴƻǿƛǊŜǎΦ /ƘŜƳbŀƴƻaŀǘ нлмтΣ о όрύΣ олоςомлΦ  

25. vǳŀƴΣ [Φ bΦΤ ½ƘŀƻΣ ¸ΦΤ DŀǊŎƝŀ ŘŜ !ǊǉǳŜǊΣ CΦ tΦΤ {ŀōŀǘƛƴƛΣ wΦΤ ²ŀƭǘŜǊǎΣ DΦΤ 
±ƻȊƴȅȅΣ hΦΤ /ƻƳƛƴΣ wΦΤ [ƛΣ ¸ΦΤ CŀƴΣ WΦ ½ΦΤ ¢ŀƴΣ IΦΤ Ŝǘ ŀƭΦ ¢ŀƛƭƻǊƛƴƎ ǘƘŜ 9ƴŜǊƎȅ 
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[ŀƴŘǎŎŀǇŜ ƛƴ vǳŀǎƛ-н5 IŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜǎ 9ƴŀōƭŜǎ 9ŦŦƛŎƛŜƴǘ DǊŜŜƴ-[ƛƎƘǘ 
9ƳƛǎǎƛƻƴΦ bŀƴƻ [ŜǘǘŜǊǎ нлмтΣ мт όсύΣ отлмςотлфΦ  

26. .ƘŀǳƳƛƪΣ {ΦΤ ±ŜƭŘƘǳƛǎΣ {Φ !ΦΤ bƎΣ ¸Φ CΦΤ [ƛΣ aΦΤ aǳŘǳƭƛΣ {Φ YΦΤ {ǳƳΣ ¢Φ /ΦΤ 
5ŀƳƻŘŀǊŀƴΣ .ΦΤ aƘŀƛǎŀƭƪŀǊΣ {ΦΤ aŀǘƘŜǿǎΣ bΦ IƛƎƘƭȅ {ǘŀōƭŜΣ [ǳƳƛƴŜǎŎŜƴǘ 
/ƻǊŜς{ƘŜƭƭ ¢ȅǇŜ aŜǘƘȅƭŀƳƳƻƴƛǳƳςhŎǘȅƭŀƳƳƻƴƛǳƳ [ŜŀŘ .ǊƻƳƛŘŜ 
[ŀȅŜǊŜŘ tŜǊƻǾǎƪƛǘŜ bŀƴƻǇŀǊǘƛŎƭŜǎΦ /ƘŜƳΦ /ƻƳƳǳƴΦ нлмсΣ рн όппύΣ тммуς
тмнмΦ  

27. 5ŜōǊƻȅŜΣ 9ΦΤ ¸ǳŀƴΣ IΦΤ .ƭŀŘǘΣ 9ΦΤ .ŀŜƪŜƭŀƴǘΣ ²ΦΤ ±ŀƴ ŘŜǊ !ǳǿŜǊŀŜǊΣ aΦΤ 
IƻŦƪŜƴǎΣ WΦΤ .ŀƭǎΣ {ΦΤ wƻŜŦŦŀŜǊǎΣ aΦ .Φ WΦ CŀŎƛƭŜ aƻǊǇƘƻƭƻƎȅ-/ƻƴǘǊƻƭƭŜŘ 
{ȅƴǘƘŜǎƛǎ ƻŦ hǊƎŀƴƻƭŜŀŘ LƻŘƛŘŜ tŜǊƻǾǎƪƛǘŜ bŀƴƻŎǊȅǎǘŀƭǎ ¦ǎƛƴƎ .ƛƴŀǊȅ 
/ŀǇǇƛƴƎ !ƎŜƴǘǎΦ /ƘŜƳbŀƴƻaŀǘ нлмтΣ о όпύΣ нноςннтΦ 

28. ±ŀǎǎƛƭŀƪƻǇƻǳƭƻǳΣ !ΦΤ tŀǇŀŘŀǘƻǎΣ 5ΦΤ ½ŀƪƻǳǊŀǎΣ LΦΤ YƻǳǘǎŜƭŀǎΣ LΦ aƛȄǘǳǊŜǎ ƻŦ 
vǳŀǎƛ-¢ǿƻ ŀƴŘ ¢ƘǊŜŜ 5ƛƳŜƴǎƛƻƴŀƭ IȅōǊƛŘ hǊƎŀƴƛŎ-LƴƻǊƎŀƴƛŎ 
{ŜƳƛŎƻƴŘǳŎǘƛƴƎ tŜǊƻǾǎƪƛǘŜǎ ŦƻǊ {ƛƴƎƭŜ [ŀȅŜǊ [95Φ WƻǳǊƴŀƭ ƻŦ !ƭƭƻȅǎ ŀƴŘ 
/ƻƳǇƻǳƴŘǎ нлмтΣ сфнΣ руфςрфуΦ  

29. ±ŀǎǎƛƭŀƪƻǇƻǳƭƻǳΣ !ΦΤ tŀǇŀŘŀǘƻǎΣ 5ΦΤ YƻǳǘǎŜƭŀǎΣ LΦ wƻƻƳ ¢ŜƳǇŜǊŀǘǳǊŜ [ƛƎƘǘ 
9ƳƛǘǘƛƴƎ 5ƛƻŘŜ .ŀǎŜŘ ƻƴ н5 IȅōǊƛŘ hǊƎŀƴƛŎ-LƴƻǊƎŀƴƛŎ [ƻǿ 5ƛƳŜƴǎƛƻƴŀƭ 
tŜǊƻǾǎƪƛǘŜ {ŜƳƛŎƻƴŘǳŎǘƻǊΦ !ǇǇƭƛŜŘ aŀǘŜǊƛŀƭǎ ¢ƻŘŀȅ нлмсΣ рΣ мнуςмооΦ  

30. IŀƴǳǎŎƘΣ CΦ /ΦΤ ²ƛŜǎŜƴƳŀȅŜǊΣ 9ΦΤ aŀƴƪŜƭΣ 9ΦΤ .ƛƴŜƪΣ !ΦΤ !ƴƎƭƻƘŜǊΣ tΦΤ 
CǊŀǳƴƘƻŦŜǊΣ /ΦΤ DƛŜǎōǊŜŎƘǘΣ bΦΤ CŜŎƪƭΣ WΦ aΦΤ WŀŜƎŜǊƳŀƴƴΣ ²ΦΤ WƻƘǊŜƴŘǘΣ 5ΦΤ Ŝǘ 
ŀƭΦ 9ŦŦƛŎƛŜƴǘ tƭŀƴŀǊ IŜǘŜǊƻƧǳƴŎǘƛƻƴ tŜǊƻǾǎƪƛǘŜ {ƻƭŀǊ /Ŝƭƭǎ .ŀǎŜŘ ƻƴ 
CƻǊƳŀƳƛŘƛƴƛǳƳ [ŜŀŘ .ǊƻƳƛŘŜΦ ¢ƘŜ WƻǳǊƴŀƭ ƻŦ tƘȅǎƛŎŀƭ /ƘŜƳƛǎǘǊȅ [ŜǘǘŜǊǎ 
нлмпΣ р όмсύΣ нтфмςнтфрΦ  

31. bƻƘΣ WΦ IΦΤ LƳΣ {Φ IΦΤ IŜƻΣ WΦ IΦΤ aŀƴŘŀƭΣ ¢Φ bΦΤ {ŜƻƪΣ {Φ LΦ /ƘŜƳƛŎŀƭ 
aŀƴŀƎŜƳŜƴǘ ŦƻǊ /ƻƭƻǊŦǳƭΣ 9ŦŦƛŎƛŜƴǘΣ ŀƴŘ {ǘŀōƭŜ LƴƻǊƎŀƴƛŎςhǊƎŀƴƛŎ IȅōǊƛŘ 
bŀƴƻǎǘǊǳŎǘǳǊŜŘ {ƻƭŀǊ /ŜƭƭǎΦ bŀƴƻ [ŜǘǘŜǊǎ нлмоΣ мо όпύΣ мтспςмтсфΦ 

32. /ŀǊǇŜƴǘŜǊΣ aΦ !ΦΤ IƻǿŀǊŘΣ /Φ WΦ {ȅƳƳŜǘǊȅ wǳƭŜǎ ŀƴŘ {ǘǊŀƛƴκhǊŘŜǊ-
tŀǊŀƳŜǘŜǊ wŜƭŀǘƛƻƴǎƘƛǇǎ ŦƻǊ /ƻǳǇƭƛƴƎ ōŜǘǿŜŜƴ hŎǘŀƘŜŘǊŀƭ ¢ƛƭǘƛƴƎ ŀƴŘ 
/ƻƻǇŜǊŀǘƛǾŜ WŀƘƴς¢ŜƭƭŜǊ ¢Ǌŀƴǎƛǘƛƻƴǎ ƛƴ !.·о tŜǊƻǾǎƪƛǘŜǎΦ LΦ ¢ƘŜƻǊȅΦ !Ŏǘŀ 
/Ǌȅǎǘ . нллфΣ ср όнύΣ мопςмпсΦ  

33. {ŀŦŘŀǊƛΣ aΦΤ IΦ {ǾŜƴǎǎƻƴΣ tΦΤ ¢ŀƳ IƻŀƴƎΣ aΦΤ hƘΣ LΦΤ YƭƻƻΣ [ΦΤ aΦ DŀǊŘƴŜǊΣ WΦ 
[ŀȅŜǊŜŘ н5 !ƭƪȅƭŘƛŀƳƳƻƴƛǳƳ [ŜŀŘ LƻŘƛŘŜ tŜǊƻǾǎƪƛǘŜǎΥ {ȅƴǘƘŜǎƛǎΣ 
/ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΣ ŀƴŘ ¦ǎŜ ƛƴ {ƻƭŀǊ /ŜƭƭǎΦ WƻǳǊƴŀƭ ƻŦ aŀǘŜǊƛŀƭǎ /ƘŜƳƛǎǘǊȅ ! 
нлмсΣ п όплύΣ мрсоуςмрспсΦ  

34. DƭŀȊŜǊΣ !Φ aΦ ¢ƘŜ /ƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ¢ƛƭǘŜŘ hŎǘŀƘŜŘǊŀ ƛƴ tŜǊƻǾǎƪƛǘŜǎΦ !Ŏǘŀ 
/ǊȅǎǘŀƭƭƻƎǊŀǇƘƛŎŀ {ŜŎǘƛƻƴ . {ǘǊǳŎǘǳǊŀƭ /ǊȅǎǘŀƭƭƻƎǊŀǇƘȅ ŀƴŘ /Ǌȅǎǘŀƭ 
/ƘŜƳƛǎǘǊȅ мфтнΣ ну όммύΣ ооупςоофнΦ  
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35. ²ŜƛŘƳŀƴΣ aΦ /ΦΤ {ŜƛǘȊΣ aΦΤ {ǘǊŀƴƪǎΣ {Φ 5ΦΤ ¢ƛǎŘŀƭŜΣ ²Φ !Φ IƛƎƘƭȅ ¢ǳƴŀōƭŜ 
/ƻƭƭƻƛŘŀƭ tŜǊƻǾǎƪƛǘŜ bŀƴƻǇƭŀǘŜƭŜǘǎ ǘƘǊƻǳƎƘ ±ŀǊƛŀōƭŜ /ŀǘƛƻƴΣ aŜǘŀƭΣ ŀƴŘ 
IŀƭƛŘŜ /ƻƳǇƻǎƛǘƛƻƴΦ !/{ bŀƴƻ нлмсΣ мл όуύΣ туолςтуофΦ  

36. YƛƳΣ ¸Φ-IΦΤ [ŜŜΣ DΦ-IΦΤ YƛƳΣ ¸Φ-¢ΦΤ ²ƻƭŦΣ /ΦΤ ¸ǳƴΣ IΦ WΦΤ YǿƻƴΣ ²ΦΤ tŀǊƪΣ /Φ DΦΤ 
[ŜŜΣ ¢Φ-²Φ IƛƎƘ 9ŦŦƛŎƛŜƴŎȅ tŜǊƻǾǎƪƛǘŜ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎ ƻŦ [ƛƎŀƴŘ-
9ƴƎƛƴŜŜǊŜŘ /ƻƭƭƻƛŘŀƭ CƻǊƳŀƳƛŘƛƴƛǳƳ [ŜŀŘ .ǊƻƳƛŘŜ bŀƴƻǇŀǊǘƛŎƭŜǎΦ bŀƴƻ 
9ƴŜǊƎȅ нлмтΣ оуΣ рмςруΦ  

37. aƛƭƻǎŀǾƭƧŜǾƛŏΣ !Φ wΦΤ IǳŀƴƎΣ ²ΦΤ {ŀŘƘǳΣ {ΦΤ tǘŀǎƛƴǎƪŀΣ {Φ [ƻǿ-9ƴŜǊƎȅ 
9ƭŜŎǘǊƻƴ-LƴŘǳŎŜŘ ¢ǊŀƴǎŦƻǊƳŀǘƛƻƴǎ ƛƴ hǊƎŀƴƻƭŜŀŘ IŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜΦ 
!ƴƎŜǿŀƴŘǘŜ /ƘŜƳƛŜ LƴǘŜǊƴŀǘƛƻƴŀƭ 9Řƛǘƛƻƴ нлмсΣ рр όопύΣ мллуоςмллутΦ  

38. ½ƘŀƴƎΣ ¸ΦΤ ²ŀƴƎΣ /ΦΤ 5ŜƴƎΣ ½Φ /ƻƭƭƻƛŘŀƭ {ȅƴǘƘŜǎƛǎ ƻŦ aƻƴƻƭŀȅŜǊ-¢ƘƛŎƪ 
CƻǊƳŀƳƛŘƛƴƛǳƳ [ŜŀŘ .ǊƻƳƛŘŜ tŜǊƻǾǎƪƛǘŜ bŀƴƻǎƘŜŜǘǎ ǿƛǘƘ ŀ [ŀǘŜǊŀƭ {ƛȊŜ ƻŦ 
aƛŎǊƻƳŜǘŜǊǎΦ /ƘŜƳƛŎŀƭ /ƻƳƳǳƴƛŎŀǘƛƻƴǎ нлмуΣ рп όонύΣ плнмςплнпΦ  

39. IǳŀƴƎΣ ²ΦΤ aŀƴǎŜǊΣ WΦ {ΦΤ {ŀŘƘǳΣ {ΦΤ YŀƳŀǘΣ tΦ ±ΦΤ tǘŀǎƛƴǎƪŀΣ {Φ 5ƛǊŜŎǘ 
hōǎŜǊǾŀǘƛƻƴ ƻŦ wŜǾŜǊǎƛōƭŜ ¢ǊŀƴǎŦƻǊƳŀǘƛƻƴ ƻŦ /IоbIоtōLо ŀƴŘ bIпtōLо 
LƴŘǳŎŜŘ ōȅ tƻƭŀǊ DŀǎŜƻǳǎ aƻƭŜŎǳƭŜǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ [ŜǘǘΦ нлмсΣ т όнпύΣ 
рлсуςрлтоΦ  

40. [ƛΣ ·ΦΤ ²ǳΣ ¸ΦΤ ½ƘŀƴƎΣ {ΦΤ /ŀƛΣ .ΦΤ DǳΣ ¸ΦΤ {ƻƴƎΣ WΦΤ ½ŜƴƎΣ IΦ /ǎtō·о vǳŀƴǘǳƳ 
5ƻǘǎ ŦƻǊ [ƛƎƘǘƛƴƎ ŀƴŘ 5ƛǎǇƭŀȅǎΥ wƻƻƳ-¢ŜƳǇŜǊŀǘǳǊŜ {ȅƴǘƘŜǎƛǎΣ 
tƘƻǘƻƭǳƳƛƴŜǎŎŜƴŎŜ {ǳǇŜǊƛƻǊƛǘƛŜǎΣ ¦ƴŘŜǊƭȅƛƴƎ hǊƛƎƛƴǎ ŀƴŘ ²ƘƛǘŜ [ƛƎƘǘ-
9ƳƛǘǘƛƴƎ 5ƛƻŘŜǎΦ !ŘǾŀƴŎŜŘ CǳƴŎǘƛƻƴŀƭ aŀǘŜǊƛŀƭǎ нлмсΣ нс όмрύΣ нпорςнппрΦ  

41. /ƻŜǘȊŜŜΣ WΦ CΦΤ tŀŘƳŀƴŀōƘŀƴΣ DΦ wΦ tǊƻǇŜǊǘƛŜǎ ƻŦ .ŀǎŜǎ ƛƴ !ŎŜǘƻƴƛǘǊƛƭŜ ŀǎ 
{ƻƭǾŜƴǘΦ L±Φ tǊƻǘƻƴ !ŎŎŜǇǘƻǊ tƻǿŜǊ ŀƴŘ IƻƳƻŎƻƴƧǳƎŀǘƛƻƴ ƻŦ aƻƴƻ- ŀƴŘ 
5ƛŀƳƛƴŜǎΦ WΦ !ƳΦ /ƘŜƳΦ {ƻŎΦ мфсрΣ ут όннύΣ рллрςрлмлΦ 

42. ²ŜƛŘƳŀƴΣ aΦ /ΦΤ DƻƻŘƳŀƴΣ !Φ WΦΤ ¢ƛǎŘŀƭŜΣ ²Φ !Φ /ƻƭƭƻƛŘŀƭ IŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜ 
bŀƴƻǇƭŀǘŜƭŜǘǎΥ !ƴ 9ȄŎƛǘƛƴƎ bŜǿ /ƭŀǎǎ ƻŦ {ŜƳƛŎƻƴŘǳŎǘƻǊ bŀƴƻƳŀǘŜǊƛŀƭǎΦ 
/ƘŜƳΦ aŀǘŜǊΦ нлмтΣ нф όмнύΣ рлмфςрлолΦ  

43. !ƭƳŜƛŘŀΣ DΦΤ DƻƭŘƻƴƛΣ [ΦΤ !ƪƪŜǊƳŀƴΣ vΦΤ 5ŀƴƎΣ ½ΦΤ YƘŀƴΣ !Φ IΦΤ aŀǊǊŀǎΣ {ΦΤ 
aƻǊŜŜƭǎΣ LΦΤ aŀƴƴŀΣ [Φ wƻƭŜ ƻŦ !ŎƛŘς.ŀǎŜ 9ǉǳƛƭƛōǊƛŀ ƛƴ ǘƘŜ {ƛȊŜΣ {ƘŀǇŜΣ ŀƴŘ 
tƘŀǎŜ /ƻƴǘǊƻƭ ƻŦ /ŜǎƛǳƳ [ŜŀŘ .ǊƻƳƛŘŜ bŀƴƻŎǊȅǎǘŀƭǎΦ !/{ bŀƴƻ нлмуΣ мн 
όнύΣ мтлпςмтммΦ  

44. 9ǇŜǊƻƴΣ DΦ 9ΦΤ {ǘǊŀƴƪǎΣ {Φ 5ΦΤ aŜƴŜƭŀƻǳΣ /ΦΤ WƻƘƴǎǘƻƴΣ aΦ .ΦΤ IŜǊȊΣ [Φ aΦΤ 
{ƴŀƛǘƘΣ IΦ WΦ CƻǊƳŀƳƛŘƛƴƛǳƳ [ŜŀŘ ¢ǊƛƘŀƭƛŘŜΥ ! .ǊƻŀŘƭȅ ¢ǳƴŀōƭŜ tŜǊƻǾǎƪƛǘŜ 
ŦƻǊ 9ŦŦƛŎƛŜƴǘ tƭŀƴŀǊ IŜǘŜǊƻƧǳƴŎǘƛƻƴ {ƻƭŀǊ /ŜƭƭǎΦ 9ƴŜǊƎȅ ϧ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 
{ŎƛŜƴŎŜ нлмпΣ т όоύΣ фунΦ  

45. ¦{нлмтлонмммт!м - IƛƎƘƭȅ ǘǳƴŀōƭŜ ŎƻƭƭƻƛŘŀƭ ǇŜǊƻǾǎƪƛǘŜ ƴŀƴƻǇƭŀǘŜƭŜǘǎ - 
DƻƻƎƭŜ tŀǘŜƴǘǎ ƘǘǘǇǎΥκκǇŀǘŜƴǘǎΦƎƻƻƎƭŜΦŎƻƳκǇŀǘŜƴǘκ¦{нлмтлонмммт!мκŜƴ 
όŀŎŎŜǎǎŜŘ hŎǘ омΣ нлмуύΦ 
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46. 9ǾŜƴΣ WΦΤ tŜŘŜǎǎŜŀǳΣ [ΦΤ YŀǘŀƴΣ /Φ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ vǳŀƴǘǳƳ /ƻƴŦƛƴŜƳŜƴǘ ƻŦ 
/ƘŀǊƎŜ /ŀǊǊƛŜǊǎ ƛƴ [ŀȅŜǊŜŘ н5 IȅōǊƛŘ tŜǊƻǾǎƪƛǘŜǎΦ /ƘŜƳtƘȅǎ/ƘŜƳ нлмпΣ мр 
όмтύΣ отооςотпмΦ  

47. {ƘƛΣ 5ΦΤ !ŘƛƴƻƭŦƛΣ ±ΦΤ /ƻƳƛƴΣ wΦΤ ¸ǳŀƴΣ aΦΤ !ƭŀǊƻǳǎǳΣ 9ΦΤ .ǳƛƴΣ !ΦΤ /ƘŜƴΣ ¸ΦΤ 
IƻƻƎƭŀƴŘΣ {ΦΤ wƻǘƘŜƴōŜǊƎŜǊΣ !ΦΤ YŀǘǎƛŜǾΣ YΦΤ Ŝǘ ŀƭΦ [ƻǿ ¢ǊŀǇ-{ǘŀǘŜ 5Ŝƴǎƛǘȅ 
ŀƴŘ [ƻƴƎ /ŀǊǊƛŜǊ 5ƛŦŦǳǎƛƻƴ ƛƴ hǊƎŀƴƻƭŜŀŘ ¢ǊƛƘŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜ {ƛƴƎƭŜ 
/ǊȅǎǘŀƭǎΦ {ŎƛŜƴŎŜ нлмрΣ опт όсннмύΣ рмфςрннΦ  

48. aƛƭƻǘΣ wΦ [ΦΤ {ǳǘǘƻƴΣ wΦ WΦΤ 9ǇŜǊƻƴΣ DΦ 9ΦΤ IŀƎƘƛƎƘƛǊŀŘΣ !Φ !ΦΤ aŀǊǘƛƴŜȊ 
IŀǊŘƛƎǊŜŜΣ WΦΤ aƛǊŀƴŘŀΣ [ΦΤ {ƴŀƛǘƘΣ IΦ WΦΤ WƻƘƴǎǘƻƴΣ aΦ .ΦΤ IŜǊȊΣ [Φ aΦ /ƘŀǊƎŜ-
/ŀǊǊƛŜǊ 5ȅƴŀƳƛŎǎ ƛƴ н5 IȅōǊƛŘ aŜǘŀƭςIŀƭƛŘŜ tŜǊƻǾǎƪƛǘŜǎΦ bŀƴƻ [ŜǘǘŜǊǎ 
нлмсΣ мс όммύΣ тллмςтллтΦ  

49. .ƭŀƴŎƻƴΣ WΦ-/ΦΤ ¢ǎŀƛΣ IΦΤ bƛŜΣ ²ΦΤ {ǘƻǳƳǇƻǎΣ /Φ /ΦΤ tŜŘŜǎǎŜŀǳΣ [ΦΤ YŀǘŀƴΣ /ΦΤ 
YŜǇŜƴŜƪƛŀƴΣ aΦΤ {ƻŜΣ /Φ aΦ aΦΤ !ǇǇŀǾƻƻΣ YΦΤ {ŦŜƛǊΣ aΦ ¸ΦΤ Ŝǘ ŀƭΦ 9ȄǘǊŜƳŜƭȅ 
9ŦŦƛŎƛŜƴǘ LƴǘŜǊƴŀƭ 9ȄŎƛǘƻƴ 5ƛǎǎƻŎƛŀǘƛƻƴ ǘƘǊƻǳƎƘ 9ŘƎŜ {ǘŀǘŜǎ ƛƴ [ŀȅŜǊŜŘ н5 
tŜǊƻǾǎƪƛǘŜǎΦ {ŎƛŜƴŎŜ нлмтΣ орр όсоомύΣ мнууςмнфнΦ  

50. tŜǊǳƳŀƭΣ !ΦΤ {ƘŜƴŘǊŜΣ {ΦΤ [ƛΣ aΦΤ ¢ŀȅΣ ¸Φ YΦ 9ΦΤ {ƘŀǊƳŀΣ ±Φ YΦΤ /ƘŜƴΣ {ΦΤ ²ŜƛΣ ½ΦΤ 
[ƛǳΣ vΦΤ DŀƻΣ ¸ΦΤ .ǳŜƴŎƻƴǎŜƧƻΣ tΦ WΦ {ΦΤ Ŝǘ ŀƭΦ IƛƎƘ .ǊƛƎƘǘƴŜǎǎ CƻǊƳŀƳƛŘƛƴƛǳƳ 
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wŜǇƻǊǘǎ нлмсΣ сΣ остооΦ 

51. !ȅƎǸƭŜǊΣ aΦ CΦΤ ²ŜōŜǊΣ aΦ 5ΦΤ tǳǎŎƘŜǊΣ .Φ aΦ 5ΦΤ aŜŘƛƴŀΣ 5Φ 5ΦΤ 5ƻŎŀƳǇƻΣ tΦΤ 
/ƻǎǘŀΣ wΦ 5Φ [ƛƎƘǘ-9ƳƛǘǘƛƴƎ 9ƭŜŎǘǊƻŎƘŜƳƛŎŀƭ /Ŝƭƭǎ .ŀǎŜŘ ƻƴ IȅōǊƛŘ [ŜŀŘ 
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53. {ŀƘΣ /ΦΤ bƻȅŎŜΣ wΦ bΦΤ {ƘƻŎƪƭŜȅΣ ²Φ /ŀǊǊƛŜǊ DŜƴŜǊŀǘƛƻƴ ŀƴŘ wŜŎƻƳōƛƴŀǘƛƻƴ ƛƴ 
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57. wƻŘǊƝƎǳŜȊ-/ŀǊǾŀƧŀƭΣ WΦ wŜŎŜƴǘ !ŘǾŀƴŎŜǎ ƛƴ aŀƎƴŜǘƛŎ {ǘǊǳŎǘǳǊŜ 
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  руΦ  {ŎƘǊƛƳǇŦΣ ²ΦΤ .ŀǊǘƘΣ !ΦΤ IŜƴŘǊƛȄΣ WΦΤ [ŀƳōΣ 5Φ /Φ t!aΥ ! CǊŀƳŜǿƻǊƪ ŦƻǊ 

LƴǘŜƎǊŀǘŜŘ !ƴŀƭȅǎƛǎ ƻŦ LƳŀƎƛƴƎΣ {ƛƴƎƭŜ-aƻƭŜŎǳƭŜΣ ŀƴŘ 9ƴǎŜƳōƭŜ 

CƭǳƻǊŜǎŎŜƴŎŜ 5ŀǘŀΦ .ƛƻǇƘȅǎƛŎŀƭ WƻǳǊƴŀƭ нлмуΣ ммп όтύΣ мрмуςмрнуΦ 
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Supporting Information 
 

 
Figure S1. Schematic representation of the solution processed synthesis of FAPbBr3 nanocrystals. 

 

Figure S2. Size distribution of FAPbBr3 nanocubes and nanorods obtained by PbBr2/FABr a) 1:1 and b) 

1:3 precursor ratios, respectively. 
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Figure S3. Elemental composition of FAPbBr3 a) nanocubes and b) nanorods 
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Table S1. Peak analysis of the XPS spectra. 

 

 

 

Figure S4. a) SEM image and b) XRD of FAPbBr3 nanocrystals with monoclinic symmetry formed by 

adding HBr to the PbBr2/FABr 1:1 precursor ratio. 
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Figure S5. a) SEM image, b) XRD, c) typical high-energy emission and absorption spectra and d) PL 
lifetime decay of 2D (OAm)2PbBr4 microplatelets. (#) Extra peak attributed to the intercalation of 
OAmBr in the 2D structure. 

To confirm the generation of low-dimensional FAPbBr3 perovskites, 
oleylammonium bromide (OAmBr), as synthesized according to a known 
protocol,1 was mixed with PbBr2 leading to the formation of a stable 2D 
perovskite structure which can be defined as (OAm)2PbBr4. In SEM imaging, 
the crystallites appeared as transparent thin platelets and XRD analysis 
revealed the expected 2D pattern. Typical high-energy absorption and 
photoluminescence emission was measured for (OAm)2PbBr4. 
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Figure S6. PL and absorption spectra of dropcasted thin films of nanorods a) when 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 humid day. 

The nanorods are anticipitated to form a conglomerate, existing of a quasi-
2D perovskite component exhibiting a monoclinic phase and a 3D 
component with cubic phase. The low-dimensional 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 green-emitting orange 
phase, under high humid conditions. Note that, the transition was only 
observed when the NCs were dropcasted on a glass slide; however, the 
stability was retained in suspension.  Nevertheless, the blue-green emitting 
compound yielded high quantum yields up to 32% at 445 nm. Interestingly, 
pumping the cubic phase (˂exc = 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 passivating effect to the surface 
defects or to the formation of a quasi-2D structure, exhibiting a strong 
quantum confinement effect. 

Furthermore, in order to prevent the exposure of nanorods to moisture, the 
synthesis was carried out inside the glove box. The PL spectra 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 NCs prepared 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 quenching of 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, exhibiting quantum yields 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 threshold at around 20 mW, at 
which the material is  substantially altered by the laser excitation, as seen 
on the two-photon images (Figure S7) and corresponding transmission 
ƛƳŀƎŜǎ όCƛƎǳǊŜ {уύΦ LǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ƴƻǘŜ ǘƘŀǘ ǘƘŜ ǎƛƎƴŀƭ ƻŦ ōƻǘƘ ŎƘŀƴƴŜƭǎ ƛǎ 
stable before reaching 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 two-photon imaging was further performed at another spot in the 
same sample and the corresponding transmission and SEM images were 
recorded from the examined spot (Figure S9). 
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Figure S7. Two-photon images of rods using 910 nm (top row) and 1064 nm (bottom row) as 
excitation sources. The 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. 

 

 
Figure S8 Corresponding transmission images of the imaged area in the two-photon experiment a) 
before and b) after the threshold of 20 mW in focus, c) corresponding SEM image of the destroyed 
spot. 

 
Figure S9. Two-photon images of the sample using excitation at a) 910 nm and b) 1064 nm, c) the 

corresponding transmission and d) SEM image at 15 mW. 



Single-Step Synthesis of Dual Phase Bright Blue-Green Emitting Lead Halide Perovskite 
Nanocrystal Thin Films 

 
 

97 
 

Table S2. Recombination lifetimes extracted from the time-resolved PL decay curves for FAPbBr3 3D 
nanocubes recorded at 485 nm excitation wavelength and quasi-2D/3D nanorods recorded at 405 nm 
and 485 nm excitation wavelength. 

 

Table S3. Fractional contribution (Ci; i = 1, 2, and 3) ƻŦ ŜŀŎƘ ŘŜŎŀȅ ǘƛƳŜ όˍ1Σ ˍ2Σ ŀƴŘ ˍ3) to the overall 
decay time for the rod-shaped perovskite NCs recorded at 405 nm excitation 

 

Fractional contribution (Ci) of each decay time to the whole time is 
calculated by the following equation: 

Ci =
 

В   
  

 

Thin film morphology of perovskites used as emissive layer (EM) in LEDs 
To check the uniformity of the film, the film morphology was measured by 
using a non-contact optical profilometer (S lynx compact profilometer with 
Nikon TU Plan Fluor lens with a magnification of 50x). The results confirm 
that the film prepared 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 much better than the 
nanocubes, indicating that the role of morphology plays an important role in 
the device performance. 
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Figure S10. The 3D image of thin films of a) nanocubes and b) nanorods, displaying the surface of the 
emissive material (EM) layer used for the LEDs. 
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    Abstract 

Lead halide perovskites are promising candidates for high-performance 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 recently been shown to improve the crystallinity and 
optical properties of perovskites, the corresponding thin films still do not 
exhibit a near-unity quantum yield. Herein, we report that the direct 
addition of a minute amount of water to post-treated formamidinium lead 
bromide (FAPbBr3) 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 NH4Br component. Alongside, we demonstrate the crucial role of 
moisture in assisting localized etching of the perovskite crystal, facilitating 
the partial incorporation of NH4+, which is key for improved performance 
under ambient conditions. Finally, as a proof-of-concept, the application of 
post-treated and water-treated perovskites is tested in light emitting 
diodes, with the latter exhibiting a superior performance, offering 
opportunities towards commercial application in moisture-stable 
optoelectronics.  
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   LƴǘǊƻŘǳŎǘƛƻƴ 

Organic-inorganic lead halide perovskites (LHPs) exhibit outstanding 
optoelectronic properties for light harvesting and emission devices.1ς3  
However, the function of the perovskite layer in these distinct applications 
differs fundamentally. 3D APbX3 (where A is an organic or inorganic cation, X 
an halide) LHPs possess a large absorption coefficient, long charge carrier 
diffusion lengths, and small exciton binding energies (Eb), which are highly 
desirable for solar cell applications.4 In contrast, light emitting diodes (LEDs) 
benefit from high Eb, which is not commonly observed in traditional 3D 
perovskites.5  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.5 However, 3D LHP-based devices lack long-term stability, 
restricting their commercialization.  
Recently, 2D A2PbX4 LHPs have gained considerable attention due to their 
remarkable stability compared to that of their 3D counterparts.6,7 
Furthermore, these structures exhibit appealing properties, such as a strong 
quantum and dielectric confinement, which results in high Eb, making them 
attractive for electroluminescence (EL) applications.8 However, high 
external quantum efficiencies (EQE)  have not yet been achieved for LEDs 
ōŀǎŜŘ ƻƴ ΨǇǳǊŜ н5Ω ǇŜǊƻǾǎƪƛǘŜǎ ŘǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƭŀǊƎŜ ƻǊƎŀƴƛŎ 
insulating ammonium cations, restricting their charge transport 
properties.1,2 Hence, the formation of a 2D-3D heterostructure (also known 
as quasi-2D perovskites) is a valuable method to combine the best of both 
worlds, i.e. structures with enhanced stability and spatially confined 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 surface-to-volume ratio, 
which trap a fraction of charge carriers, serving as non-radiative 
recombination centers.9 Moreover, surface defects also promote the 
penetration of moisture and accelerate the degradation of perovskites.10 
Recently, several studies have demonstrated effective strategies to 
passivate the LHP NC surface, promoting radiative recombination, for 
example, by introducing bulky organic surfactants such as ammonium 
ǘŜǘǊŀŦƭǳƻǊƻōƻǊŀǘŜΣ ŘƛŀƳƳƻƴƛǳƳ ƘŀƭƛŘŜǎΣ ǎƛƭǾŜǊҍǘǊƛƻŎǘȅƭǇƘƻǎǇƘƛƴŜ 
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complexes, didodecyl dimethylammonium  fluoride, etc.11ς15 Some reports 
find MAI-16,17 or FABr-rich18,19 conditions to be beneficial for device 
performance as their excess may passivate defects at the surface.  Besides 
these typical passivation strategies, the incorporation of water in the ligand 
assisted re-precipitation (LARP) reaction mixture has also been 
demonstrated to play a positive role in controlling the morphology and 
stability of LHP NCs.20,21  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.22,23 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 post-treatment strategy that could allow the 
utilization of perovskites NCs in moisture-stable optoelectronics. We started 
off with a single-step synthesis of FAPbBr3 NCs using synergistic ligands, 
short chain sec-butylamine (s-BA) and oleic acid (OAc). We first discuss the 
structural and optical characteristics of the as-prepared FAPbBr3 NCs. 
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 atmospheric moisture hydrolyses 
the excess FABr from the post-treatment reaction mixture, leading to the 
formation of formamide, and surface-stabilizing ammonium bromide 
(NH4Br). The high concentration of NH4

+Br- resulted in NCs with higher 
stability and substantially improved optical properties, displaying high PL 
quantum yields (PLQY) of 85% when deposited as device-ready NC thin 
films. Additionally, this work also explores the effect of directly adding 
minute amounts of water (0.2% (v/v)) to the post-treated FAPbBr3 NCs. 
While earlier studies have demonstrated the role of water in facilitating the 
phase-transformation (Cs4PbBr6 to CsPbBr3 or CsPbBr3 to CsPb2Br5),24,25 
influencing the growth rate and shape of NCs,26 structural reorganization27 
and surface crystallization,28 this study elucidate its role in locally exfoliating 
and etching the post-treated NCs, thereby, creating possible channels for 
the intercalation of NH4+ cations as well as promoting the self-assembly of 
NCs. This, consequently, promotes the stabilization of the NCs, raising the 
PLQY to 95% when deposited as thin films. Finally, as a proof-of-concept, 
the application of post-treated and water-treated FAPbBr3 NC thin films was 
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explored in LEDs. Strikingly, the water-treated LHPs exhibited up to three 
times higher EQE as compared to solely post-treated FAPbBr3 NCs.  

   Result and Discussion 

FAPbBr3 NCs are synthesized by a facile, ligand-mediated wet chemical 
approach. First, a stoichiometric ratio of FABr and PbBr2 is dissolved in DMF. 
Meanwhile, a mixture of synergistic ligands, s-BA and OAc, is added to the 
antisolvent, toluene. Finally, the injection of the precursor to the toluene 
solution yields a blue-green emissive suspension under UV illumination. This 
blue-green emission is a typical feature of low dimensional perovskites. 
Herein, a low-dimensional (quasi-2D) structure is suspected to be generated 
by the formation of sec-butylammonium, which will be clarified later. 
However, the emission color rapidly changes from blue-green to green and 
readily loses intensity as soon as the NCs are washed with toluene, 
suggesting a structural change in ambient conditions. In an attempt to 
maintain the initial quasi-2D structure with the appealing blue-green 
emission, we employ a surface passivation strategy. Immediately after 
synthesis, the NCs are sonicated with extra molar equivalents of FABr 
(employed in the post-treatment mixture), manifesting a positive effect on 
the stability, and allowing the FAPbBr3 NC suspension to retain the initial 
bright blue-green emission. More specifically, the samples are post-treated 
with 0.02 (1 equivalent), 0.04 (2 equivalents), 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 PT0. A more detailed explanation of the protocol is 
discussed in the experimental section. Moreover, the effect of humidity on 
ǘƘŜ b/ǎΩ ǎǘǊǳŎǘǳǊŜ Ƙŀǎ ōŜŜƴ ƛƴǾŜǎǘƛƎŀǘŜŘ ŀƴŘ ǘƘŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ǎǘǊǳŎǘǳǊŀƭ 
change upon post-treatment is schematically demonstrated. Following the 
synthesis and post-treatment, the structure is evaluated using transmission 
electron microscopy (TEM), X-ray diffraction (XRD), grazing incidence X-ray 
diffraction (GIXRD), X-ray photoelectron spectroscopy (XPS) and Fourier-
transform infrared spectroscopy (FTIR) techniques, while the optical 
properties are investigated using steady-state and time-resolved 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 shown in Figure 1a, PT0 was formed with the conventional FAPbBr3 
cubic phase.18 However, upon post-treatment (i) four extra peaks appear, 
which get more pronounced when applying higher molar equivalents of 
FABr. XRD refinement reveals the presence of a mixture of two cubic 
phases, the major phase corresponding to the typical cubic structure of 
FAPbBr3 (Pm-3m, a = 6.0179(2) Å)29, and a second phase with sharp peaks 
(marked with *) belonging to the cubic ammonium bromide (NH4Br) 
structure (Pm-3m, a = 4.0620(1) Å) (Figure S1).30  (ii) The XRD patterns of the 
post-treated FAPbBr3 b/ǎ ŜȄƘƛōƛǘ ƭƻǿ ŀƴƎƭŜ ŘƛŦŦǊŀŎǘƛƻƴ ŦŜŀǘǳǊŜǎΣ ōŜƭƻǿ нʻ Ґ 
15°, suggesting the presence of a low dimensional structure, ǿƘƛŎƘ ƛǎ 
ǇƻǘŜƴǘƛŀƭƭȅ ŦǳǊǘƘŜǊ ǎǘŀōƛƭƛȊŜŘ ōȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ bIп.Ǌ. It is important to 
note that post-treatment is generally a surface modifying (healing in this 
case) approach and thus, is not expected to impact the bulk of the crystal. 
Considering the fact that the XRD pattern reveals highly intense peaks 
corresponding to the cubic-phase of NH4Br, it is anticipated that some part 
of the NH4Br interacted with the crystal surface, assisting in stabilizing and 
preserving the dimensionality of the NCs, whereas, another fraction 
ǊŜƳŀƛƴŜŘ ŀǎ ΨŦǊŜŜΩ-NH4Br in the structure, exhibiting an additional phase. 
First, our attention will be focused on the elucidation of the appearance of 
the additional NH4Br cubic phase. For the post-treatment, we employed 
different molar amounts of FABr, mixed with OAc and OAm capping ligands 
in hexane. ¢ƘŜ ǘǊŀŎŜ ƻŦ ǿŀǘŜǊ ǇǊŜǎŜƴǘ ƛƴ ƘŜȄŀƴŜ ǎƻƭǳǘƛƻƴ ŦǊƻƳ ŀǘƳƻǎǇƘŜǊŜ 
most likely induces the base (OAm)-catalyzed hydrolysis of FABr, leading to 
the formation of formamide and NH4Br (Scheme S1). As control 
experiments, the XRD patterns of a mixture 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 the NH4Br cubic 
phase as is also observed for the post-treated NCs, thus confirming our 
hypothesis. 
To study the influence of formamide on the structure, additional control 
experiments were performed, where the NCs were post-treated with a 
mixture of NH4Br and a varying amount of formamide (Figure S3). It was 
observed that formamide, as such, has no impact on the perovskite 
structure, but it mainly aids in the dispersion of the NH4Br salt, attributing to  
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its polar nature (refer SI 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. 

 

Figure 1. a) XRD (b) FTIR and (c) XPS spectra of untreated and post-treated FAPbBr3 NCs. The symbol 
(*) in panel (a) indicates the NH4Br cubic phase. The XPS spectra are normalized to their respective Pb 
4f peaks 

Next, more detailed GIXRD measurements (Figure S4) resulted in five 
ǊŜŦƭŜŎǘƛƻƴǎ ƛƴ ǘƘŜ ƭƻǿ нʻ ǊŜƎƛƻƴ ŀǘ ŀǊƻǳƴŘ нΦпϲΣ пΦтϲΣ фΦрϲΣ ммΦуϲΣ ŀƴŘ м4.4° 
(corresponding to a lattice spacing up to d  Ғ  осΦт )ύΦ These reflections 
cannot arise from an oriented 3D LHP structure since they are located too 
ƭƻǿ ƛƴ ǘƘŜ нʻ ǊŜƎƛƻƴ ŀƴŘ ǘƘǳǎ ŎƻƴŦƛǊƳ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ƭƻǿ ŘƛƳŜƴǎƛƻƴŀƭ 
structure, as previously observed for other perovskites.31 In particular, the 
peak positions of these low angle features reflect an n Җ п ŎƻƳǇƻǎƛǘƛƻƴΣ 
where n is the number of layers of FAPbBr3 unit cells, as it is expected that 
an n = 4 composition contains peaks from n = 1-3 structures. For n җ п 
structures, the diffraction peaks representing smaller n values would be 



Chapter 4 

106 
 

very weak or would even completely disappear.31 At this point, it is 
anticipated that the organic spacer that assists the formation of the quasi-
2D structure is sec-butylammonium, which is formed after the protonation 
of s-BA by OAc in the aprotic solvent.32 The large d-spacing value is thus 
attributed to this bulky cation participating in the formation of the quasi-2D 
structure (Scheme 1, left panel (i)). 

 

Scheme 1. The structural evolution of FAPbBr3 NCs (i) before and after post-treatment and (ii) when 
the structures are exposed to moisture. The blue cations in (ii) depict NH4

+. 

¢ƻ ŦǳǊǘƘŜǊ ǾŜǊƛŦȅ ǘƘŜ ŀōƻǾŜ-ǎǘŀǘŜŘ ŦƛƴŘƛƴƎǎΣ C¢Lw ŀƴŘ ·t{ ƳŜŀǎǳǊŜƳŜƴǘǎ 
ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ƻƴ ǘƘŜ ǳƴǘǊŜŀǘŜŘ ŀƴŘ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎΦ Lƴ CƛƎǳǊŜ мōΣ ǘƘŜ 
C¢Lw ǎǇŜŎǘǊǳƳ ŦŜŀǘǳǊŜǎ ǎƘŀǊǇ ŀōǎƻǊǇǘƛƻƴ ōŀƴŘǎ ŀǘ Ϥнусл ŀƴŘ нфол ŎƳ-мΣ 
ǿƘƛŎƘ ŀǊŜ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ ŀǎȅƳƳŜǘǊƛŎ ǎǘǊŜǘŎƘƛƴƎ ǾƛōǊŀǘƛƻƴǎ ƻŦ /Iн ŀƴŘ /Iо 
ƻŦ ǘƘŜ ŎŀǇǇƛƴƎ ƭƛƎŀƴŘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘǿƻ ŘƛǎǘƛƴŎǘ ǇŜŀƪǎ ŀǊƻǳƴŘ 
Ϥолрл ŀƴŘ омрл ŎƳ-м ŀǇǇŜŀǊΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ ǎǘǊŜǘŎƘƛƴƎ ǾƛōǊŀǘƛƻƴǎ ƻŦ 
ŀƳƳƻƴƛǳƳΣ ƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ ǇǊƻǘƻƴŀǘŜŘ ǎ-.! ŀƴŘ bIп

ҌΦ33 bƻǘŀōƭȅΣ ǘƘŜǎŜ 
ǇŜŀƪ ƛƴǘŜƴǎƛǘƛŜǎ ǊŜƭŀǘƛǾŜƭȅ ƛƴŎǊŜŀǎŜ ŦƻǊ ǘƘŜ ǎŀƳǇƭŜǎ Ǉƻǎǘ-ǘǊŜŀǘŜŘ ǿƛǘƘ 
ƛƴŎǊŜŀǎƛƴƎ ƳƻƭŀǊ ŜǉǳƛǾŀƭŜƴǘǎ ƻŦ C!.ǊΣ ƛƳǇƭȅƛƴƎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳƻǊŜ 
ŀƳƳƻƴƛǳƳ ǎǇŜŎƛŜǎΣ ƛƴŎƭǳŘƛƴƎ ŦǊŜŜ-ǎǘŀƴŘƛƴƎ bIп.ǊΦ ¢Ƙƛǎ ŦƛƴŘƛƴƎ ƛǎ ƛƴ ƭƛƴŜ ǿƛǘƘ 
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ǘƘŜ ƻōǘŀƛƴŜŘ ·w5 ŘŀǘŀΣ ŘƛǎǇƭŀȅƛƴƎ ǘƘŜ ƘƛƎƘŜǎǘ ǇŜŀƪ ƛƴǘŜƴǎƛǘƛŜǎ ǊŜŦƭŜŎǘƛƴƎ ǘƘŜ 
bIп.Ǌ ǇƘŀǎŜ ŦƻǊ ǘƘŜ t¢о b/ǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ ŦƛƭƳǎ ŜȄƘƛōƛǘŜŘ 
ŀ ƎǊŀŘǳŀƭ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ōŀƴŘ ŀǊƻǳƴŘ мтмо ŎƳ-мΣ ǿƘƛŎƘ Ƴŀȅ ōŜ ŀǎǎƛƎƴŜŘ ǘƻ 
ǘƘŜ /h ǎǘǊŜǘŎƘƛƴƎ ƳƻŘŜ ƻŦ ŦƻǊƳŀƳƛŘŜΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ǇŜŀƪ Ŏŀƴ ŀƭǎƻ ōŜ 
ƻōǎŜǊǾŜŘ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ /h ƻǊ /b ǎǘǊŜǘŎƘƛƴƎ ƻŦ ǘƘŜ ŎŀǊōƻȄȅƭƛŎ ƎǊƻǳǇ ƻŦ 
h!Ŏ ƻǊ ƻŦ C!ҌΣ ǊŜǎǇŜŎǘƛǾŜƭȅ όCƛƎǳǊŜ {рύΦ Lǘ ƛǎ ŎŜǊǘŀƛƴƭȅ ŘƛŦŦƛŎǳƭǘ ǘƻ ŀǎǎƛƎƴ ǘƘŜ 
ŜȄŀŎǘ ŎƻƴǘǊƛōǳǘƛƻƴΣ ƘƻǿŜǾŜǊΣ ƛǘ Ŏŀƴ ƻƴƭȅ ōŜ ǎǇŜŎǳƭŀǘŜŘ ǘƘŀǘ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ 
ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǇŜŀƪǎ ŀǊƻǳƴŘ мтмо ŎƳ-м ŦƻǊ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎ ŎƻǳƭŘ ƳƻǊŜ 
ƭƛƪŜƭȅ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŦƻǊƳŀƳƛŘŜΣ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǿƘƛŎƘ 
ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ƳƻƭŀǊ ŀƳƻǳƴǘǎ ƻŦ C!.ǊΣ ŀǎ ŀƭǎƻ ƴƻǘŜŘ ŦƻǊ ·w5 
ǇŀǘǘŜǊƴΦ Lǘ ƛǎ ƭŜǎǎ ƭƛƪŜƭȅ ǘƻ ōŜ ŀǊƛǎƛƴƎ ŦǊƻƳ ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘ ŀǎ ƛǘǎ ŎƻƴǘǊƛōǳǘƛƻƴ ƛǎ 
ŜȄǇŜŎǘŜŘ ǘƻ ŘŜŎǊŜŀǎŜ ƻƴ ŀŎŎƻǳƴǘ ƻŦ ǇǊƻǘƻƴ ǘǊŀƴǎŦŜǊ ōŜǘǿŜŜƴ ŀƴ ŜȄŎŜǎǎ ƻŦ 
h!Ŏ ŀƴŘ h!Ƴ ƻǊ ǎ-.!Σ ǎǳǇǇƭƛŜŘ ŘǳǊƛƴƎ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘ ǎǘŜǇΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ 
ǘƘŜ ŘŜǎƻǊǇǘƛƻƴ ƻŦ ƭƛƎŀƴŘ όǳƴōƻǳƴŘ h!Ŏύ ŎƻǳƭŘ ŀƭǎƻ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ 
ŀŘŘƛǘƛƻƴŀƭ ǿŀǎƘƛƴƎ ǎǘŜǇΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎΦ34 
/ƻƴǎŜǉǳŜƴǘƭȅΣ ǘƘŜ ŘŜǇǊƻǘƻƴŀǘƛƻƴ ƻŦ h!Ŏ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƴǘŜƴǎƛǘȅ ƻŦ 
ǘƘŜ /hh- ōŀƴŘΣ ƘŀǾƛƴƎ ǎȅƳƳŜǘǊƛŎ ŀƴŘ ŀǎȅƳƳŜǘǊƛŎ ƳƻŘŜǎ ŀǊƻǳƴŘ Ϥ мплл 
ŀƴŘ мпст ŎƳ-мΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜǎŜ ǘǿƻ 
ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ōŀƴŘ ƛǎ Ϥ ст ŎƳ-мΣ ǊŜŦƭŜŎǘƛƴƎ ŀ ōƛŘŜƴŘŀǘŜ ŎƻƻǊŘƛƴŀǘƛƻƴ ƻŦ h!Ŏ 
ǘƻ tōнҌΦ35 ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ƻƭŜŀǘŜ ŀƴƛƻƴǎ ŀǊŜ ŀƭǎƻ ŀŘǎƻǊōŜŘ ƻƴ ǘƘŜ 
ǇŜǊƻǾǎƪƛǘŜ ǎǳǊŦŀŎŜΣ ŦǳǊǘƘŜǊ ǇŀǎǎƛǾŀǘƛƴƎ ǘƘŜ ǎǳǊŦŀŎŜ ŘŜŦŜŎǘǎ 
όǳƴŘŜǊŎƻƻǊŘƛƴŀǘŜŘ tōнҌύΦ36 bƻǘŀōƭȅΣ ŀ ŎƻƴǎƛŘŜǊŀōƭŜ ŀƳƻǳƴǘ ƻŦ ǳƴōƻǳƴŘ 
ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘ ǊŜƳŀƛƴŜŘ ƛƴ ǘƘŜ ǎǳǎǇŜƴǎƛƻƴ ƻŦ t¢лΣ ǇǊƻōŀōƭȅ ŘǳŜ ǘƻ ǘƘŜ 
ƭƛƳƛǘŜŘ ǿŀǎƘƛƴƎ ǎǘŜǇǎΦ aƻǊŜƻǾŜǊΣ ǘƘŜ t¢л b/ǎ ƭŀŎƪŜŘ ŀƴ ŜȄŎŜǎǎ ƻŦ ƭƛƎŀƴŘǎ 
όŀōǎŜƴŎŜ ƻŦ Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘ ǎǘŜǇύ ǘƻ ǳƴŘŜǊƎƻ ŀƴȅ ŦǳǊǘƘŜǊ ǇǊƻǘƻƴŀǘƛƻƴ-
ŘŜǇǊƻǘƻƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴΣ ŀƴŘ ƘŜƴŎŜΣ ǘƘŜ ǘǊŜƴŘ ƛƴ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ ǇŜŀƪǎΣ 
ŀǘ мплл ŀƴŘ мтлл ŎƳ-мΣ ƛǎ ƻǇǇƻǎƛǘŜ ǘƻ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ ƻƴŜǎΦ C¢Lw ǎǇŜŎǘǊŀ ƻŦ 
ŀƭƭ ǘƘŜ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜǎ Ŏŀƴ ōŜ ŎƻƴǎǳƭǘŜŘ ƛƴ ǘƘŜ {LΣ CƛƎǳǊŜ {рΦ 

Lƴ ƭƛƴŜ ǿƛǘƘ ǘƘƛǎΣ ·t{ ƳŜŀǎǳǊŜƳŜƴǘǎ ǊŜǾŜŀƭŜŘ ŀ ƎǊŀŘǳŀƭ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ 
ƛƴǘŜƴǎƛǘȅ Ǌŀǘƛƻ ƻŦ bκtō ŀƴŘ .Ǌκtō ŀǘ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ C!tō.Ǌо b/ǎ ǳǇƻƴ 
Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘΦ CƛƎǳǊŜ мŎ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƘƛƎƘ-ǊŜǎƻƭǳǘƛƻƴ ·t{ ǎǇŜŎǘǊŀ ƻŦ 
tōпŦΣ .ǊоŘ ŀƴŘ bмǎ ŎƻǊŜ ƭŜǾŜƭǎ ŦƻǊ ǘƘŜ ǳƴǘǊŜŀǘŜŘ ǇŜǊƻǾǎƪƛǘŜǎ ŀƴŘ Ǉƻǎǘ-
ǘǊŜŀǘŜŘ ǇŜǊƻǾǎƪƛǘŜǎΦ ¢ƘŜ ŀŎǉǳƛǊŜŘ ǎǇŜŎǘǊŀ ǇƻǎǎŜǎǎ ŎƻƴǎƛǎǘŜƴǘ ŎƘŜƳƛŎŀƭ 
ŦŜŀǘǳǊŜǎ ŦƻǊ ŀƭƭ ǘƘŜ ǎŀƳǇƭŜǎΣ ǿƛǘƘ ƴƻ ǊŜƳŀǊƪŀōƭŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ǇŜŀƪ 
ǇƻǎƛǘƛƻƴΦ Lƴ ƻǊŘŜǊ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ŎƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǘƛƻƴ ŀŦǘŜǊ 
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Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘΣ ǘƘŜ ǎǇŜŎǘǊŀ ŦƻǊ .ǊоŘ ŀƴŘ bмǎ ǿŜǊŜ ƴƻǊƳŀƭƛȊŜŘ ǿƛǘƘ ǊŜǎǇŜŎǘ 
ǘƻ ǘƘŜ tōпŦ ǇŜŀƪΣ ǊŜǾŜŀƭƛƴƎ ŀ ǎǳōǎǘŀƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ .ǊоŘ 
ŀƴŘ bмǎ ǇŜŀƪǎ ŦƻǊ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ C!tō.Ǌо b/ǎΣ ŜǎǇŜŎƛŀƭƭȅ ŦƻǊ t¢о ǿƘŜƴ 
ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŀǘ ƻŦ t¢лΦ ¢ƘŜ ƎǊŀŘǳŀƭ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƛƴǘŜƴǎƛǘȅ Ǌŀǘƛƻ ƻŦ bκtō 
ŦǊƻƳ t¢л ǘƻ t¢о ŎƻƴŦƛǊƳǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ŜȄŎŜǎǎ ƻŦ ǘƘŜ ŀƳƳƻƴƛǳƳ 
Ŏŀǘƛƻƴ ŀǘ ǘƘŜ b/ ǎǳǊŦŀŎŜΣ ŀǎ ǇǊŜǾƛƻǳǎƭȅ ǎǳƎƎŜǎǘŜŘ ōȅ ·w5 ŀƴŘ C¢LwΦ ¢Ƙƛǎ ƛǎ 
ŦǳǊǘƘŜǊ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ bмǎ ·t{ ǎǇŜŎǘǊŀΣ ǿƘŜǊŜ ǘǿƻ ǇŜŀƪǎ ŀǊŜ ƻōǎŜǊǾŜŘ 
ŦƻǊ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ ǎŀƳǇƭŜǎΣ ƻƴŜ ŀǘ Ϥофф Ŝ±Σ ōŜƭƻƴƎƛƴƎ ǘƻ ǇǊƛǎǘƛƴŜ ŀƳƛƴŜ όǎ-
.!ύ ŀƴŘ ŀƴƻǘƘŜǊ ƻƴŜ ŀǘ Ϥплм Ŝ±Σ ōŜƭƻƴƎƛƴƎ ǘƻ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǇǊƻǘƻƴŀǘŜŘ 
ŀƳƛƴŜ όƛΦŜΦΣ -bIоҌ ƻǊ bIп

ҌύΣ ǿƘƛŎƘ ƛǎ ŀōǎŜƴǘ ŦƻǊ t¢лΦ37 {ƻ ŦŀǊΣ ǘƘŜ ǊŜǎǳƭǘǎ ŦǊƻƳ 
·w5Σ ·t{ ŀƴŘ C¢Lw ŎƻƭƭŜŎǘƛǾŜƭȅ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǎƻƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ŀƳƳƻƴƛǳƳ ƛǎ 
ǘŜǘƘŜǊŜŘ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎ ŀƴŘ ǎƻƳŜ ǊŜƳŀƛƴŜŘ ŀǎ ŦǊŜŜ-
bIп.ǊΣ ŀŎǘƛƴƎ ŀǎ ŀ ǇŀǎǎƛǾŀǘƛƴƎ ŜƴǘƛǘȅΣ ŀƴŘ ǇǊƻƳƻǘƛƴƎ ǎǘŀōƛƭƛǘȅΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ 
.Ǌκtō ŀƭǎƻ ƛƴŎǊŜŀǎŜŘ ŦǊƻƳ нΦу ǘƻ оΦт ǳǇƻƴ Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘΣ ŘǳŜ ǘƻ ǘƘŜ 
ŀŘŘƛǘƛƻƴŀƭ bIп.Ǌ ƭŀȅŜǊΦ bƻǘŀōƭȅΣ ǘƘŜ ƘŀƭƛŘŜ-ǊƛŎƘ ŎƛǊŎǳƳǎǘŀƴŎŜǎ ŀǊŜ ŀƭǎƻ 
ōŜƴŜŦƛŎƛŀƭ ŦƻǊ ƻōǘŀƛƴƛƴƎ ƘƛƎƘ-ǉǳŀƭƛǘȅ ǇŜǊƻǾǎƪƛǘŜ b/ǎΣ ƻǿƛƴƎ ǘƻ ǘƘŜ ǎŜƭŦ-
ǇŀǎǎƛǾŀǘƛƻƴ ŜŦŦŜŎǘΦ18,38 ¢ƘŜ ŀǘƻƳƛŎ Ǌŀǘƛƻǎ ƻŦ .Ǌκtō ŀƴŘ bκtō ŦƻǊ ǇŜǊƻǾǎƪƛǘŜǎ 
t¢лΣ t¢мΣ ŀƴŘ t¢о ŀǊŜ ƎƛǾŜƴ ƛƴ ¢ŀōƭŜ {мΦ 

CǳǊǘƘŜǊƳƻǊŜΣ ǿŜ ǇŜǊŦƻǊƳŜŘ ƘƛƎƘ-ŀƴƎƭŜ ŀƴƴǳƭŀǊ ŘŀǊƪ-ŦƛŜƭŘ ǎŎŀƴƴƛƴƎ 
ǘǊŀƴǎƳƛǎǎƛƻƴ ŜƭŜŎǘǊƻƴ ƳƛŎǊƻǎŎƻǇȅ όI!!5C-{¢9aύΣ ŀǘ ƭƻǿ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ǿƛǘƘ 
ŀ ƭƻǿ ŜƭŜŎǘǊƻƴ ōŜŀƳ ŘƻǎŜΣ ǘƻ ŜȄŀƳƛƴŜ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǳƴǘǊŜŀǘŜŘ ŀƴŘ 
ǘǊŜŀǘŜŘ b/ǎ όCƛƎǳǊŜ нŀςŎύΦ ¢ƘŜ ƘƛƎƘ-ǊŜǎƻƭǳǘƛƻƴ {¢9a ƛƳŀƎŜǎ ŀǊŜ ŀƭǎƻ 
ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ нŘςŦΦ ¢ƘŜ {¢9a ƛƳŀƎŜǎ ŦƻǊ t¢л ŀƴŘ t¢о ŜȄƘƛōƛǘ ŀ ǳƴƛŦƻǊƳ 
ŎǳōƛŎ ƳƻǊǇƘƻƭƻƎȅΣ ǇƻǎǎŜǎǎƛƴƎ ŀƴ ŀǾŜǊŀƎŜ ŜŘƎŜ ƭŜƴƎǘƘ ƻŦ нр - рл ƴƳ όCƛƎǳǊŜ 
{сύΦ ¢ƘŜ Ŧŀǎǘ CƻǳǊƛŜǊ ǘǊŀƴǎŦƻǊƳ όCC¢ύ ƻŦ ŀ ƘƛƎƘ-ǊŜǎƻƭǳǘƛƻƴ {¢9a ƛƳŀƎŜ ƻŦ t¢л 
b/ǎ όCƛƎǳǊŜ {тύ ǎƘƻǿǎ ǘƘŜ b/ǎ ŀǊŜ ƻǊƛŜƴǘŜŘ ƛƴ ǘƘŜ ώмллϐ ȊƻƴŜ ŀȄƛǎ ό½!ύΦ ²ƘƛƭŜ 
ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ t¢о b/ǎ ŜȄƘƛōƛǘŜŘ ŀ ƘƻǊƛȊƻƴǘŀƭ ƻǊƛŜƴǘŀǘƛƻƴΣ ŀ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜƳ 
ǿŜǊŜ ŀƭǎƻ ŦƻǳƴŘ ǘƻ ōŜ ŀƭƛƎƴŜŘ ŜŘƎŜ-ƻƴ όCƛƎǳǊŜ нōΣ ƳŀǊƪŜŘ ǿƛǘƘ ȅŜƭƭƻǿ 
ǊŜŎǘŀƴƎƭŜύΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ƭƻǿŜǊ ŘƛƳŜƴǎƛƻƴŀƭ ǎǘǊǳŎǘǳǊŜΦ 
tǊŜǾƛƻǳǎƭȅΣ ǎǘǳŘƛŜǎ ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ƻǊƛŜƴǘŀǘƛƻƴ ƻŦ b/ǎ ǿƛǘƘ ǊŜǎǇŜŎǘ 
ǘƻ ǎǳōǎǘǊŀǘŜ Ŏŀƴ ƘŜŀǾƛƭȅ ōŜ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘǳƴƛƴƎ ǘƘŜ ŦƛƭƳ ŘŜǇƻǎƛǘƛƻƴ 
ǇŀǊŀƳŜǘŜǊǎ ƻǊ ǇǊŜŎǳǊǎƻǊ ǎƻƭǾŜƴǘǎΣ ǿƘƛŎƘΣ ƛƴ ǘǳǊƴΣ ƛƳǇŀŎǘǎ ǘƘŜ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ 
ǇǊƻǇŜǊǘƛŜǎΦ2,39 IƻǿŜǾŜǊΣ ǎǳŎƘ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƛǎ ōŜȅƻƴŘ ǘƘŜ ǎŎƻǇŜ ƻŦ ǘƘƛǎ ǿƻǊƪ 
ōǳǘ ǿƛƭƭ ōŜ ǘƘŜ ǎǳōƧŜŎǘ ƻŦ ƭŀǘŜǊ ǎǘǳŘƛŜǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ǾŜǊǘƛŎŀƭƭȅ ŀƭƛƎƴŜŘ 
ŎǊȅǎǘŀƭǎ ŜȄƘƛōƛǘŜŘ ŀƴ ŀǾŜǊŀƎŜ ǘƘƛŎƪƴŜǎǎ ƻŦ Ϥ мΦн ς мΦу ƴƳ όCƛƎǳǊŜ {уύΣ ǿƘƛŎƘ 
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ŀǊŜ ƛƴ ŜȄŎŜƭƭŜƴǘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ǘƘƛŎƪƴŜǎǎ ƻŦ ƴŀƴƻǇƭŀǘŜƭŜǘǎ 
ƘŀǾƛƴƎ ƴ Ґ н όмΦн ƴƳύ ŀƴŘ ƴ Ґ о όмΦу ƴƳύΦ40 bƻǘŀōƭȅΣ ǘƘŜ ŜŘƎŜ-ǘƻ-ŜŘƎŜ 
ǎǘŀŎƪƛƴƎ ǿŀǎ ƴƻǘ ƻōǎŜǊǾŜŘ ŦƻǊ t¢л b/ǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ t¢о b/ǎ ŀƭǎƻ 
ŘƛǎǇƭŀȅŜŘ ǳƴǳǎǳŀƭΣ ǇŀǊǘƛŀƭƭȅ ŜǘŎƘŜŘ ŎƻǊƴŜǊǎ όCƛƎǳǊŜ нŜΣ ƳŀǊƪŜŘ ǿƛǘƘ ȅŜƭƭƻǿ 
ŎƛǊŎƭŜǎύΦ {ǳŎƘ ǎǘǊǳŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎ ŎƻǳƭŘ ōŜ ƛƴŘǳŎŜŘ ŜƛǘƘŜǊ ōȅ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ 
ƻŦ ǘƘŜ ƘƛƎƘƭȅ ŜƴŜǊƎŜǘƛŎ ŜƭŜŎǘǊƻƴ ōŜŀƳΣ41 ƻǊ ǇƻƭŀǊ ǎƻƭǾŜƴǘǎΣ42 ǿƘƛŎƘ ǘŜƴŘ ǘƻ 
ŘƛǎǎƻƭǾŜ ƻǊ ŘŜŎƻƳǇƻǎŜ ǘƘŜ ǇŜǊƻǾǎƪƛǘŜǎΦ bƻǘŀōƭȅΣ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ǘƘŜ Ŝ-ōŜŀƳ 
ŘƻǎŜ ǿŀǎ ƪŜǇǘ ŜȄǘǊŜƳŜƭȅ ƭƻǿ ƛƴ ƻǊŘŜǊ ǘƻ ŀǾƻƛŘ ǘƘŜ ōŜŀƳ ŘŀƳŀƎŜΦ 
/ƻƴǎƛŘŜǊƛƴƎ ǘƘŀǘ ǘƘŜ ŜǘŎƘƛƴƎ ŜŦŦŜŎǘ ƛǎ ƴƻǘ ǎŜŜƴ ŦƻǊ t¢л b/ǎΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ 
ǎƛƳƛƭŀǊ ŎƻƴŘƛǘƛƻƴǎΣ ǿŜ ŜȄŎƭǳŘŜ ǘƘŜ Ŝ-ōŜŀƳ ōŜƛƴƎ ǘƘŜ ŎŀǳǎŜ ŦƻǊ ǘƘŜ 
ǊŜǇŜǊŎǳǎǎƛƻƴΦ ¢ƻ ŦǳǊǘƘŜǊ ǇǊƻōŜ ǘƘŜ ŜǘŎƘƛƴƎ ƳŜŎƘŀƴƛǎƳΣ ǿŜ ŀǘǘŜƳǇǘŜŘ ǘƻ 
ǊŜŀŎǘ t¢о b/ǎ ǿƛǘƘ ŀ ƳƛƴǳǘŜ ŀƳƻǳƴǘ ƻŦ ǿŀǘŜǊ όŘŜƴƻǘŜŘ ŀǎ t¢о Ҍ IнhΣ 
ƘŜǊŜŀŦǘŜǊύΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ŀ ǘƛƴȅ ŘǊƻǇ ƻŦ ǿŀǘŜǊΣ лΦн҈ όǾκǾύΣ ƛƴǎǘŀƴǘƭȅ ŎƘŀƴƎŜŘ 
ǘƘŜ ŜƳƛǎǎƛƻƴ ŎƻƭƻǊ ŦǊƻƳ ōƭǳŜ-ƎǊŜŜƴ ǘƻ ƘƛƎƘƭȅ ŜƳƛǎǎƛǾŜ ƎǊŜŜƴΣ ǿƘƛŎƘ ƛǎ ƛƴ ƭƛƴŜ 
ǿƛǘƘ ǿƘŀǘ ǿŜ ǿƛƭƭ ŘƛǎŎǳǎǎ ƭŀǘŜǊΦ Lǘ ƛǎ ŀƴǘƛŎƛǇŀǘŜŘ ǘƘŀǘ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ 
ǇŜǊƻǾǎƪƛǘŜ b/ǎ ǿƛǘƘ ŀƴ ŜȄǘǊŜƳŜƭȅ ǎƳŀƭƭ ŀƳƻǳƴǘ ƻŦ ǿŀǘŜǊ ƭŜŀŘǎ ǘƻ ŎƘŜƳƛŎŀƭ 
ŘƛǎǎƻƭǳǘƛƻƴΣ43 ŦƻǊƳŀƭƭȅ ǊŜƭŜŀǎƛƴƎ ǘƘŜ ŎƻƴǎǘƛǘǳŜƴǘ ƛƻƴǎ ƻŦ C!tō.Ǌо όC!ҌΣ .Ǌ-Σ 
tōнҌύ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜΦ bƻǘŀōƭȅΣ ǘƘŜ Řƛǎǎƻƭǳǘƛƻƴ ǎŜŜƳǎ ǘƻ ǘŀƪŜ ǇƭŀŎŜ ŀǘ 
ǇǊŜŦŜǊŜƴǘƛŀƭ ǎƛǘŜǎ ƛƴǎǘŜŀŘ ƻŦ ŜȄƘƛōƛǘƛƴƎ ŀ ǳƴƛŦƻǊƳ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ ŎǊȅǎǘŀƭ 
όCƛƎǳǊŜ {у ŀƴŘ {фύΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ǎƳŀƭƭ ŜǘŎƘ-Ǉƛǘǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŘƛƳŜƴǎƛƻƴǎ 
ŜƳŜǊƎŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŎǊȅǎǘŀƭΣ Ƴŀƛƴƭȅ ŀǘ ǘƘŜ ŜŘƎŜǎ όCƛƎǳǊŜ нŜ ŀƴŘ ŦύΦ ²Ŝ 
ǇǊƻǇƻǎŜ ǘƘŀǘ ǘƘŜ ǊŜƳƻǾŀƭ ƻŦ ŎƻƴǎǘƛǘǳŜƴǘ ƛƻƴǎ ŎǊŜŀǘŜ ŀƴ ƛƴƛǘƛŀƭ ǿŜŀƪ Ǉƻƛƴǘ ƛƴ 
ǘƘŜ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜΣ ŦƻǊƳƛƴƎ ƛƴƛǘƛŀǘƛƻƴ ǎƛǘŜǎ ŦƻǊ ǘƘŜ ŜǘŎƘƛƴƎ ǇǊƻŎŜǎǎ όŀǎ ǎŜŜƴ ƛƴ 
CƛƎǳǊŜ нŜύΣ ǿƘƛŎƘ ǎǳōǎŜǉǳŜƴǘƭȅ ōǊƻŀŘŜƴǎ ƻǾŜǊ ǘƛƳŜΣ ŦƻǊƳƛƴƎ ŀ ǎǘŜǇ-ƭƛƪŜ 
ǎǘǊǳŎǘǳǊŜΣ ŀǎ ŜǾƛŘŜƴǘ ŦƻǊ ǿŀǘŜǊ-ǘǊŜŀǘŜŘ ǇŜǊƻǾǎƪƛǘŜǎ όCƛƎǳǊŜ нŦύΦ ¢ƘŜ b/ǎ ǎŜƭŦ-
ŀǎǎŜƳōƭŜ ǘƻ ŦƻǊƳ ŀ ǎǘŀŎƪƭƛƪŜ ƳƻǊǇƘƻƭƻƎȅ όCƛƎǳǊŜ нŎύΦ CǳǊǘƘŜǊƳƻǊŜ, ǿŜ ŀƭǎƻ 
ƻōǎŜǊǾŜŘ ŀ ŦŜǿ ǘƘƛƴ ǎǉǳŀǊŜ- ŀƴŘ ǊŜŎǘŀƴƎǳƭŀǊ-ǎƘŀǇŜŘ ŦƭŀƪŜǎΣ ǿƘƛŎƘ ŀǊŜ ƭƛƪŜƭȅ 
ŜȄŦƻƭƛŀǘŜŘ ŦǊƻƳ ǘƘŜ ŜŘƎŜǎ ƻŦ ǘƘŜ ŎǊȅǎǘŀƭǎ όCƛƎǳǊŜ {ф ŀƴŘ {ŎƘŜƳŜ {нύΣ 
ǎǘŜƳƳƛƴƎ ŦǊƻƳ ǘƘŜ ǿŜŀƪ Ǿŀƴ ŘŜǊ ²ŀŀƭǎ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ 
ƛƴǘŜǊƭŀȅŜǊǎ.44 ¢ȅǇƛŎŀƭƭȅΣ ǎǳŎƘ ǎǘǊǳŎǘǳǊŀƭ ƛƴƘƻƳƻƎŜƴŜƛǘȅ ƛǎ ŦƻǳƴŘ ŀŦǘŜǊ ŜǘŎƘƛƴƎΤ 
ǘƘƛǎ Ŏŀƴ ŜƛǘƘŜǊ ƛƴŘǳŎŜ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŀƴŘ ƻǇǘƛŎŀƭ 
ǇǊƻǇŜǊǘƛŜǎ45 ƻǊ ŎƻǳƭŘ ŀǎǎƛǎǘ ƛƴ ŦƻǊƳƛƴƎ ƴŜǿ ǎǘǊǳŎǘǳǊŜǎ όŜΦƎΦ ŦǊƻƳ ǇƭŀǘŜƭŜǘǎ 
όн5ύ ǘƻ ǉǳŀƴǘǳƳ Řƻǘǎ όл5ύύΦ42 [ŀǎǘƭȅΣ ǿŜ Ǉƻƛƴǘ ƻǳǘ ǘƘŀǘ ǘƘŜ ŜȄŦƻƭƛŀǘŜŘ ǊŜƎƛƻƴǎ 
ŦƻǊƳŜŘ ǳǇƻƴ ǿŀǘŜǊ ŀŘŘƛǘƛƻƴ Řƻ ƴƻǘ ŜȄƘƛōƛǘ ŀƴȅ ƻōǾƛƻǳǎ ŘŜŦŜŎǘǎ όCƛƎǳǊŜ нŦύΣ 
ƛƳǇƭȅƛƴƎ ǘƘŀǘ ǘƘŜ ǇŜǊƻǾǎƪƛǘŜǎ ŎǳōƛŎ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ǊŜǘŀƛƴŜŘ όŎŦǊΦ ·w5ύΣ ǿƘƛŎƘ 
ƛǎ ŀƭǎƻ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ CC¢ ǇŀǘǘŜǊƴǎΦ 
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bŜȄǘΣ ŦǊƻƳ ǘƘŜ ·w5 ŘŀǘŀΣ ǿŜ ŎƻǳƭŘ ŎƭŜŀǊƭȅ ǊŜǎƻƭǾŜ ǘƘŜ ŎǳōƛŎ ǇƘŀǎŜ ƻŦ 
C!tō.Ǌо ŀƴŘ bIп.Ǌ ƛƴ t¢о ŀƴŘ t¢о Ҍ Iнh όCƛƎǳǊŜ мŀύΦ IƻǿŜǾŜǊΣ ƛƴ ŎƻƴǘǊŀǎǘΣ 
ǘƘŜ ŜƭŜŎǘǊƻƴ ŘƛŦŦǊŀŎǘƛƻƴ ǇŀǘǘŜǊƴ ƻƴƭȅ ƛŘŜƴǘƛŦƛŜŘ ǘƘŜ ŎǳōƛŎ C!tō.Ǌо ǇƘŀǎŜ 
όCƛƎǳǊŜ {млύΦ bƻǘŀōƭȅΣ ǿŜ ǎǇƻǘǘŜŘ ŀ ƭŀǊƎŜ ǎǇƘŜǊŜ ŎƻǾŜǊƛƴƎ ǘƘŜ ǘƻǇ ƻŦ t¢о Ҍ 
Iнh b/ǎΣ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ŀǎŎǊƛōŜŘ ǘƻ ǘƘŜ ŦǊŜŜ-ǎǘŀƴŘƛƴƎ bIп.ǊΣ ŀŎŎƻǊŘƛƴƎ ǘƻ 
95· Řŀǘŀ όCƛƎǳǊŜ {ммύΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ƘŜȄŀƴŜ ƛǎ ŀƴ 
ŀƴǘƛǎƻƭǾŜƴǘ ǘƻ bIп.ǊΣ ƛǘ ǘŜƴŘǎ ǘƻ ƘŀǾŜ ƘƛƎƘ ǎǳǊŦŀŎŜ ŜƴŜǊƎȅ ƛƴ ƘŜȄŀƴŜΦ ¢ƻ 
ƳƛƴƛƳƛȊŜ ǘƘŜ ǎǳǊŦŀŎŜ ŀǊŜŀΣ ǘƘŜ ǇŀǊǘƛŎƭŜǎ ŀǊŜ ŀƴǘƛŎƛǇŀǘŜŘ ǘƻ ǘŀƪŜ ǘƘŜ ŦƻǊƳ ƻŦ ŀ 
ǎǇƘŜǊŜ ŀƴŘ ǘƘǳǎΣ ǿŜ ŀǎŎǊƛōŜ ǘƘŜ ǎǇƘŜǊƛŎŀƭ ǇŀǊǘƛŎƭŜ ǘƻ bIп.ǊΦ46 IƻǿŜǾŜǊΣ 
ŎǊȅǎǘŀƭƭƻƎǊŀǇƘƛŎ Řŀǘŀ ŎƻǳƭŘ ƴƻǘ ōŜ ƭƻŎŀƭƭȅ ǊŜǎƻƭǾŜŘΦ 

 

Figure 2. HAADF-STEM images of a) PT0, b) PT3, c) PT3 + H2O. In panel (b) thin NCs that are oriented 
edge-on and are stacked on top of each other are highlighted with a yellow rectangle. This indicates 
the presence of low dimensional perovskite NCs.  The corresponding high magnification images of d) 
PT0, e) PT3; yellow circles highlight exfoliated and etched spots, and f) PT3 + H2O. The arrows indicate 
the step-like structure, where etching resulted in a step with a width of ~ 4nm. 

   Photophysical Properties 

Lƴ ǘƘƛǎ ǎŜŎǘƛƻƴΣ ǿŜ ŜǾŀƭǳŀǘŜ ǘƘŜ ƻǇǘƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ǳƴǘǊŜŀǘŜŘ ŀƴŘ Ǉƻǎǘ-
ǘǊŜŀǘŜŘ b/ǎΣ ŘǊƻǇŎŀǎǘŜŘ ƛƴ ǘƘƛƴ ŦƛƭƳ ŦƻǊƳΦ ¢ƘŜ ƴƻǊƳŀƭƛȊŜŘ ¦±-±ƛǎ ŀōǎƻǊǇǘƛƻƴ 
όŘŀǎƘŜŘ ƭƛƴŜǎύ ŀƴŘ t[ ǎǇŜŎǘǊŀ όǎƻƭƛŘ ƭƛƴŜǎύ ŀǊŜ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ оΦ !ǎ ǎŜŜƴ ƛƴ 
CƛƎǳǊŜ оŀΣ t¢л ŜȄƘƛōƛǘǎ ǘǿƻ ŦŜŀǘǳǊŜǎ ƛƴ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ǎǇŜŎǘǊǳƳ ŀǘ прл ŀƴŘ 



Deciphering the Role of Water in Promoting the Optoelectronic Performance of Surface-
Engineered Lead Halide Perovskite Nanocrystals 

 
 

111 
 

птф ƴƳ ǿƛǘƘ ŀƴ ŀōǎƻǊǇǘƛƻƴ ŜŘƎŜ ŀǘ рну ƴƳΦ ²ƘŜƴ ŜȄŎƛǘŜŘ ŀǘ офр ƴƳΣ ǘƘŜ t[ 
ǎǇŜŎǘǊǳƳ ŜȄƘƛōƛǘǎ ŀƴ ŜƳƛǎǎƛƻƴ ƳŀȄƛƳǳƳ ŀǘ роф ƴƳ ǿƛǘƘ ŀ ƴŀǊǊƻǿ Ŧǳƭƭ ǿƛŘǘƘ 
ŀǘ ƘŀƭŦ ƳŀȄƛƳǳƳ όC²Iaύ ƻŦ ол ƴƳΦ !ƭǎƻΣ ǘƘŜǊŜ ƛǎ ŀ ǾŜǊȅ ǿŜŀƪ ŜƳƛǎǎƛƻƴ 
ōŀƴŘ όптр-рлл ƴƳύ ƛƴ ǘƘŜ ǘŀƛƭ ƻŦ ǘƘŜ Ƴŀƛƴ ǇŜŀƪΣ ǿƘƛŎƘ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ 
ŀŘŘƛǘƛƻƴŀƭ ŦŜŀǘǳǊŜǎ ƛƴ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ǎǇŜŎǘǊǳƳΦ ¢Ƙƛǎ ƻǇǘƛŎŀƭ ǇŜǊŦƻǊƳŀƴŎŜ 
ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ t¢л Ƴŀƛƴƭȅ ŀŘƻǇǘǎ ŀ о5 ǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǇƻǎǎŜǎǎŜǎ 
ǎƻƳŜ ŦŜŀǘǳǊŜǎ ƻŦ ŀ ǉǳŀǎƛ-н5 ǎǘǊǳŎǘǳǊŜΦ t¢л ŜȄƘƛōƛǘǎ t[v¸ǎ ƻŦ оп҈ ŀƴŘ пу҈ 
ǳǇƻƴ ŜȄŎƛǘŀǘƛƻƴ ƛƴ ǘƘŜ ōƭǳŜ όŀǘ плр ƴƳύ ŀƴŘ ƎǊŜŜƴ όŀǘ пур ƴƳύ ǊŜƎƛƻƴ ƻŦ ǘƘŜ 
ǎǇŜŎǘǊǳƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƻ ŜǾŀƭǳŀǘŜ Ƙƻǿ ƳƻƛǎǘǳǊŜ ŀŦŦŜŎǘǎ ǘƘŜ t[ ǇǊƻǇŜǊǘƛŜǎ 
ƻŦ t¢лΣ t[ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ŀƭǎƻ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ t¢л b/ǎ ƛƴ 
ǎǳǎǇŜƴǎƛƻƴΣ ŀǾƻƛŘƛƴƎ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ŘǳǊƛƴƎ ŘǊƻǇŎŀǎǘƛƴƎΦ !ƴ 
ŜȄŎƛǘƻƴƛŎ ǇŜŀƪ ŀǘ Ϥ пол ƴƳΣ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ C!tō.Ǌо 

ǇŜǊƻǾǎƪƛǘŜǎΣ ƛǎ ƴƻǿ ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜ όCƛƎǳǊŜ {мнύΦ ¢Ƙƛǎ ƛƳǇƭƛŜǎ ǘƘŀǘΣ ŀŦǘŜǊ ǎŜŎ-
ōǳǘȅƭŀƳƳƻƴƛǳƳ ǇŀǊǘƛŎƛǇŀǘŜǎ ƛƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ 
ŎƻƳǇƻƴŜƴǘΣ ǘǊŀŎŜǎ ƻŦ ǿŀǘŜǊ ǿƛƭƭ ŀƎŀƛƴ ŘŜǇǊƻǘƻƴŀǘŜ ǘƘŜ ŀƳƳƻƴƛǳƳ Ŏŀǘƛƻƴ ōȅ 
ǿƘƛŎƘ ƛǘ ŜǎŎŀǇŜǎ ǘƘŜ ǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜΣ ƭŜŀǾƛƴƎ ōŜƘƛƴŘ ŀ ŘƻƳƛƴŀƴǘ о5 
ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ ǇŜǊƻǾǎƪƛǘŜ b/ǎΣ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ 
ŜȄƘƛōƛǘ ŀƴŘ Ƴŀƛƴǘŀƛƴ ōƭǳŜ-ƎǊŜŜƴ ŜƳƛǎǎƛƻƴ ŀŦǘŜǊ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ŘǊƻǇŎŀǎǘƛƴƎΦ !ǎ 
Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ CƛƎǳǊŜ оōΣ ŀ ŦǳƴŘŀƳŜƴǘŀƭƭȅ ŘƛŦŦŜǊŜƴǘ ŀōǎƻǊǇǘƛƻƴ ǎǇŜŎǘǊǳƳ ŀǎ 
ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŀǘ ƻŦ t¢л ƛǎ ƻōǎŜǊǾŜŘ ŦƻǊ ǘƘŜ ǘǊŜŀǘŜŘ ǎŀƳǇƭŜǎΣ ŘƛǎǇƭŀȅƛƴƎ 
ǎǘǊƻƴƎ ŀōǎƻǊǇǘƛƻƴ ŀǘ Ϥ пол ƴƳ ŀƴŘ ŀƴ ŀōǎƻǊǇǘƛƻƴ ŜŘƎŜ ōƭǳŜ-ǎƘƛŦǘŜŘ ŦǊƻƳ 
рну ƴƳ ǘƻ птл ƴƳΦ ¢ƘŜ ǎǘǊƻƴƎ ǇŜŀƪ ŀǘ пол ƴƳ ƳŀǘŎƘŜǎ ǘƘŜ ŜȄŎƛǘƻƴƛŎ 
ŀōǎƻǊǇǘƛƻƴ ǇŜŀƪ ƻŦ ǘƘŜ ǎ-.!нC!ƴ-мtōƴ·оƴҌм ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ƴ Ґ нΣ47 ǿƘƛƭŜ ǘƘŜ 
ŀōǎƻǊǇǘƛƻƴ ŜŘƎŜ ƳŀǘŎƘŜǎ ǿƛǘƘ ƴ Ґ пΣ ƛƴŘƛŎŀǘƛƴƎ ŀ ǉǳŀǎƛ-н5 ǎǘǊǳŎǘǳǊŜ όǎ-
.!нC!оtōп.ǊмоύΦ ¢Ƙƛǎ ƛǎ ŀƭǎƻ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ¢9a ǊŜǎǳƭǘǎΣ ǿƘŜǊŜ ǘƘƛƴ b/ǎ 
ǿƛǘƘ ŀ ǘƘƛŎƪƴŜǎǎ ƻŦ ŀ ŦŜǿ ƴŀƴƻƳŜǘŜǊǎ ǿŜǊŜ ƻōǎŜǊǾŜŘΦ !ƭƭ ǘƘǊŜŜ t¢м-о b/ǎ 
ŜȄƘƛōƛǘ ŀ ǎƘŀǊǇ ŜƳƛǎǎƛƻƴΣ ǇŜŀƪƛƴƎ ŀǘ Ϥрлл ƴƳ ŀƴŘ ǊŜǾŜŀƭƛƴƎ ŀ ǎƳŀƭƭ ǇŜŀƪ 
ƴŜŀǊ пол ƴƳΣ ǿƘŜƴ ŜȄŎƛǘŜŘ ŀǘ офр ƴƳΦ ¢ƘŜ ōƭǳŜ ǎƘƛŦǘ ƻŦ ǘƘŜ ŜƳƛǎǎƛƻƴ ǇŜŀƪ 
ƻǊƛƎƛƴŀǘŜǎ ŦǊƻƳ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ ǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜΦ Lǘ 
ƛǎ ŀƴǘƛŎƛǇŀǘŜŘ ǘƘŀǘ ǘƘŜ ǉǳŀǎƛ-н5 ǎǘǊǳŎǘǳǊŜ ƛǎ ǎǘŀōƛƭƛȊŜŘ ōȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 
bIп.ǊΣ ǇǊŜǎŜǊǾƛƴƎ ǎ-.! ƛƴ ƛǘǎ ǇǊƻǘƻƴŀǘŜŘ ŦƻǊƳ ό{ŎƘŜƳŜ мΣ ƭŜŦǘ ǇŀƴŜƭ όƛύύΦ ¢Ƙƛǎ 
ŀǎǎŜǊǘƛƻƴ Ŏŀƴ ŦǳǊǘƘŜǊ ōŜ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ƛƻƴƛŎ ǊŀŘƛǳǎ ƻŦ bIп

Ҍ 
όмΦрп )ύ ƛǎ ǎƳŀƭƭŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ǇǊƻǘƻƴŀǘŜŘ ōǳǘȅƭŀƳƛƴŜ όнΦс )ύΣ ǿƘƛŎƘ 
ǊŜŘǳŎŜǎ ǘƘŜ ǎǘŜǊƛŎ ŜŦŦŜŎǘΣ ǇǊƻƳƻǘƛƴƎ ƳƻǊŜ ŘŜƴǎŜΣ ŜŦŦƛŎƛŜƴǘ ǇŀǎǎƛǾŀǘƛƻƴ ƻŦ ǘƘŜ 
ǎǳǊŦŀŎŜΦ48 /ƻƴǎŜǉǳŜƴǘƭȅΣ ǘƘŜ bIп

Ҍ ƛƻƴǎ ƭƻŎƪ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ C!tō.Ǌо ǳǇƻƴ 
Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘΣ ǊŜǘŀƛƴƛƴƎ ǘƘŜ ōƭǳŜ-ƎǊŜŜƴ ŜƳƛǎǎƛƻƴΣ ǿƘƛŎƘ ǿŀǎ ƴƻǘ ǎŜŜƴ ƛƴ 
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ǘƘŜ ŎŀǎŜ ƻŦ t¢лΦ ¢ƘŜ t[v¸ ƻŦ t¢о ŘƛǊŜŎǘƭȅ ŀŦǘŜǊ ǎȅƴǘƘŜǎƛǎ ό5ŀȅ мύ ǊŜŀŎƘŜǎ оу҈ 
ŀǘ плр ƴƳ ŜȄŎƛǘŀǘƛƻƴΦ DŜƴŜǊŀƭƭȅΣ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭΣ ōƭǳŜ ŜƳƛǘǘƛƴƎ ǇŜǊƻǾǎƪƛǘŜǎ 
ŜȄƘƛōƛǘ ŀ ŎƻƳǇŀǊŀǘƛǾŜƭȅ ƭƻǿŜǊ t[v¸ ƻŦ Ϥ ст҈ ŘǳŜ ǘƻ ŜƴƘŀƴŎŜŘ ƴƻƴ-ǊŀŘƛŀǘƛǾŜ 
ǊŜŎƻƳōƛƴŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎΦ18,49,50 Lƴ ŀ ǘƛƳŜ ǎǇŀƴ ƻŦ о ŘŀȅǎΣ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ 
b/ǎ ǳƴŘŜǊƎƻ ŀƴ ŀƎƛƴƎ ǇǊƻŎŜǎǎΣ ŘǳǊƛƴƎ ǿƘƛŎƘ ǘƘŜ ŜƳƛǎǎƛƻƴ ǎƘƛŦǘǎ ŦǊƻƳ ōƭǳŜ-
ƎǊŜŜƴ ǘƻ ōǊƛƎƘǘ ƎǊŜŜƴ όCƛƎǳǊŜ {моύΦ Lƴ ǇŀǊŀƭƭŜƭΣ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ǇŜŀƪ ōǊƻŀŘŜƴǎ 
ǘƻǿŀǊŘ ǘƘŜ ƎǊŜŜƴ ǎǇŜŎǘǊŀƭ ǊŜƎƛƻƴ όҔ рлр ƴƳύΣ ƛƴŘƛŎŀǘƛƴƎ ŀ ƳƻǊŜ ǎƛƎƴƛŦƛŎŀƴǘ 
ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ о5 C!tō.Ǌо ǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ǘƘŜǊŜōȅΣ ƎƛǾƛƴƎ ǊƛǎŜ 
ǘƻ ŀ ǉǳŀǎƛ-н5κо5 ǎǘǊǳŎǘǳǊŜ όCƛƎǳǊŜ {мо ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴύΦ 
LƴǘŜǊŜǎǘƛƴƎƭȅΣ ƛƴǎǘŜŀŘ ƻŦ ŘŜƎǊŀŘƛƴƎΣ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎ ǘǊŀƴǎŦƻǊƳ ƛƴǘƻ ŀ 
ƘƛƎƘƭȅ ǎǘŀōƭŜ ǎȅǎǘŜƳ ǿƛǘƘ ŜƴƘŀƴŎŜŘ t[v¸ǎ ǳǇ ǘƻ со҈ ŀƴŘ ур҈ ŀǘ плр ƴƳ 
ŀƴŘ пур ƴƳ ŜȄŎƛǘŀǘƛƻƴΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ t[v¸ ƛƴŘƛŎŀǘŜǎ ŀ 
ŘŜŎǊŜŀǎŜ ƻŦ ƴƻƴ-ǊŀŘƛŀǘƛǾŜ ŘŜŎŀȅ ǇŀǘƘǿŀȅǎ ŀƴŘ ŀ ƭƻǿ ŘŜŦŜŎǘ ŘŜƴǎƛǘȅ ƛƴ ǘƘŜ 
Ǉƻǎǘ-ǘǊŜŀǘŜŘ ǇŜǊƻǾǎƪƛǘŜ b/ǎΦ ²Ŝ Ǉƻƛƴǘ ƻǳǘ ǘƘŀǘ t¢о ǊŜƳŀƛƴǎ ǎǘŀōƭŜ ŦƻǊ ǘƘŜ 
ƭƻƴƎŜǎǘ ǘƛƳŜΣ ƳŀƛƴǘŀƛƴƛƴƎ ǘƘŜ ƘƛƎƘŜǎǘ t[v¸Φ ¢ƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ t¢л ŀƴŘ t¢о 
b/ ŦƛƭƳǎ ƛǎ ǘŜǎǘŜŘ ōȅ ǎǘƻǊƛƴƎ ǘƘŜ ŦƛƭƳǎΣ ōƻǘƘ ƛƴ ǘƘŜ ƎƭƻǾŜōƻȄ ŀƴŘ ŀƛǊ όƘǳƳƛŘƛǘȅ 
Ϥ сс҈ύΣ ŀƴŘ ǊŜ-ƳŜŀǎǳǊƛƴƎ ǘƘŜƳ ŀŦǘŜǊ нм ŘŀȅǎΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ t[v¸ ƻŦ ǘƘŜ 
Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎ ŘǊƻǇǇŜŘ ƻƴƭȅ ōȅ Ϥ мл҈Σ ǿƘƛƭŜ t¢л ŜȄƘƛōƛǘŜŘ ŀ ŘǊƻǇ ƻŦ Ϥ пл 
҈ ƛƴ ŀ ǎǇŀƴ ƻŦ р Řŀȅǎ ŀƴŘ Ϥ тр҈ ƛƴ нм ŘŀȅǎΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ƎƻƻŘ ǎǘŀōƛƭƛǘȅ ƻŦ 
t¢о ƛƴ ǘƘƛƴ ŦƛƭƳ ŦƻǊƳ ǳƴŘŜǊ ŀƳōƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎ όCƛƎǳǊŜ {мпύΦ  
!ƴ ŀŘŘƛǘƛƻƴŀƭ ǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƻ ŎƻƴŦƛǊƳ ǘƘŀǘ ǘƘŜ ŜǾƻƭǳǘƛƻƴ ǘƻ ŀ ƳƻǊŜ 
ǊŜŘ-ǎƘƛŦǘŜŘ t[ ŜƳƛǎǎƛƻƴ ǿƛǘƘ ƘƛƎƘ t[v¸ ǾŀƭǳŜǎ ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ 
ŜȄǇƻǎǳǊŜ ǘƻ ƳƻƛǎǘǳǊŜΦ CƻǊ ǘƘƛǎΣ ŀǎ ǇǊŜǾƛƻǳǎƭȅ ǎǘŀǘŜŘΣ ŀ ǎƳŀƭƭ ŀƳƻǳƴǘ ƻŦ ǿŀǘŜǊ 
όлΦн҈ όǾκǾύύ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ t¢о b/ǎΦ ¢Ƙǳǎ ŦŀǊΣ ǘƘŜ ǊŜǎǳƭǘǎ ŀōƻǾŜ ǎǳƎƎŜǎǘ 
ǘƘŀǘ ōƻǘƘ ǘƘŜ ǳƴǘǊŜŀǘŜŘ ŀƴŘ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎ ƛƴƛǘƛŀƭƭȅ Ŏƻƴǎƛǎǘ ƻŦ ŀ 
ŎƻŜȄƛǎǘŜƴŎŜ ƻŦ ŀ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ ǎǘǊǳŎǘǳǊŜ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ о5 
C!tō.Ǌо ǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜΦ ²ƘŜƴ ǘƘŜ b/ǎ ŀǊŜ ŜȄǇƻǎŜŘ ǘƻ ƘǳƳƛŘƛǘȅΣ ǘƘŜ 
ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ ŎƻƳǇƻƴŜƴǘ ƛƴǎǘŀƴǘƭȅ ŘƛǎŀǇǇŜŀǊǎ ŦƻǊ t¢лΣ ǿƘƛƭŜ ŎƻƴŦƛƴŜƳŜƴǘ 
ƻƴƭȅ ƎǊŀŘǳŀƭƭȅ ǎǳōǎƛŘŜǎ ŦƻǊ t¢м-о ōȅ ŦƻǊƳƛƴƎ ŀ ǎǘŀŎƪŜŘ ǎǘǊǳŎǘǳǊŜΣ ƛƴŘǳŎƛƴƎ 
ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǉǳŀǎƛ-н5κо5 ǎǘǊǳŎǘǳǊŜ όCƛƎǳǊŜ {моύΦ ¢ƘŜ ŀŘŘƛǘƛƻƴŀƭ 
ǎǘŀōƛƭƛȊŀǘƛƻƴ ōȅ bIп.Ǌ όŀōǎŜƴǘ ŦƻǊ t¢лύ ŜƴǎǳǊŜǎ ŎƻƴǎŜǊǾŀǘƛƻƴ ŀƴŘ ŜǾŜƴ 
ƛƳǇǊƻǾŜƳŜƴǘ ƻŦ ǘƘŜ ŦŀǾƻǊŀōƭŜ ƻǇǘƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀŦǘŜǊ Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘΦ !ƴ 
ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ŎƻƳǇƭŜǘŜ ǇǊƻŎŜǎǎ ƻŦ ǎǘǊǳŎǘǳǊŀƭ ǊŜŀǊǊŀƴƎŜƳŜƴǘǎ ƛǎ ƎƛǾŜƴ ƛƴ 
{ŎƘŜƳŜ мΦ  
²Ŝ ƴƻǘŜ ǘƘǊŜŜ Ƴŀƛƴ ƻōǎŜǊǾŀǘƛƻƴǎΥ όƛύ ¢ƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǿŀǘŜǊ ǘƻ t¢о ȅƛŜƭŘŜŘ 
ƭŀǊƎŜ ŜǘŎƘŜŘ ǎǘŜǇǎΣ ōǊƻŀŘŜǊ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴΣ ŀƴŘ ŦǊŀƎƳŜƴǘŜŘ ƴŀƴƻŎǊȅǘŀƭƭƛǘŜǎ 
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όCƛƎǳǊŜ нŎΣ ŦΣ ŀƴŘ {фύΦ bƻǘŀōƭȅΣ ǘƘŜ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ό·w5ύ ƻǊ ǎǳǊŦŀŎŜ 
ŎƻƳǇƻǎƛǘƛƻƴ όC¢Lwύ ǿŜǊŜ ƴƻǘ ŀƭǘŜǊŜŘ όCƛƎǳǊŜǎ {мр ŀƴŘ {мсΣ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ όƛƛύ 
¢ƘŜ ŜƳƛǎǎƛƻƴ ŎƻƭƻǊ ƛƴǎǘŀƴǘƭȅ ǘǳǊƴŜŘ ŦǊƻƳ ōƭǳŜ-ƎǊŜŜƴ ǘƻ ōǊƛƎƘǘ ƎǊŜŜƴΣ ȅƛŜƭŘƛƴƎ 
ŀ ƘƛƎƘ t[v¸ ƻŦ ур ŀƴŘ фр҈ ŀǘ плр ŀƴŘ пур ƴƳ ŜȄŎƛǘŀǘƛƻƴΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ƛƴ ǘƘŜ 
ǘƘƛƴ ŦƛƭƳ ŦƻǊƳΦ όƛƛƛύ ¢ƘŜ ƻǾŜǊŀƭƭ ǎƘŀǇŜ ƻŦ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ŀƴŘ t[ ŜƳƛǎǎƛƻƴ 
ǎǇŜŎǘǊŀ ƻŦ ǘƘŜ ǿŀǘŜǊ-ǘǊŜŀǘŜŘ ǎŀƳǇƭŜ ǊŜǎŜƳōƭŜǎ ǘƘŀǘ ƻŦ ǘƘŜ ǎǇŜŎǘǊŀ ƻŦ ǘƘŜ 
ΨŀƎŜŘΩ t¢о ǎŀƳǇƭŜ ŀŦǘŜǊ п Řŀȅǎ όCƛƎǳǊŜ оŎΣ CƛƎǳǊŜ {моōύΦ IƻǿŜǾŜǊΣ ŘŜŎǊŜŀǎŜ 
ƛƴ ǘƘŜ ǊŜƭŀǘƛǾŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ŜȄŎƛǘƻƴƛŎ ǇŜŀƪ ƛƴǘŜƴǎƛǘȅ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ 
ǘƻǘŀƭ ŀōǎƻǊōŀƴŎŜ ƛǎ ƭƛƪŜƭȅ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ƻŦ ŀ ǉǳŀǎƛ-н5 ǎǘǊǳŎǘǳǊŜ 
ǘƻ ƳƻǊŜ ǇǊƻƴƻǳƴŎŜŘ о5 ǎǘǊǳŎǘǳǊŜΦ ¢Ƙƛǎ ƛǎ ǇƻǘŜƴǘƛŀƭƭȅ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǎŜƭŦ-
ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ b/ǎΣ ŦƻǊƳƛƴƎ ŀ ǎǘŀŎƪ-ƭƛƪŜ ƳƻǊǇƘƻƭƻƎȅΣ ǳǇƻƴ ǿŀǘŜǊ ŜȄǇƻǎǳǊŜΦ 
¢Ƙƛǎ ŜȄǇŜǊƛƳŜƴǘ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘŜǎ ǘƘŜ ǎǳƎƎŜǎǘŜŘ ƳŜŎƘŀƴƛǎƳ ǘƘŀǘ ƘǳƳƛŘƛǘȅ 
ƛƴŘǳŎŜǎ ǘƘŜ ƘȅŘǊƻƭȅǎƛǎ ƻŦ C!.Ǌ όƛƴ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜύΣ 
ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ bIп.ǊΣ ǿƘƛŎƘ ƛƴ ƛǘǎ ǘǳǊƴ ǇǊƻƳƻǘŜǎ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ 
ǘƘŜ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ ǇŜǊƻǾǎƪƛǘŜ ŎƻƳǇƻƴŜƴǘΦ ¢ƘŜ ŘŜǘŀƛƭŜŘ ƳŜŎƘŀƴƛǎƳ 
ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŜƴƘŀƴŎŜŘ ǎǘŀōƛƭƛǘȅ ƛǎ ŘƛǎŎǳǎǎŜŘ ōŜƭƻǿΦ 

PL red shift and role of NH4Br in promoting stability 

CǊƻƳ ǘƘŜ ŀōƻǾŜ ŦƛƴŘƛƴƎǎΣ ǿŜ ǇƻǎǘǳƭŀǘŜ ǘƘŀǘ ǘƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ bIп.Ǌ ŀǘ ǘƘŜ 
ŎǊȅǎǘŀƭ ǎǳǊŦŀŎŜ ƛƴƛǘƛŀƭƭȅ ŦƻǊƳǎ ŀ ǇŀǎǎƛǾŀǘƛƴƎ ƭŀȅŜǊ ƻƴ ǘƘŜ C!tō.Ǌо ǎǳǊŦŀŎŜΦ hǾŜǊ 
ǘƛƳŜΣ ǿƘŜƴ ǿŀǘŜǊ όƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ƳƻƛǎǘǳǊŜύ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ ŎǊȅǎǘŀƭΣ ƛǘ 
ƪƴƻŎƪǎ ƻǳǘ ǘƘŜ ŎƻƴǎǘƛǘǳŜƴǘ ƛƻƴǎ ǘƘǊƻǳƎƘ ŜǘŎƘ Ǉƛǘ ŦƻǊƳŀǘƛƻƴ όCƛƎǳǊŜ нŜύΦ 
DŜƴŜǊŀƭƭȅΣ ǎǳŎƘ ŜǘŎƘ Ǉƛǘǎ ŀǊŜ ŘŜƭŜǘŜǊƛƻǳǎ ŦǊƻƳ ǘƘŜ ǎǘŀōƛƭƛǘȅ Ǉƻƛƴǘ ƻŦ ǾƛŜǿΣ 
ŦŀŎƛƭƛǘŀǘƛƴƎ ǊŀǇƛŘ ŘŜƎǊŀŘŀǘƛƻƴΦ IƻǿŜǾŜǊΣ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ bIп

Ҍ 
όŦǊƻƳ ŦǊŜŜ-ǎǘŀƴŘƛƴƎ bIп.Ǌύ ōŜƴŜŦƛǘǎ ǘƘŜ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ōȅ ŎƻƳǇŜƴǎŀǘƛƴƎ 
ǘƘŜ C! ǾŀŎŀƴŎƛŜǎΣ ǘƘŀǘ ƛǎΣ ōȅ ǇŀǊǘƛŀƭƭȅ ŦƛƭƭƛƴƎ ǘƘŜ ŜƳǇǘȅ ƭŀǘǘƛŎŜ ǎƛǘŜǎ ŦƻǊƳŜŘ 
ǳǇƻƴ ŜǘŎƘƛƴƎΦ aƻǊŜƻǾŜǊΣ ǘƘŜ .Ǌ-ǊƛŎƘ ŜƴǾƛǊƻƴƳŜƴǘ ǇǊƻǾƛŘŜŘ ōȅ bIп.Ǌ ŀƭǎƻ 
ŀǎǎƛǎǘǎ ƛƴ ŘŜŦŜŎǘ ƘŜŀƭƛƴƎ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜΦ ¢Ƙƛǎ ǿŀȅΣ ǘƘŜ ŜǘŎƘ Ǉƛǘǎ Řƻ ƴƻǘ ƭŜŀŘ ǘƻ 
ǘƘŜ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ b/ǎΣ51,52 ōǳǘ ǊŀǘƘŜǊ ŀƭƭƻǿǎ bIп

Ҍ ƛƻƴǎ ǘƻ ǇŜƴŜǘǊŀǘŜ ŀƴŘ Ŧƛƭƭ 
ǘƘŜ ǾŀŎŀƴǘ ƭŀǘǘƛŎŜ ǎƛǘŜǎ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǿƘƛŎƘ ŘǊŀƳŀǘƛŎŀƭƭȅ ǊŜŘǳŎŜǎ ǘƘŜ 
ŘŜŦŜŎǘ ŘŜƴǎƛǘȅ ό{ŎƘŜƳŜ мΣ ǊƛƎƘǘ ǇŀƴŜƭ όƛƛύύΦ DŜƴŜǊŀƭƭȅΣ ǘƘŜ ǎǳōǎǘƛǘǳǘƛƻƴ ƻŦ !-
ǎƛǘŜ Ŏŀǘƛƻƴǎ όC!ҌΣ a!ҌΣ ƻǊ /ǎҌύ ǿƛǘƘ ǎƳŀƭƭŜǊ Ŏŀǘƛƻƴǎ ǊŜǎǳƭǘǎ ƛƴ ƭŀǘǘƛŎŜ 

ŎƻƴǘǊŀŎǘƛƻƴΣ ǎƘƛŦǘƛƴƎ ǘƘŜ ·w5 ǇŀǘǘŜǊƴ ǘƻ ƘƛƎƘŜǊ нqΦ53 
{ƛƳƛƭŀǊƭȅΣ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ŀǎ ǘƘŜ ƛƻƴƛŎ ǊŀŘƛǳǎ ƻŦ bIп

Ҍ ƛǎ ǎǳōǎǘŀƴǘƛŀƭƭȅ ǎƳŀƭƭŜǊ ǘƘŀƴ 
C!ҌΣ ƛǘ ŎŀǳǎŜǎ ǘƘŜ ƭŀǘǘƛŎŜ ǘƻ ŎƻƴǘǊŀŎǘΦ ¢ƘŜ ŎƻƴǘǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ƭŀǘǘƛŎŜ ƛǎ ƧǳǎǘƛŦƛŜŘ 
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ōȅ ǘƘŜ ·w5 ǇŀǘǘŜǊƴΣ ǿƘƛŎƘ ǎƭƛƎƘǘƭȅ ǎƘƛŦǘǎ όōȅ Ϥ лΦмϲύ ǘƻ ŀ ƘƛƎƘŜǊ нq ǊŜƎƛƻƴ ƻƴ 
Řŀȅ о ƻŦ ǘƘŜ ǎȅƴǘƘŜǎƛǎ όCƛƎǳǊŜ {мт ŀƴŘ {муύΦ IƻǿŜǾŜǊΣ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ 
ƴŀǊǊƻǿƛƴƎ ƻŦ ǘƘŜ ōŀƴŘƎŀǇ ŀƴŘ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŦǊƻƳ ōƭǳŜ-ƎǊŜŜƴ ǘƻ ƎǊŜŜƴ 
ŜƳƛǎǎƛƻƴ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘǿƻ ƪŜȅ ŦŀŎǘƻǊǎΥ όмύ ǘƘŜ ŎƻƴǘǊŀŎǘƛƻƴǎ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ 
!-ǎƛǘŜ Ŏŀǘƛƻƴ ƳƛȄƛƴƎ Ƙŀǎ ōŜŜƴ ƭƛƴƪŜŘ ǘƻ ōƭǳŜ-ǎƘƛŦǘŜŘ ŜƳƛǎǎƛƻƴ ǇŜǊƳŜŀǘƛƻƴ ƻŦ  
ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘŜƴŘǎ ǘƻ ŦƻǊƳ ǎǘǊƻƴƎ ƘȅŘǊƻƎŜƴ ōƻƴŘǎ ǿƛǘƘ 
ǘƘŜ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇ ƻŦ ǘƘŜ ƻǊƎŀƴƛŎ ƳƻƛŜǘƛŜǎΣ ŀƴŘ Ŏŀƴ ŘŜǇǊƻǘƻƴŀǘŜ ǘƘŜ ǎŜŎ-
ōǳǘȅƭŀƳƳƻƴƛǳƳ Ŏŀǘƛƻƴ όCƛƎǳǊŜ {муύΣ ǘƘŜǊŜōȅΣ ǘǊŀƴǎƛǘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŦǊƻƳ 
ǉǳŀǎƛ-н5 ǘƻ ǉǳŀǎƛ-н5κо5Σ ǿƛǘƘƻǳǘ ŎƻƳǇǊƻƳƛǎƛƴƎ ǘƘŜ ŜǎǎŜƴǘƛŀƭ ƻǇǘƛŎŀƭ 
ǇŜǊŦƻǊƳŀƴŎŜ ǎǳŎƘ ŀǎ ǘƘŜ t[v¸Τ ŀƴŘ ƛƴŎǊŜŀǎƛƴƎ ōŀƴŘƎŀǇǎΦ54 όнύ ǘƘŜ ŀǾŜǊŀƎŜ 
ǇŀǊǘƛŎƭŜ ǎƛȊŜ ƻŦ t¢о Ҍ Iнh ƛǎ ŦƻǳƴŘ ǘƻ ōŜ  ƭŀǊƎŜǊ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ t¢о όCƛƎǳǊŜ 
{сŎύΣ ŀǊƛǎƛƴƎ ŦǊƻƳ ǘƘŜ ǎǘŀŎƪƛƴƎ ƻŦ ǘƘŜ b/ǎΣ ǿƘƛŎƘ ŦǳǊǘƘŜǊ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ 
ǊŜŘ-ǎƘƛŦǘŜŘ ŜƳƛǎǎƛƻƴΣ ŀǎ ŀƭǎƻ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ ǇǊŜǾƛƻǳǎ ǎǘǳŘȅΦ55 CƛƴŀƭƭȅΣ ǘƘŜ 
ŜƴƘŀƴŎŜƳŜƴǘ ƛƴ ǎǘŀōƛƭƛǘȅ ŀƴŘ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ 
ǎǘǊƻƴƎŜǊ ƛƻƴƛŎ ōƻƴŘ ōŜǘǿŜŜƴ bIп

Ҍ ŀƴŘ .Ǌ- ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ C!Ҍ ŀƴŘ .Ǌ-Σ ƻǿƛƴƎ 
ǘƻ ǘƘŜ ǎƳŀƭƭŜǊ ƛƻƴƛŎ ǊŀŘƛǳǎ ƻŦ bIп

ҌΣ ǘƘŜǊŜōȅΣ ŜȄƘƛōƛǘƛƴƎ ǘƘŜ ΨǇƻǎƛǘƛǾŜ ŀƎƛƴƎ 
ŜŦŦŜŎǘΩΦ !ƭƻƴƎǎƛŘŜΣ ǘƘŜ ŦǊŀƎƳŜƴǘŀǘƛƻƴ ƻŦ b/ǎ ƛƴǘƻ ǎƳŀƭƭ ŀƴŘ ǘƘƛƴ ŎǊȅǎǘŀƭƭƛǘŜǎ 
ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ ŎƻƴŦƛƴŜƳŜƴǘ ŜŦŦŜŎǘ ƛƴ ǘƘŜ ǎȅǎǘŜƳ όǎǳǇǇƻǊǘŜŘ ōȅ ƘƛƎƘ 9ōΣ 
ŘƛǎŎǳǎǎŜŘ ƭŀǘŜǊύΣ ōƻƻǎǘƛƴƎ ǘƘŜ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ b/ǎ όCƛƎǳǊŜ 
{ф ŀƴŘ {ŎƘŜƳŜ {нύΦ  hǾŜǊŀƭƭΣ ƛǘ ƛǎ ŀƴǘƛŎƛǇŀǘŜŘ ǘƘŀǘ ǘƘŜ ǊƻƭŜ ƻŦ bIп.Ǌ ƛǎ ƴƻǘ 
ƳŜǊŜƭȅ ǘƘŜ ǇŀǎǎƛǾŀǘƛƻƴ ƻŦ ŎǊȅǎǘŀƭ ǎǳǊŦŀŎŜΣ ōǳǘ ƛǘ ŀƭǎƻ ƘŜƭǇǎ ƛƴ ŦƻǊƳƛƴƎ ŀ 
ǘƘŜǊƳƻŘȅƴŀƳƛŎŀƭƭȅ ƳƻǊŜ ǎǘŀōƭŜ ǉǳŀǎƛ-н5 ǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜ ōȅ ŦƛƭƭƛƴƎ ǘƘŜ 
ǾŀŎŀƴǘ ǎƛǘŜǎ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ !ƴ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ŎƻƳǇƭŜǘŜ ǇǊƻŎŜǎǎ ƻŦ 
ǎǘǊǳŎǘǳǊŀƭ ǊŜŀǊǊŀƴƎŜƳŜƴǘǎ ƛǎ ǇǊƻǾƛŘŜŘ ƛƴ {ŎƘŜƳŜ мΦ 
CǳǊǘƘŜǊƳƻǊŜΣ ǘƻ ŜŦŦƛŎƛŜƴǘƭȅ ǎǘǳŘȅ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƳƻƛǎǘǳǊŜ ƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ 
ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜ b/ǎΣ ŀƴ ƛƴ-ǎƛǘǳ ƘƛƎƘ-ǊŜǎƻƭǳǘƛƻƴ ·w5 ǎǘǳŘȅ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ 
ǘƛƳŜ όCƛƎǳǊŜ {муύ ƛǎ ǇŜǊŦƻǊƳŜŘΦ ¢Ƙƛǎ ǎǘǳŘȅ ŎƻƴŦƛǊƳŜŘ ǘƘŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ƻŦ 
ǘƘŜ t¢о b/ǎ ŦǊƻƳ ŀ ǉǳŀǎƛ-н5 ǎǘǊǳŎǘǳǊŜ ǘƻ ŀ ƳƻǊŜ ƴƻǘŀōƭŜ о5 ǎǘǊǳŎǘǳǊŜΣ ǿƘŜƴ 
ǘƘŜ ŦƛƭƳ ƛǎ Ŏƻƴǘƛƴǳƻǳǎƭȅ ŜȄǇƻǎŜŘ ǘƻ ŀƳōƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎΦ aƻǊŜƻǾŜǊΣ ǘƘŜ ·w5 

ǇŀǘǘŜǊƴ ǎƘƛŦǘŜŘ ǎƭƛƎƘǘƭȅ ǘƻ ƘƛƎƘŜǊ нq ƛƴ ŀ ŎƻǳǊǎŜ ƻŦ р ŘŀȅǎΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ 
ŎƻƴǘǊŀŎǘƛƻƴ ƻŦ ƭŀǘǘƛŎŜΦ bƻǘŜ ǘƘŀǘ ǘƘŜ ŦǊŜŜ-ǎǘŀƴŘƛƴƎbIп.Ǌ ǊŜƳŀƛƴǎ ǇǊŜǎŜƴǘ 
ŜǾŜƴ ŀŦǘŜǊ р ŘŀȅǎΣ ŀƛŘƛƴƎ ǎǘŀōƛƭƛǘȅ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ  To verify if the formation 
of NH4Br is necessary for the improved stability and optoelectronic 
performance, water was also added to the untreated PT0, where no NH4Br 
could be formed due to the absence of excess FA. To verify if the formation 
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of NH4Br is necessary for the improved stability and optoelectronic 
performance, water was also added to the untreated PT0, where no NH4Br 
could be formed due to the absence of excess FA. As expected, PT0 
degraded soon after adding the water as demonstrated by its XRD pattern 
(Figure S19). Also, the PLQY promptly dropped from 48% to 5%. As an 

Figure 3. PL and absorption spectra of (a) PT0, (b) post-treated FAPbBr3 NCs (Day 1), and (c) PT3 + 
H2O recorded at 395 nm excitation. 

additional stability test towards humidity, PT0 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 PT0 rapidly changed from 
green to orange, once again proving enhanced stability for the post-treated 
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NCs (Figure S20). This conclusively demonstrates that the additional NH4Br 
in the system leads to higher stability and better optoelectronic 
performance. It has been previously demonstrated that surface defects give 
rise to non-radiative recombination centers, leading to shorter charge 
carrier lifetimes.56 To gain more insight into the dynamics of the 
photogenerated carriers, time-resolved PL (TRPL) measurements are 
performed for all the samples upon 410 nm excitation in the ns and µs 
regime, as shown in Figure 4. All TRPL decay profiles fit best to a tri-
exponential function, suggesting that the PL decay in the NCs occurs via 
three main pathways in each regime. For the nanosecond regime, the fast 
ŘŜŎŀȅ ŎƻƳǇƻƴŜƴǘǎΣ ˍ1 ŀƴŘ ˍ2 (200 ps - 10 ns), are associated with trap-
assisted recoƳōƛƴŀǘƛƻƴΣ ǿƘƛƭŜ ǘƘŜ ƭƻƴƎŜǊ ŎƻƳǇƻƴŜƴǘΣ ˍ3 (25 - 80 ns) is 
related to unbound exciton recombination.18 Note that the lifetimes for the 
post-treated PT1-PT3 NCs remain virtually the same and therefore, we only 
compare the decays of PT0, PT3 and PT3+ H2O, 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 front-face mode on a NC thin film, minimizing any internal 
reflection, so a simplified three exponential 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, PT0 and PT3 
+ H2O exhibit a bright green emission, indicating a high proportion of 3D 
NCs, while PT3 displays a blue-green emission, revealing the formation of a 
quasi-2D structure (Figure S21 for fluorescence microscopy images). The PL 
decay dynamics on the nanosecond timescale (Figure 4(i)) are found to 
correlate perfectly with the dimensionality of the NCs. Generally, as the 
spatial dimension decreases, the surface-to-volume ratio increases, 
resulting in a relatively higher content of surface defects.57,58 Directly after 
synthesis (Figure 4a, Day 1), the TRPL decay for post-treated samples is 
ƭŀǊƎŜƭȅ ŘƻƳƛƴŀǘŜŘ ōȅ ǘƘŜ Ŧŀǎǘ ŘŜŎŀȅ ŎƻƳǇƻƴŜƴǘǎΣ ˍ1 ŀƴŘ ˍ2, indicating trap-
assisted recombination on or near the surface. Importantly, for PT0, the 
slow-decay componentΣ ˍ3, possesses the highest relative amplitude, 
revealing a radiative exciton recombination in the bulk which is possible by 
the predominant 3D structure of PT0.59,60As can be seen in Figure 4b, on 
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Day 3, the structural rearrangement in the post-treated samples induces an 
overall reduction in the amplitudes of the fast trap-assisted recombination, 
pointing towards the reduction of surface traps. Note that the water-
treated PT3 instantly undergoes a moisture-induced structural 
rearrangement, accompanied by a PL shift from blue-green to green. Since 
this structure is an equivalent of that of PT3 on day 3, the TRPL of PT3 + H2O 
on day 1 is compared to that of the PT3 on day 3 in Figure 4b. Furthermore, 
the ƭƛŦŜǘƛƳŜ ŀƴŘ ŀƳǇƭƛǘǳŘŜ ƻŦ ǘƘŜ ˍ3 component in PT3 increased by 3 and 5 
fold, respectively. This provides strong evidence for a reduced number of 
surface charge traps when the material is exposed to air humidity.61 The 
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 NH4

+, resulting in stronger interaction with the halides of the 
octahedral units. 2) Halide-rich surface provided by NH4Br. 3) Last, the 
transition from quasi-2D to a quasi-2D/3D structure results in emission in a 
relatively smaller bandgap, which is effectively stabilized by the presence of 
free NH4Br. These findings are also consistent with the TRPL decay of the 
water-ǘǊŜŀǘŜŘ t¢о όCƛƎǳǊŜ пŀύΦ Lƴ ŎƻƴǘǊŀǎǘΣ ŀŦǘŜǊ о ŘŀȅǎΣ ǘƘŜ ˍ3 value for PT0 
dropped by 64% of its initial value on day 1, implying the degradation of the 
untreated sample with time (Figure 4b, Table S2). Additionally, the decay 
dynamics were monitored in the green spectral region upon 480 nm 
ŜȄŎƛǘŀǘƛƻƴΦ !ǎ ŜȄǇŜŎǘŜŘΣ ǘƘŜ ŀƳǇƭƛǘǳŘŜǎ ŦƻǊ ˍ2 ŀƴŘ ˍ3 are very low for the 
post-treated NCs on Day 1, as the absorption and emission are mainly 
governed by the blue emitting 2D structure (Table S3). 
To gain more insight on the longer timescale, PL decays in the µs regime 
were recorded (Figure 4(ii) and Table S2). Tri-exponential fits were applied 
to the experimental data to quantify the carrier dynamics. In this case, the 
ǎƘƻǊǘ ŎƻƳǇƻƴŜƴǘǎΣ ˍ4 ŀƴŘ ˍ5, are assigned to unbound exciton 
recombination occurring in the quasi-2D and in the bulk 3D structure and 
ŀǊŜ ǊƻǳƎƘƭȅ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŜ ˍ3 of the data recorded in the ns regime. The 
long-ƭƛǾŜŘ ŎƻƳǇƻƴŜƴǘΣ ˍ6, corresponds to free charge carrier recombination. 
On Day 1 (Figure 4a), the longest decay is observed for PT3 + H2O, 
attributed to the dominant presence of 3D structure. Additionally, the 
presence of free NH4Br assists in stabilizing the structure by filling the 
vacant FA-sites formed upon etching. Notably, on Day 3 (Figure 4b), PT0 
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 are consistent with the lifetime parameters of PT3 + H2O on day1 
(Figure 4a-b). 
 

 

 

 

 

 

 

 

 

 

 

Figure 4. PL decay curves of the PT0, PT3 and PT3 + H2O NCs after synthesis (a, Day 1), and after 
ageing (b, Day 3) recorded at the maximum emission wavelengths, over the (i) nanoseconds, and (ii) 
ƳƛŎǊƻǎŜŎƻƴŘ ǘƛƳŜǎŎŀƭŜ ό˂exc = 410 nm). Note that the TRPL data obtained for PT3 + H2O on day 1 is 
also used for day 3, for comparison with post-treated samples. The different color scheme is used to 
indicate this purpose.  
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Next, the temperature dependent PL intensity (4.2 ς 300 K) is carefully 
evaluated for PT0, PT3, and PT3 + H2O directly after synthesis (Day 1) and on 
Day 3. These data allow to quantifyingthe Eb of the C!tō.Ǌо b/ǎ as a direct 
measure for the structural confinement. In Figure 5(a, b, c), the PL spectra 
normalized to the PL maximum at selected Ts between 4.2 and 300 K are 
shown for PT0, PT3 and PT3 + H2O on Day 1 and Day 3 (for raw data see SI 
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 perovskites.62 
Abrupt changes in the PL peak position are observed for all three samples, 
and are attributed to structural phase transitions in FAPbBr3

63
 (Figure S23 (d, 

e, f)). The phase transition temperatures are not altered upon post-
treatment, hence no changes in the bulk crystal structure have been 
induced. For PT0 and PT3 + H2O, two 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 (Figure 5 (a, 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 PT0 and PT3 + H2O (Figure S23 (a, b, c)). However, a relatively 
large shift from high energy (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 quasi-2D to a quasi-2D/3D structure over 
48h as also found in the time-resolved XRD as well (Figure 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 PT0 while only a 20% decrease 
in intensity is observed for PT3 and PT3 + H2O, confirming an induced 
stability through post-treatment (see Figure5 (d, e, f)).  

We evaluated the Eb of each system modeling the temperature dependence 
of the PL intensity in the cubic phase by the Arrhenius equation 

                                I(Ὕ) = Ὅ0/( 1 + ὃὩ ҍὉὦ/ὯὄὝ)                  (1) 

as illustrated in Figure 5(d, e, f), where I0 and A are constants, kB is the 
Boltzmann constant. Eb extracted for PT0 is around 180 meV. For PT3 and  
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Figure 5. Temperature evolution of the PL spectra for PT0, PT3 and PT3 + H2O NCs on Day 1, and Day 
3. (a-c) selected PL spectra normalized to their PL maximum at different temperatures for (a) PT0, (b) 
PT3, and PT3 + H2O on Day 1 (green curves), and Day 3 (red curves). The spectra are shifted vertically 
for clarity. (d-f) Arrhenius plots of the integrated PL intensity for (d) PT0, (e) PT3, and (f) PT3 + H2O on 
Day 1 (green circles) and Day 3(red squares). The solid curves represent the fits based on equation (1) 
to extract the Eb for each system.  
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Figure 6. a) Device structure, b) I-V response curve, and c) Electroluminescence spectra of hybrid 
multilayer devices up to 4.6 voltage supply for PT3 and PT3 + H2O. 

PT3 + H2O, the Eb on Day 1 increases to 270 and 250 meV, respectively, due 
to the confinement imposed by the quasi-2D structure. On Day 3, this value 
shifts back to 154 meV for PT3 + H2O and to 180 meV for PT3, similar to PT0 
on Day 1, due to structural rearrangement to a stabilized quasi-2D/3D 
system. 

Device Performance 

The high PLQY values and enhanced stability of the post-treated 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 + H2O NCs as the electroluminescent (EL) layer. The 
LEDs exhibit following configuration:  
ITO/PEDOT:PSS/perovskite//TPBi//LiF/Al, where PEDOT:PSS and TPBi refer 
to poly(3,4-ethylenedioxythiophene) polystyrene sulfonate and 2,2,2"-
(1,3,5-Benzinetriyl)-tris(1-phenyl-1-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 
Ḑ3.4 and 5.6 eV, respectively.64 Note that TPBi is added to inhibit the direct 
interaction between the Al metal and the perovskite material, which in 
many cases degrades the perovskite.53 For PT3, a typical diode characteristic 
is observed with a turn-on voltage of 2.5 V. The luminescence versus voltage 
is plotted in Figure 6b, demonstrating a value of 2 Cd/m2 at 4 V. To gain 
further insight in the optoelectronic properties of the device, the EL spectra 
were recorded at 4.6 V. In case of PT3, the EL signal exhibits a narrow peak 
at ~525 nm (2.36 eV, FWHM 1100 cm-1), which is red-shifted as compared 
to its corresponding PL peak at ~506 nm (2.54 eV, FWHM 1100 cm-1) (Figure 
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S13 and S24). This issue has been widely observed in PeLEDs, and is ascribed 
to the carrier trapping  at the grain boundaries, different trap states in the 
crystal structure,65 or the interfaces between two different layers.66  
Generally, in the LED configuration, the injected charge carriers are prone to 
undergo a trapping process by these electron-hole recombination centers, 
with energy levels residing within the bandgap. Thereby, the relative energy 
difference upon radiative recombination is reduced, consequently red-
shifting the EL spectra. Furthermore, one of the major obstacles in having 
high efficiencies in perovskite-based LEDs is the presence of water; 
however, The role of water on the EL properties was also investigated, and 
the same device structure is fabricated for the PT3 + H2O NCs. 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 trapping at the defect sites. However, the broader 
FWHM (increasing from 810 cm-1 to 1500 cm-1) under a forward voltage 
may relate to the heterogeneous morphology or the defects generated at 
the interfaces in this proof-of-concept LED device. A closer look at the EL 
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). 
IƻǿŜǾŜǊΣ the device shows a lower turn-on voltage of 2.3 V and a four times 
higher EL at the same voltage (8 Cd/m2) as compared to PT3. The ŜƴƘŀƴŎŜŘ 
[95 ŜŦŦƛŎƛŜƴŎȅ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ ǘƘǊŜŜ-ŦƻƭŘ ƛƴŎǊŜŀǎŜ ƻŦ ǘƘŜ 9v9 ŦƻǊ ǘƘŜ 
ŘŜǾƛŎŜ ǿƛǘƘ t¢о Ҍ IнhΦ Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ ǎǘƛƭƭ ǊŜƭŀǘƛǾŜ ƭƻǿ 9v9 
ŦƻǳƴŘ ƘŜǊŜ Ŏŀƴ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ƭŀǊƎŜ ǎƛȊŜ ƻŦ ǘƘŜ b/ǎ ǿƘƛŎƘ Ŏŀƴ ƭŜŀŘ ǘƻ 
ǘƘŜƛǊ ŀƎƎǊŜƎŀǘƛƻƴ ƛƴ ǎƻƭǳǘƛƻƴ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ǇƻƻǊ ŎƻǾŜǊŀƎŜ ƻŦ ǘƘŜ 
ǎǳōǎǘǊŀǘŜǎΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘƛǎ ǇǊƻƻŦ-ƻŦ-ǇǊƛƴŎƛǇƭŜ ǎǘǳŘȅ ŎƻƴŦƛǊƳǎ ǘƘŀǘ ǿŀǘŜǊ 
can actually improve perovskite-based LED device performance as its 
presence is not necessarily detrimental for the material quality. ²Ŝ ƘŀǾŜ 
ǎǳƳƳŀǊƛȊŜŘ ǘƘŜ Ƴƻǎǘ ǊŜƭŜǾŀƴǘ t[v¸ ŀƴŘ [95-ŘŜǾƛŎŜ ŦƛƎǳǊŜǎ ŦǊƻƳ ŀ ƘŀƴŘŦǳƭ 
ƻŦ ƭƛǘŜǊŀǘǳǊŜ ǊŜǇƻǊǘǎ ƻƴ ǿŀǘŜǊ-ŜȄǇƻǎŜŘ ǇŜǊƻǾǎƪƛǘŜ b/ǎ όƳŀƛƴƭȅ /ǎtō.Ǌо ŀƴŘ 
a!tō.Ǌо-ōŀǎŜŘ b/ǎ ŀƴŘ ŘƻǳōƭŜ ǇŜǊƻǾǎƪƛǘŜ ƴŀƴƻǎǘǊǳŎǘǳǊŜǎύ ƛƴ ¢ŀōƭŜ {пΦ 
Based on these findings, there is plenty of room for improving the device 
performance by downsizing the NCs and fine-tuning 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 water is not always a threat to perovskite-based 
devices, but that it can positively affect the stability and optoelectronic 
performance when the device is composed of rationally engineered 
perovskite materials. A facile post-treatment strategy is reported which 
allows achieving high-quality, water-compatible FAPbBr3 NCs. A 
combination of advanced structural and optical characterization techniques 
proves that moisture-induced hydrolysis of the excess of FABr, applied 
during post-treatment, results in a surface-passivating layer of NH4Br, 
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 device-ready 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 of NH4

+, 
boosting the stability. These new findings offer opportunities towards 
commercial application of perovskites in moisture-stable optoelectronics.  

  Methods 

1. Experimental procedure 

CƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ t¢л C!tō.Ǌо b/ǎΣ ŀ ǇǊŜŎǳǊǎƻǊ ǎƻƭǳǘƛƻƴ ŎƻƴǎƛǎǘƛƴƎ ƻŦ м 
ƳƳƻƭ ƻŦ tō.Ǌн ŀƴŘ м ƻŦ ƳƳƻƭ C!.Ǌ ŘƛǎǎƻƭǾŜŘ ƛƴ нΦр Ƴ[ ƻŦ b-
ŘƛƳŜǘƘȅƭŦƻǊƳŀƳƛŘŜ ό5aCύ ǿŀǎ ǇǊŜǇŀǊŜŘΦ CǊƻƳ ǘƘƛǎΣ лΦнр Ƴƭ ƻŦ ǇǊŜŎǳǊǎƻǊ 
ǎƻƭǳǘƛƻƴ ǿŀǎ ƛƴƧŜŎǘŜŘ ǎƭƻǿƭȅ ƛƴǘƻ ŀ ǾƛƎƻǊƻǳǎƭȅ ǎǘƛǊǊƛƴƎ ǘƻƭǳŜƴŜ ǎƻƭǳǘƛƻƴΣ 
ŎƻƴǘŀƛƴƛƴƎ ǎŜŎ-ōǳǘȅƭŀƳƛƴŜ όǎ-.!ύ ŀƴŘ ƻƭŜƛŎ ŀŎƛŘ όh!Ŏύ ŀǎ ŎŀǇǇƛƴƎ ƭƛƎŀƴŘǎΦ ¢ƻ 
ŜƴǎǳǊŜ ŎƻƭƭƻƛŘŀƭ ǎǘŀōƛƭƛǘȅΣ ǘƘŜ ƳƻƭŀǊ ŀƳƻǳƴǘǎ ƻŦ h!Ŏ ŀƴŘ ǎ-.! ǿŜǊŜ ŦƛȄŜŘ ǘƻ 
лΦр ƳƳƻƭ ŀƴŘ лΦу ƳƳƻƭΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ !ŦǘŜǊ ƛƴƧŜŎǘƛƻƴΣ ƘƛƎƘƭȅ ƭǳƳƛƴŜǎŎŜƴǘ 
b/ǎ ǿŜǊŜ ǊŀǇƛŘƭȅ ŦƻǊƳŜŘΣ ŀƴŘ ǘƻ ŦǳǊǘƘŜǊ ǇǊƻƳƻǘŜ ǘƘŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ ŀƴ ŜȄǘǊŀ 
ǾƻƭǳƳŜ ƻŦ ǘƻƭǳŜƴŜ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ŀŘŘŜŘ ǘƻ ǘƘŜ ǎǳǎǇŜƴǎƛƻƴΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ 
b/ǎ ǿŜǊŜ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ оллл ǊǇƳ ŦƻǊ п Ƴƛƴ ŀƴŘ ǿŀǎƘŜŘ ǿƛǘƘ ǘƻƭǳŜƴŜ ǘƻ 
ǊŜƳƻǾŜ ǘƘŜ ŜȄŎŜǎǎ ƻŦ ŎŀǇǇƛƴƎ ŀƎŜƴǘǎ ŀƴŘ ǳƴǊŜŀŎǘŜŘ ǇǊŜŎǳǊǎƻǊΦ CƛƴŀƭƭȅΣ ǘƘŜȅ 
ǿŜǊŜ ǊŜŘƛǎǇŜǊǎŜŘ ƛƴ ǘƻƭǳŜƴŜΣ ŦƻǊƳƛƴƎ ŀ ǎǘŀōƭŜ ŎƻƭƭƻƛŘŀƭ ǎƻƭǳǘƛƻƴΦ bŜȄǘΣ ŦƻǊ ǘƘŜ 
Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘ ǎǘŜǇΣ мΣ н ŀƴŘ о ƳƻƭŀǊ ŜǉǳƛǾŀƭŜƴǘǎ ƻŦ C!.ǊΣ ōŜƛƴƎ лΦлнΣ лΦлп 
ŀƴŘ лΦлс ƳƳƻƭΣ ǿŜǊŜ ŘƛǎǎƻƭǾŜŘ ƛƴ ƘŜȄŀƴŜ ŎƻƴǘŀƛƴƛƴƎ h!Ŏ ŀƴŘ ƻƭŜȅƭŀƳƛƴŜ 
όh!ƳύΦ ¢ƘŜ ƳƛȄǘǳǊŜǎ ǿŜǊŜ ǎƻƴƛŎŀǘŜŘ ŀǘ сл ϲ/ ŦƻǊ о-п ƘƻǳǊǎΣ ǿƘƛŎƘ ŘƛŘ ƴƻǘ 
ŦƻǊƳ ŀ ŎƭŜŀǊ ǎƻƭǳǘƛƻƴ ōǳǘ ǎǳǎǇŜƴǎƛƻƴΦ [ŀǘŜǊΣ ǘƘŜ t¢л b/ǎ ǿŜǊŜ ǎƘƻǊǘƭȅ 
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ǎƻƴƛŎŀǘŜŘ ƛƴ ǘƘƛǎ ƳƛȄǘǳǊŜ ŀƴŘ ŦǳǊǘƘŜǊ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ оллл ǊǇƳ ŦƻǊ п ƳƛƴǳǘŜǎΦ 
¢ƘŜ ǊŜǎǳƭǘƛƴƎ b/ǎ ǿŜǊŜ ǊŜŘƛǎǇŜǊǎŜŘ ƛƴ ƘŜȄŀƴŜΣ ȅƛŜƭŘƛƴƎ ōƭǳŜ-ƎǊŜŜƴ ŜƳƛǎǎƛƻƴ 
ǳƴŘŜǊ ŀ ¦± ƭŀƳǇΦ CƻǊ ǇǊŜǇŀǊƛƴƎ t¢о Ҍ IнhΣ н ҡƭ ƻŦ ǿŀǘŜǊ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ 
t¢о b/ǎ ŀƴŘ ǘƘŜ ƳƛȄǘǳǊŜ ǿŀǎ ǎƻƴƛŎŀǘŜŘ ǎƘƻǊǘƭȅΦ Note that the added 
amount of water and the sonication time both play a significant role. The 
ǇŜǊƻǾǎƪƛǘŜǎΩ ǎǳǎǇŜƴǎƛƻƴ ŎƘŀƴƎŜǎ ŎƻƭƻǊ ŦǊƻƳ ƭƛƎƘǘ ƎǊŜŜƴ ǘƻ ōǊƛƎƘǘ ƎǊŜŜƴ ǘƻ 
yellow when too much water is added or when treated for a longer time,  

deteriorating the optical properties. tƭŜŀǎŜ Ŏƻƴǎǳƭǘ ǘƘŜ {ǳǇǇƻǊǘƛƴƎ 
LƴŦƻǊƳŀǘƛƻƴ ŦƻǊ ŀ ǎŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ǇǊƻŎŜŘǳǊŜ 

όCƛƎǳǊŜ {нсύΦ  

2. Instruments 

2.1 Scanning Electron Microscope (SEM): Morphology and composition 
analysis were studied using an FEI Quanta FEG-250 environmental scanning 
electron microscope at 10 KV, equipped with an energy-dispersive 
spectrometer. The NC suspension was dropcasted on a silicon chip prior to 
the measurement. 

нΦн ·-Ǌŀȅ 5ƛŦŦǊŀŎǘƛƻƴΥ ! aŀƭǾŜǊƴ t!bŀƭȅǘƛŎŀƭ 9ƳǇȅǊŜŀƴ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ǳǎƛƴƎ ŀ 
5ŜōȅŜ-{ŎƘŜǊǊŜǊ ǘǊŀƴǎƳƛǎǎƛƻƴ ƎŜƻƳŜǘǊȅ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ tL·ŎŜƭо5 ǎƻƭƛŘ-ǎǘŀǘŜ 
ŘŜǘŜŎǘƻǊ ǳǎƛƴƎ ŀ /ǳ ŀƴƻŘŜΦ 5ŀǘŀ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ƻƴ ǘƘŜ ǘƘƛƴ ŦƛƭƳǎ ƛƴ ǘƘŜ 
ǊŀƴƎŜ ƻŦ мϲ ǘƻ прϲ ǿƛǘƘ ŀ ǎǘŜǇ ǎƛȊŜ ƻŦ лΦлмомϲ ŀƴŘ тф ǎ ŀǎ ŎƻǳƴǘƛƴƎ ǘƛƳŜΦ 

¢ƘŜ ƛƴŘŜȄƛƴƎ ƻŦ ǘƘŜ ǇƻǿŘŜǊ ǇŀǘǘŜǊƴ ƛƴ ŦǊŜŜ ƻōƧŜŎǘǎ ŦƻǊ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘȅ 
όCh·ύ67 ƛƴŘƛŎŀǘŜǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ƳƛȄǘǳǊŜ ƻŦ ǘǿƻ ŎǳōƛŎ ǇƘŀǎŜǎΣ ǎŜŜ CƛƎǎΦ нŀ 
ŀƴŘ {нΦ wƛŜǘǾŜƭŘ ǊŜŦƛƴŜƳŜƴǘ ƛƴ CǳƭƭtǊƻŦ68 ǇǊƻǾŜǎ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘŜƴŎŜ ƻŦ ǘƘŜ 
ƳƛƴƻǊ ǇƘŀǎŜ όϤпл ǿǘ҈ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǊŜŦƛƴŜƳŜƴǘύ ǿƛǘƘ ǎƭƛƎƘǘƭȅ ōǊƻŀŘŜǊ 
ǇŜŀƪǎ ǘƻ ǘƘŜ ǘȅǇƛŎŀƭ ŎǳōƛŎ ǎǘǊǳŎǘǳǊŜ ƻŦ C!tō.Ǌо όtƳ-оƳ ŀ Ґ сΦлмтфόнύ )ύ29Σ 
ǿƘƛƭŜ ǘƘŜ ǎŜŎƻƴŘ ƻƴŜ ǿƛǘƘ ǎƘŀǊǇ ǇŜŀƪǎ όƳŀǊƪŜŘ ǿƛǘƘ Іύ ƛǎ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ 
ŎǳōƛŎ ŀƳƳƻƴƛǳƳ ōǊƻƳƛŘŜ όbIп.Ǌύ ǎǘǊǳŎǘǳǊŜ όtƳ-оƳΣ ŀ Ґ пΦлснлόмύ )ύ69Σ 
ƛƴƛǘƛŀƭƭȅ ŦƻǳƴŘ ōȅ ǘƘŜ ǳƴƛǘ ŎŜƭƭ ǇŀǊŀƳŜǘŜǊǎ ƛƴ /ǊȅǎǘŀƭƭƻƎǊŀǇƘȅ hǇŜƴ 5ŀǘŀōŀǎŜ 
ό/h5ύΦ70   
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нΦо DǊŀȊƛƴƎ ƛƴŎƛŘŜƴŎŜ ·-Ǌŀȅ 5ƛŦŦǊŀŎǘƛƻƴΥ ¢Ƙƛƴ ŦƛƭƳǎ ǿŜǊŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ǿƛǘƘ ŀ 
aŀƭǾŜǊƴ t!bŀƭȅǘƛŎŀƭ 9ƳǇȅǊŜŀƴ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ tL·ŎŜƭо5 
ǎƻƭƛŘ-ǎǘŀǘŜ ŘŜǘŜŎǘƻǊ ǳǎƛƴƎ ŀ /ǳ ŀƴƻŘŜΦ .ŜŦƻǊŜ ŜŀŎƘ ƳŜŀǎǳǊŜƳŜƴǘΣ ŀƴ 
ƛǘŜǊŀǘƛǾŜ ǎŎƘŜƳŜ ǿŀǎ ŜƳǇƭƻȅŜŘ ǘƻ ƻǇǘƛƳƛȊŜ ǘƘŜ ǎŀƳǇƭŜ ƘŜƛƎƘǘ ŀƴŘ ǘƛƭǘΦ 
DL·w5 ǇŀǘǘŜǊƴǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ ǊŜŦƭŜŎǘƛƻƴ ƎŜƻƳŜǘǊȅ ǿƛǘƘ ŀƴ ƛƴŎƛŘŜƴǘ ŀƴƎƭŜ 
˖ҐлΦнϲΦ ¢ƘŜ н ̒ǊŀƴƎŜ ǎŎŀƴƴŜŘ ǿŀǎ мϲ-мрϲΣ ǳǎƛƴƎ ŀ ǎǘŜǇ ǎƛȊŜ ƻŦ лΦлроϲκǎ ŀƴŘ ŀ 
ŎƻǳƴǘƛƴƎ ǘƛƳŜ ƻŦ мллл ǎ ǇŜǊ ǎǘŜǇΦ ! ŦƛȄŜŘ ŀƴǘƛǎŎŀǘǘŜǊ ǎƭƛǘ ƻŦ мκмсϲ ŦƛȄŜŘ ǿŀǎ 
ǳǎŜŘ ƻƴ ǘƘŜ ǎƻǳǊŎŜ ǎƛŘŜ ǘƻ ƭƛƳƛǘ ǘƘŜ ōŜŀƳ ŘƛǾŜǊƎŜƴŎŜΦ 

нΦп ·-Ǌŀȅ tƘƻǘƻŜƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅΥ ·t{ Řŀǘŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǳǎƛƴƎ Y-ŀƭǇƘŀ 

¢ƘŜǊƳƻ ǎǇŜŎǘǊƻƳŜǘŜǊ ǿƛǘƘ ŀƴ !ƭ Yʰ ǊŀŘƛŀǘƛƻƴ ŀǘ мпусΦсу Ŝ± 

нΦр CƻǳǊƛŜǊ-¢ǊŀƴǎŦƻǊƳ LƴŦǊŀǊŜŘ {ǇŜŎǘǊƻǎŎƻǇȅΥ !ǘǘŜƴǳŀǘŜŘ ǘƻǘŀƭ ǊŜŦƭŜŎǘƛƻƴ 
CƻǳǊƛŜǊ-ǘǊŀƴǎŦƻǊƳ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊƻǎŎƻǇȅ ό!¢w-C¢Lwύ ǎǇŜŎǘǊŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ 
ƻƴ ŀ ±ŀǊƛŀƴ стл C¢Lw ǎǇŜŎǘǊƻƳŜǘŜǊ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ±ŜŜa!·¢a LLL ŀŎŎŜǎǎƻǊȅ 
όtƛƪŜ¢ŜŎƘύΦ  

нΦс {¢9aΥ IƛƎƘ-ǊŜǎƻƭǳǘƛƻƴ I!!5C-{¢9a ƛƳŀƎŜǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǿƛǘƘ ŀ ǇǊƻōŜ-
ŎƻǊǊŜŎǘŜŘ ŎǳōŜŘ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎ ¢ƘŜƳƛǎ ½ aƛŎǊƻǎŎƻǇŜ ƻǇŜǊŀǘƛƴƎ ŀǘ 
олл ƪ± ǿƛǘƘ ŀ ǇǊƻōŜ ǎŜƳƛ-ŎƻƴǾŜǊƎŜƴŎŜ ŀƴƎƭŜ ƻŦ нлΦр ƳǊŀŘΦ 

2.7 UV-Vis Diffuse reflectance Spectroscopy: Diffuse reflectance spectra 
(DRS) were recorded on a Perkin Elmer Lambda 950 UV-VIS-NIR 
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 Kubelka-Munk function: F(R) = (1-
R)2/(2R). 

2.8 Emission and Excitation Spectroscopy: Excitation and emission spectra 
were recorded on an Edinburgh Instruments FLS 980 spectrofluorimeter. 
Samples were measured in front-face mode as thin films created by 
dropcasting a suspension onto a glass slide that fitted into the Edinburgh 
solids accessory. 
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нΦф tƘƻǘƻƭǳƳƛƴŜǎŎŜƴŎŜ vǳŀƴǘǳƳ ¸ƛŜƭŘΥ vǳŀƴǘǳƳ ȅƛŜƭŘ measurements were 
performed on a Horiba Fluorolog 3.22 spectrofluorimeter with an F-3029 
integrating sphere accessory fitted with a sample holder to accommodate 
thin film samples drop casted on a glass slide. 

3.0 PL lifetime Spectroscopy: - PL lifetimes at 410 nm excitation wavelength 
and 58 J/cm2 fluence were recorded. The fluorescence decay times at the 
nanosecond time scale were determined by TC-SPC technique. The 
fluorescence was spectrally resolved by a monochromator (Sciencetech 
9030, 100 nm focal length, wave- length accuracy 0.3 nm), and detected by 
a microchannel plate photomultiplier tube (MCP-PMT, R3809U-51, 
Hamamatsu). A time-correlated single photon timing PC module (SPC 830, 
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 time-resolved fluorescence analysis (TRFA) 
software based on iterative reconvolution of the data with the instrumental 
response function (IRF). The full width at half- maximum (FWHM) of the IRF 
was typically in the order of 42 ps. 

Nanosecond to Millisecond Time-resolved Luminescence: A 410 nm laser 
pulse (8 ns, 10 Hz) generated by a system consisting of a pulsed Nd:YAG 
laser (Quanta-Ray INDI-40, Spectra Physics) was used to excite the samples. 
The excitation light was focused on the sample by a 150-mm focal length 
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 slit of 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 PL: For low-temperature photoluminescence 
measurements, the sample was 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 solid-state laser Thorlabs M365LP1 with driver 
DC2200 operating at 365 nm for excitation. The laser was coupled to a 550 
˃Ƴ ŎƻǊŜ ƻǇǘƛŎŀƭ ŦƛōŜǊΦ ¢ƘŜ t[ ǎǇŜŎǘǊŀ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ǘƘǊƻǳƎƘ мм ŎƻǊŜ ƻǇǘƛŎŀƭ 
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ŦƛōŜǊǎ ƻŦ нлл ˃Ƴ ŘƛŀƳŜǘŜǊ ǘƘŀǘ ŀǊŜ ǎǳǊǊƻǳƴŘƛƴƎ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴ ŦƛōŜǊΦ ¢ƘŜ 
detection fibers are coupled to a LOT-QD Shamrock F/4 spectrometer with 
an electron multiplying charge-coupled detector (EMCCD) iXon DV887. The 
PL spectra were collected at 5 K increment. 

3.2 Device fabrication and characterization: The Glass/ITO substrates were 
washed in an ultrasonic bath with soap water, deionized water, acetone, 
and isopropanol for 10 min, respectively. After drying with nitrogen, they 
were treated with UV-Ozone for 15 min. Then, PEDOT:PSS dispersion 
(Clevios P VP AI 4083) was spin coated on the pre-cleaned ITO substrates at 
4000 rpm for 60 s, followed by thermal annealing at 1мл / ŦƻǊ мл ƳƛƴΦ !ŦǘŜǊ 
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 top of the perovskite films sequentially. The device area was 
0.125 cm2 with dimensions of 2.5 mm × 5 mm. A Thorlabs integrating 
sphere (IS236A-4) coupled with a calibrated silicon photodiode (SM05PD1B) 
and a Flame Spectrometer from Ocean Optics was used to measure the EL 
intensity and the emission spectrum. The response of the photodiode was 
calibrated together with the integrating sphere by Thorlabs. The JςV 
characteristics were measured by an Agilent 4156C Semiconductor 
Parameter Analyzer which also records the corresponding light-induced 
photodiode current at the same time. 
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Supporting Information 

 

 
Scheme S1. Hydrolysis of FABr. The reaction mechanism involves a base-catalyzed addition-
elimination,1 where OAm acts as the Brønsted base.  

 

 

                                

 

 

 

 

 

 

 

 

 

Figure S1Φ wƛŜǘǾŜƭŘ ǊŜŦƛƴŜƳŜƴǘ Ŧƛǘ ό/ǳ Yʰ ǊŀŘƛŀǘƛƻƴύ ŦƻǊ Ǉƻǎǘ-treated PT3, indicating the coexistence of 
the two highly crystalline cubic phases of FAPbBr3 (Space group Pm-3m, a = 6.0179(2) Å; RI(Bragg) = 6.85 
%) and NH4Br (Space group Pm-3m, a = 4.0620(1) Å; RI(Bragg) = 12.2 %). 

 

(1) 
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Figure S2. XRD of (a) the post-treated suspension prepared for PT3 (black) and when FABr was 
reacted with oleylamine and water (red) (b) when FABr was reacted with water showing no significant 
reflections. 

 

Figure S3. a) XRD pattern of post-treated NCs with different amounts of NH4Br and formamide. Here 
X denotes the molar ratio. b) NCs post-treated with NH4Br alone; the NH4Br cubic phase is only faintly 
present without the addition of formamide.  

The intensity of the NH4Br peaks in the XRD pattern gradually increases 
upon increasing the amount of formamide, indicating  better dispersion of 
NH4Br 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 post-reaction (as in the case of PT3) would yield a greater 
amount of final products (NH4Br and formamide), as compared to PT1 or 
PT2. Thus, more formamide results in better dispersion of the NH4Br salt in 
hexane, yielding highly intense peaks. In contrast, the intensity of peaks did 
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not improve substantially when only the amount of NH4Br was increased in 
the reaction (Figure S3a, green).  

 

Figure S4. GIXRD of post-ǘǊŜŀǘŜŘ t¢о ŘƛǎǇƭŀȅƛƴƎ ŦƻǳǊ ǇŜŀƪǎ ƛƴ ǘƘŜ ƭƻǿ нʻ ǊŜƎƛƻƴΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ 
presence of a low dimensional structure. Inset figure is a zoomed-ƛƴ ƛƳŀƎŜ ŦƻǊ ǘƘŜ DL·w5 ŦǊƻƳ тϲ нʻ 
onwards. 

                              

Figure S5. FTIR of all the ligands employed in the synthesis. 
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Table S1. Peak analysis of the XPS spectra.  

*Margin of error ± 5 - 10% 

 

Figure S6. Size distribution of a) PT0, b) PT3, and c) PT3 + H2O NCs 

 

 

 

 

 

 

 

 

 

 

Figure S7. HAADF STEM image of PT0 NCs a) High resolution STEM image of PT0 NC. The 
corresponding FFT is shown in panel b), which shows that the NC is oriented along the [100] zone axis 
(ZA). 
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Figure S8. a) ς b) HAADF STEM images of PT3 NCs, which show the presence of NCs with a width of 
only a few nanometers (below 2nm). This is an indication for the presence of 2D NCs. 

 

 

Figure S9. HAADF STEM images of PT3 + H2O NCs. a) Thin areas at the edge of the NCs as well as in 
the center of the NC are visible which are 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. 



Deciphering the Role of Water in Promoting the Optoelectronic Performance of Surface-
Engineered Lead Halide Perovskite Nanocrystals 

 
 

141 
 

            

 

Scheme S2. Role of moisture in assisting dissolution-recrystallization of NCs (a and c) and localized 
exfoliation, causing the fragmentation of NCs into thin flakes (b and c). The blue cations in (b) depict 
NH4

+. 

 

Figure S10. Diffraction pattern of PT3. a) The ring diffraction pattern corresponds to FAPbBr3. b) TEM 
image including the SAED aperture of which the DP in panel (a) was taken. 

 e) 
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Figure S11. EDX elemental mapping. a) HAADF of NCs of PT3 + H2O, which surround a large spherical 
particle. b-d) 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. 

         

Figure S12. Absorption (dashed line) and PL (solid line) spectra of PT0 NCs at 395 nm excitation 
wavelength when recorded in suspension immediately after synthesis, indicating the initial presence 
of some low dimensional structures.  

a) b) 
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Figure S13. Absorption (dashed lines) and PL (solid lines) spectra of (a) post-treated PT1, PT2 and PT3 
FAPbBr3 NCs on day 3, and (b) PT3 on day 4 recorded at 395 nm excitation wavelength 

hƴ Řŀȅ оΣ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ǇŜŀƪǎ ŦƻǊ ǘƘŜ Ǉƻǎǘ-ǘǊŜŀǘŜŘ C!tō.Ǌо b/ǎ ŀǊŜ ǊŜŘ-
ǎƘƛŦǘŜŘ ōȅ Ϥр ƴƳΣ ǎǘƛƭƭ ƭȅƛƴƎ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜ ŦƻǊ ŀƴ ƴ Ґ н-п ƭŀȅŜǊŜŘ ǎǘǊǳŎǘǳǊŜΦ 
¢ƘŜ Ƴŀƛƴ ŜƳƛǎǎƛƻƴ ǇŜŀƪ ƛǎ ǊŜŘ ǎƘƛŦǘŜŘ ōȅ нн ƴƳ όŦǊƻƳ рлл ǘƻ рнн ƴƳύ ŦƻǊ 
t¢м ŀƴŘ t¢нΣ ǿƘŜǊŜŀǎ ǘƘŜ ǎƘƛŦǘ ƛǎ ƴƻǘ ǾŜǊȅ ƭŀǊƎŜ ŦƻǊ t¢оΣ ōŜƛƴƎ р ƴƳ όŦǊƻƳ 
рлл-рлр ƴƳύΣ ƛƴŘƛŎŀǘƛƴƎ ŜǾŜƴ ōŜǘǘŜǊ ǎǘŀōƛƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ƭƻǿ-ŘƛƳŜƴǎƛƻƴŀƭ 
ŎƻƳǇƻƴŜƴǘΦ ¢ƘŜ ǉǳŀƴǘǳƳ ȅƛŜƭŘ ƻƴ Řŀȅ о ƛƴŎǊŜŀǎŜǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŦƻǊ ŀƭƭ ǘƘǊŜŜ 
t¢м-оΣ ƭŜŀŘƛƴƎ ǳǇ ǘƻ от҈ ŀǘ плр ƴƳ ŜȄŎƛǘŀǘƛƻƴ ŀƴŘ ул҈ ǿƘŜƴ ŜȄŎƛǘƛƴƎ ǘƘŜ 
ƎǊŜŜƴ ŎƻƳǇƻƴŜƴǘ ŀǘ пур ƴƳ ŦƻǊ t¢м ŀƴŘ t¢н ƛƴ ǘƘŜ ǘƘƛƴ-ŦƛƭƳ ŦƻǊƳΦ {ƛƴŎŜ ǘƘŜ 
ŜƳƛǎǎƛƻƴ ŦƻǊ t¢о ŘƛŘ ƴƻǘ ǎƘƛŦǘ ǘƘŀǘ ƳǳŎƘ ƻƴ Řŀȅ оΣ ƛǘ ǎǘƛƭƭ ŜȄƘƛōƛǘǎ ŀ рр҈ t[v¸ 
ŀǘ плр ƴƳΦ ¢ƘŜ ƎǊŜŜƴ ŎƻƳǇƻƴŜƴǘ ǊƛǇŜƴǎ ƻƴ ǎǳōǎŜǉǳŜƴǘ ŘŀȅǎΣ ƭŜŀŘƛƴƎ ǘƻ 
t[v¸ ǾŀƭǳŜǎ ǳǇ ǘƻ со҈ ŀǘ плр ƴƳ ŀƴŘ ур҈ ŀǘ пур ƴƳ ŜȄŎƛǘŀǘƛƻƴΦ  

 

Figure S14. PL emission spectra of a) PT0 and b) PT3  recorded at 395 nm excitation wavelength on 
day 1 and day 21 on same films, when stored in air (humidity 66%). The PLQY of PT0 decreased 
substantially, from ~33% to 7% at excitation 405 nm, and a clear red-shift in the PL spectrum could be 
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observed. PT3 exhibited a PLQY drop of only ~10 % (from ~34% to 30%), demonstrating the positive 
impact of post-treatment.    

 

Figure S15. XRD of water-treated PT3, resembling the pattern of PT3. This indicates that the addition 
of water did not further cause any change in the crystal structure. 

 

Figure S16. FTIR spectrum of the water-treated PT3, resembling the pattern of PT3. 
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Figure S17. XRD pattern of PT3, recorded on day 1 and 3, depicting the shift to a higher angle, 
pointing towards lattice  

 

Figure S18. a) High resolution XRD study as a function of time, recorded over a span of 5 days. This 

study reveals 2 important things: 1) Low 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 ǎŜǘǳǇΣ ǇŜŀƪǎ ōŜƭƻǿ уϲ нʻ ŎƻǳƭŘ ƴƻǘ ōŜ ǊŜŎƻǊŘŜŘΦ нύ ²ƘŜƴ ǘƘŜ t¢о ŦƛƭƳ ǿŀǎ Ŏƻƴǘƛƴǳƻǳǎƭȅ ŜȄǇƻsed 

to air, moisture present in the air eventually creates channels for NH4
+ to intercalate, which 

transforms the quasi-2D structure to a more dominant 3D structure. Notably, this 3D structure 

remains further stabilized by NH4Br. b) Zoom-in XRD pattern of ŀύ ŦǊƻƳ рϲ ǘƻ мтϲ нʻ ŦƻǊ ŎƭŜŀǊ 

visualization of the lattice contraction along the (100) plane.2 (Note that all measurements were 

performed on the same film.) 
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Figure S19. XRD of water-treated as-prepared PT0, revealing multiple additional reflections deviating 
from the cubic structure, suggesting fast degradation.  

 

       

Figure S20. Displaying the stability of untreated PT0 (left) and post-treated PT3 (right) when 
dropcasted in air. The post-treated sample does not change color and is clearly more stable towards 
the moisture in air as compared to the untreated sample. 

 

b) 
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Figure S21. Fluorescence Microscopy images of a) PT3 and b) PT3 + H2O on day 1. 

 

Table S2. PL decay values of the PT0, PT3 and PT3 + H2O NCs after synthesis (a, Day 1) and after 
ageing (b, Day 3) recorded at the maximum emission wavelengths, over the (i) nanoseconds and (ii) 
ƳƛŎǊƻǎŜŎƻƴŘ ǘƛƳŜǎŎŀƭŜ ό˂exc = 410 nm) 

(a) Day 1           (b) Day 3 

 Nanosecond                          Nanosecond 

   

 

 

 

 

a) 
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Table S3. Recombination lifetimes extracted from the time-resolved PL decay curves from the 
nanosecond setup at 480 nm. 

 

 

Figure S22: Pseudo-color contour PL mapping at different temperatures for PT0, PT1, and PT3 + H2O, 
on day 1 and day 3. Upon cooling and hence minimizing the thermal energy, scattering in the system 
will be reduced due to the lower phonon interactions, which result in an enhancement of the 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 freezing-out of carriers occurs.3 
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Figure S23. Temperature evolution of PL spectra for PT0, PT3 and PT3 + H2O for day 1 and day 3. (a-c) 
Selected PL spectra normalized to their maximum at different temperatures for PT0 (a), PT3 (b) and 
PT3 + H2O (c) for day 1 (black curves) and day 3 (red curves). The spectra are shifted vertically for 
clarity. (d-f) PL peak center as a function of temperature for PT0 (d), PT3 (e) and PT3 + H2O (f) for day 
1 (black squares) and day 3 (red circles). (g-i) Arrhenius plot of the integrated PL intensity for PT0 (f), 
PT3 (g) and PT3 + H2O (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. 

 

      I(Ὕ) = Ὅ0/( 1 + ὃὩ ҍὉὦ/ὯὄὝ)                  (2) 

ǿƘŜǊŜ Lл ŀƴŘ ! ŀǊŜ ŎƻƴǎǘŀƴǘǎΣ ƪ. ƛǎ ǘƘŜ .ƻƭǘȊƳŀƴƴ Ŏƻƴǎǘŀƴǘ ŀƴŘ 9ō ƛǎ ǘƘŜ 
ŜȄŎƛǘƻƴ ōƛƴŘƛƴƎ ŜƴŜǊƎȅΦ 9ō ŜȄǘǊŀŎǘŜŘ ŦƻǊ t¢л ƛǎ ŀǊƻǳƴŘмул ƳŜ±Φ 
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Figure S24. Comparison of EL and PL spectra of PT3 and PT3 + H2O.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S25. CIE coordinates for PT3 and PT3 + H2O, (0.17, 0.74). 
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Table S4: Comparison of this study with other reports on water enhancing the optical performance of 
perovskite NCs. 

 

 

 

 

Figure S26. Displaying the protocol for the synthesis of the PT0 (step 1) and post-treated NCs (step 2).  
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 Abstract 

¢ƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǇƻǘŀǎǎƛǳƳ ǘƘƛƻŎȅŀƴŀǘŜ όY{/bύ ǘƻ ǘƘŜ C!tō.Ǌо ǎǘǊǳŎǘǳǊŜ ŀƴŘ 
ǎǳōǎŜǉǳŜƴǘ Ǉƻǎǘ-ǘǊŜŀǘƳŜƴǘ ƻŦ ǘƘŜ ƴŀƴƻŎǊȅǎǘŀƭǎ όb/ǎύ ƭŜŀŘ ǘƻ ƘƛƎƘ ǉǳŀƴǘǳƳ 
ŎƻƴŦƛƴŜƳŜƴǘΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ǇƘƻǘƻƭǳƳƛƴŜǎŎŜƴǘ ǉǳŀƴǘǳƳ ȅƛŜƭŘ όt[v¸ύ 
ŀǇǇǊƻŀŎƘƛƴƎ ǳƴƛǘȅ ŀƴŘ ƳƛŎǊƻǎŜŎƻƴŘ ŘŜŎŀȅ ǘƛƳŜǎΦ ¢Ƙƛǎ ǎȅƴŜǊƎƛǎǘƛŎ ŀǇǇǊƻŀŎƘ 
ŘŜƳƻƴǎǘǊŀǘŜŘ ŜȄŎŜǇǘƛƻƴŀƭ ǎǘŀōƛƭƛǘȅ ǳƴŘŜǊ ƘǳƳƛŘ ŎƻƴŘƛǘƛƻƴǎΣ ǊŜǘŀƛƴƛƴƎ тл҈ ƻŦ 
ǘƘŜ t[v¸ ŦƻǊ ƻǾŜǊ ŀ ƳƻƴǘƘΣ ǿƘƛƭŜ ǘƘŜ ǳƴǘǊŜŀǘŜŘ b/ǎ ŘŜƎǊŀŘŜ ǿƛǘƘƛƴ нп 
ƘƻǳǊǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ŘŜǾƛŎŜǎ ƛƴŎƻǊǇƻǊŀǘƛƴƎ Ǉƻǎǘ-ǘǊŜŀǘŜŘ b/ǎ ŘƛǎǇƭŀȅŜŘ 
мΦр҈ ŜȄǘŜǊƴŀƭ ǉǳŀƴǘǳƳ ŜŦŦƛŎƛŜƴŎȅ ό9v9ύΣ ŀ ŦƛǾŜŦƻƭŘ ƛƳǇǊƻǾŜƳŜƴǘ ƻǾŜǊ 
ǳƴǘǊŜŀǘŜŘ ŘŜǾƛŎŜǎΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ǇǊƻǾƛŘŜ ǇǊƻƳƛǎƛƴƎ ƻǇǇƻǊǘǳƴƛǘƛŜǎ ŦƻǊ ǘƘŜ ǳǎŜ 
ƻŦ ǇŜǊƻǾǎƪƛǘŜǎ ƛƴ ƳƻƛǎǘǳǊŜ-ǎǘŀōƭŜ ƻǇǘƻŜƭŜŎǘǊƻƴƛŎǎΦ  
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 Introduction 

Perovskite light emitting diodes (PeLEDs) have 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 nm).1 These enticing properties 
make them strong candidates for future display applications. However, their 
stability under environmental conditions still lags behind that of commercial 
LEDs, hindering their commercial deployment.2,3 Several strategies have 
been reported to enhance stability of perovskite NCs, including low-
dimensional (2D) structures,4,5 doping the ABX3 with additional cations or 
anions,6,7 or partially substituting halide by thiocyanate, SCN-, a pseudo-
halide anion. Unlike halides, SCN- forms a stronger ionic and hydrogen bond 
with Pb2+ and the organic A-site cation, respectively, thereby, suppressing 
halide-related defects.8,9 Moreover, significant breakthroughs in the 
material stability and device performance have been exhibited by regulating 
surface defects, making surface passivation of perovskites NCs a vital part of 
the synthesis. Thus far, surface modification by organic-inorganic ion pairs,10 
benzoic acid,11 or branched structure capping ligands,12 amongst others, 
have been applied to increase the stability against external environment.13 
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 
properties14 and combat non-radiative 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 view. Nevertheless, efficient passivation 
have been demonstrated with salts such as, NH4Br,15 CsBr,16 NH4SCN,17,18 
ZnBr2,14,19,20 PbBr2,21 etc. However, no studies have been reported so far on 
the incorporation of pseudo-halides in FAPbBr3 NCs to passivate the defects.  
To further surmount the ambient stability concerns and boost the 
optoelectronic properties of perovskite NCs, herein, we synthesize small-
sized KSCN doped FAPbBr3 NCs 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 
enhanced the stability and optical performance of perovskite NCs. To avoid 
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longer-term degradation, the surface defects were further passivated using 
a mixture of FABr and ZnBr2, leading to an increase in PLQY from 30% to 
98% and improved shelf-life (over a month under humidity-induced 
conditions). Overall, the ambient stability was considerably intensified 
compared with that of untreated NCs. Finally, the post-treated NCs 
exhibited delayed luminescence (on the scale of 1 µs)22 and a fivefold higher 
EQE as compared to untreated NCs. These features correlate to improved 
crystallinity and enhanced long-term stability, which is favorable for all kinds 
of optoelectronic applications. 

Herein, in the typical synthesis, a stoichiometric ratio of FABr and PbBr2, and 
a 5:1 ratio of PbBr2: KSCN are dissolved in DMF. Meanwhile, a mixture of 
ligands, sec-butylamine (s-BA) and oleic acid (OAc), is added to the toluene. 
Finally, the injection of precursor solution into toluene yields a blue-green 
emissive suspension under UV illumination. Note that the suspension is only 
slightly emissive immediately after the synthesis. As the precipitate settles 
down, the supernatant begins to crystallize, turning from blue-green to 
bright green emission. The blue-green color suggests a low dimensional 
structure, possibly induced by the incorporation of SCN- or the protonation 
of s-BA to sec-butylammonium.23 The green emitting supernatant, 
exclusively containing small NCs, was extracted and post-treated with a 
mixture of ZnBr2 and FABr in hexane, containing oleylamine (OAm) and OAc 
ligands. The untreated and post-treated KSCN: FAPbBr3 NCs will, hereafter, 
be referred to as PT0 and PT1, respectively. 

   Result and Discussion 

The crystallographic properties of pristine, PT0, and PT1 NCs are analyzed 
using X-ray 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, respectively.24ς26 However, upon 
KSCN 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 supernatant (Figure 1a and S1).27,28,29 (ii) A shift 

in the XRD pattern towards higher 2q (~0.1°), indicating a contraction of the 
lattice due to the partial substitution of FA+ by K+. However, it is worth 
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noting that this trend was not observed in the scanning transmission 
electron microscope (STEM) measurements, which showed lattice 
expansion upon KSCN doping in FAPBbr3 structure, consistent with the 
literature (Figure S2a and b).9,30 This expansion may be attributed to the 
larger size and different geometry of the SCN- ion as compared to halides, 
which could cause an increase in the lattice parameter.9 When comparing 
XRD and STEM it has to be considered that XRD is a bulk technique and 
averages over many NCs, while STEM is a very local technique to analyze 

single NCs.  (iii) An intense peak in the lower 2q region (2.5°) is also 
observed, indicating the presence of a low dimensional perovskite structure, 
which could further contribute to the observed lattice expansion. 
Subsequently, upon post-treating the NCs, an intense tertiary phase 
belonging to NH4Br is also observed (marked with #), owing to the base-
catalyzed hydrolysis of FABr.15 Notably, all these additional phases did not 
hamper any photophysical properties, but rather enhanced the structural 
stability, consequently boosting the optoelectronic performance. Moreover, 
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 (6.174 Å, Figure S2c) as compared to PT0 
(6.201 Å). The ionic radii of Zn2+ and NH4

+ are smaller as compared to Pb2+ 
or FA+, respectively; therefore, Zn2+ and NH4

+ can partially substitute the 
respective ions or even fill the vacant lattice sites, compensating for the 
structural defects.  
Furthermore, Fourier transform infrared spectroscopy (FTIR) spectroscopy 
has been employed to confirm the presence of selected functional groups 
on the surface of pristine, PT0, and PT1 NCs (Figure 1b). The peaks at 1720 
cm-1 and 3100 - 3400 cm-1 can be assigned to CN and N H stretching 
vibrations, respectively, from FA+ or NH4

+ cations. While the latter only 
appears as a low- intensity diffuse absorption band in case of pristine NCs 
and PT0, PT1 exhibits an intense absorption band, confirming the presence 
of the ammonium moiety in the post-treated sample. Additionally, due to 
the low concentration of KSCN in the precursor, only a low-intensity diffuse 
band around 2030 cm-1 can be seen for PT0 (absent for pristine FAPbBr3 
NCs), which is attributed to the stretching vibration of the CḳN bond of the 
SCN- ion bound to Pb via a Pb S bond.31ς34 This observation implies the  
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Figure 1. a) XRD pattern and b) FTIR spectra of pristine, PT0, and PT1. The symbol *, #, and + in panel 
a) represent side phases belonging to KBr, NH4Br, and 2D perovskites, respectively. 

incorporation of SCN- in FAPbBr3 NCs. 31ς34 Additionally, the morphology of 
PT0 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 samples 
exhibit mixture of cubic and rectangular NCs. While PT0 revealed highly 
aggregated NCs with an average size of 10 - 20 nm (Figure S3), PT1 exhibited 
a well-dispersed morphology with a slight increase in the crystallite size (20 - 
40 nm) (Figure S4). Furthermore, the average inter-particle distance for PT0 
was around ~ 0.6 ± 0.2 nm, which can be ascribed to the length of the 
butylamine ligand.35 Notably, the distance increased upon post-treatment 
(1.6 ± 0.3 nm), owing to the entangled long chain OAc and OAm ligands.36,37 
While most of the particles were found to be horizontally aligned, a fraction 
of them were also face-to-face aligned, (Figure S5). In fact, the NCs 
synthesized with only sBA/OAc ligands (PT0) 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 chain, is the key to 
the self-assembly behavior. It is anticipated that long chain OAm ligand 
exhibit stronger interaction through interpenetration than short chain s-BA 
ligand, enabling NCs to vertically self-assemble.38,39 The standalone, vertical 
NCs exhibited an average thickness of 3 - 5 nm, equaling n = 4 - 7 layers in 
the quasi-2D 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 to NH4Br, which tends to crystallize in 
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a cubic structure,40 however, forms a more stable spherical shape in apolar 
hexane due to high surface energy.41 Clearly, both polar NH4Br and FAPbBr3 
NCs exhibit a tendency to be mutually attracted, thereby forming a 
heterostructure that resembles a conglomerate. EDX elemental mapping 
shows that the Pb from FAPbBr3 NCs is primarily present on the periphery, 
while N and Br elements constitute the NH4Br spheres (Figure S7). It should 
be noted that detecting the presence of sulfur of the SCN- additive by EDX is 
challenging since the M Pb peak overlaps with the K-alpha S peak, and the 
EDX spectra are dominated by the heavy Pb peaks. Accordingly, the electron 
diffraction pattern for PT1 revealed 3 phases, belonging to cubic FAPbBr3, 
NH4Br, and KBr, which is consistent with the XRD study (Figure S8). No 
evidence of ZnBr2 crystallization in another phase has been observed, 
however, the elemental mapping indicated the presence of Zn2+ in the final 
product (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 PT0 NCs no 
longer possessed sharp edges and were agglomerated, the PT1 NCs 
maintained their rectangular and cubic morphology. However, a few NCs 
ŜȄƘƛōƛǘŜŘ ŀ ΨǎǘǊƛǇŜŘ ǇŀǘǘŜǊƴΩΣ ǘƘŀǘ ƛǎΣ b/ǎ ǿƛǘƘ ŀƭǘŜǊƴŀǘŜ ŘŀǊƪ ŀƴŘ ƭƛƎƘǘ 
contrast (Figure 2d, marked with blue rectangles). The Z-contrast in the 
HAADF images suggests that the lighter regions correlate to thinner areas 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 noted 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 pristine, PT0, and PT1 NCs 
on day 1 and day 5. Pristine and PT0 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 exchange of Br- with the  SCN- ion, which has 
stronger binding affinity with Pb2+ as compared to Br-, owing to its larger 
ionic radius and polarization.33 Interestingly, PT0 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 non-radiative recombination upon KSCN 
addition. 

 

Figure 2. HAADF-STEM images of a) PT0, and b) PT1 on day 1. The insets are the fast-Fourier-
transform (FFT) images taken from the regions indicated by the red squares. c) PT0, and d) PT1 on day 
5. The blue rectangles indicate the stripping of NCs upon exposure to moisture with an enlarged 
region of interest. 

Additionally, PT0 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 multi-ǉǳŀƴǘǳƳ ǿŜƭƭ ǎǘǊǳŎǘǳǊŜΣ ƘŀǾƛƴƎ ƴ Ґ нΣ оΣ пΣ ŀƴŘ қ 
respectively.42 This observation can be correlated with the low angle peak at 
2.5° in the XRD pattern, suggesting the existence of a low-dimensional 
structure (Figure 1a). 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 to pristine 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 SCN-,43,44 whereas inorganic perovskite have 
shown up to 45%,45 suggesting that hybrid pervovskite have more potential 
for further optimization. Upon post-treatment, 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 (Figure 3c). Such sharp excitonic feature is a clear indication of 
a low-dimensional structure, and is notably more pronounced in PT1 as 
compared to PT0. The blue shift in the emission maximum as compared to 
PT0 is attributed to lattice contraction after alloying NH4

+ and Zn2+ at the A 

and B-sites of the lattice, respectively (verified by a shift towards higher 2q 
in XRD, Figure 1a and Figure S2).46,47 To probe the different populations of 
2D and 3D species, the NCs were selectively excited near the band edge 
(470 nm) and excitonic peak (405 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 as compared to 
3D. The improved luminescence performance is likely a result of the surface 
treatment with ZnBr2 and NH4Br, passivating surface defects and promoting 
the radiative recombination of excitons. Upon checking the film on day 5, 
the emission peak was noted to red-shift 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 Pb2+ and SCN- (Pb«SCN), 
which suppresses the defects by reducing the coordination ability of H2O to 
Pb compounds, thereby delaying the aging process.48 Notably, 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 PT1 depicts a 
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 NCs (Figure 2d). This observation is also in line 
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with the XRD pattern, recorded over a span of 5 days. The pattern reveals a 

gradual appearance of broad peaks at low 2q values (< 15°) after 24 hours 
of exposure to air (Figure S9). Notably, the diffraction peaks exhibit 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 lattice expansion upon exposure to moisture can 
be related to an increase in the quantity of lower n-phases, as also 
previously reported.49,50  
The poor resistance of perovskites against moisture or polar solvents has 
been a major roadblock to widespread applications. To evaluate the impact 
of post-treatment on the stability against moisture, PT0 and PT1 NC films 
were stored in a controlled humid chamber, containing a saturated solution 
of MgCl2, producing a stable relative humidity level of 37%. The PL 
measurement was performed on the same film immediately after the 
synthesis and subsequently repeated after 2h, 3.5h, 5 days, and 30 days. 
While PT0 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 7% 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 NH4Br and ZnBr2, which together passivated the defects at the 
surface as well as offered a halide-rich environment. The most relevant 
optoelectronic properties and moisture stability of several perovskite 
structures have been summarized in Table S1. 
Low-temperature PL measurements have 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 from 
integrated PL intensity revealed that PT1 is less susceptible to temperature, 
hinting at passivation of the parasitic non-radiative transitions, resulting in 
less thermal quenching of the PL intensity compared to pristine and PT0 NCs 
(Figure S12a and b).  
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Next, the exciton dynamics was investigated using time-resolved PL (TRPL) 
decay measurements on pristine, PT0 and PT1 NC films upon 410 nm 
excitation (Figure 3d, e). The decay spectra are analyzed using a tri-
exponential function, and the key findings are summarized in Table S2. 
Upon comparison of PL decays in PT0 and pristine NCs, NCs on day 1, it can 
ōŜ ǎŜŜƴ ǘƘŀǘ ǘƘŜ ŀǾŜǊŀƎŜ ƭƛŦŜǘƛƳŜ ǇǊƛǎǘƛƴŜ όˍavg) of PT0 (461 ns) is ~6 times 
longer than that of pristine NCs, implying the suppression of non-radiative 

Figure 3. PL (bold lines) and absorption spectra (dashed lines) of a) pristine (day 1), b) PT0, and c) PT1 
NCs recorded on day 1 and day 5 (left) at 395 nm excitation wavelength. TRPL decay of pristine, PT0, 
and PT1 NCs recorded on d) day 1, and e) day 5 (right) at 405 nm excitation wavelength. The insets 
represent the average decay lifetime of pristine, PT0, and PT1 NCs. 

ŎƘŀƴƴŜƭǎ ǳǇƻƴ Y{/b ƛƴŎƻǊǇƻǊŀǘƛƻƴΦ bƻǘŀōƭȅΣ ǘƘŜ ǎƘƻǊǘ ŎƻƳǇƻƴŜƴǘ ˍ1, which 
is ascribed to the surface defects-related non-radiative recombination,51 is 
about two times higher in PT0 than in pristine, owing to the higher surface 
energy of NCǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ˍ1 (A1) substantially declined 
from 53% to 2%. Upon post-ǘǊŜŀǘƛƴƎ ǘƘŜ b/ǎΣ ǘƘŜ ˍavg declined by a factor of 
two as compared to PT0, indicating an increased proportion of a more 
confined 2D structure (Figure 3c). NeverthelessΣ ǘƘŜ ˍavg still remained 
threefold higher in comparison to pristine NCs. Interestingly, upon aging 
όŘŀȅ рύΣ ǿƘƛƭŜ ǇǊƛǎǘƛƴŜ b/ ŜȄƘƛōƛǘŜŘ ŀƴ ƻōǾƛƻǳǎ ǊŜŘǳŎǘƛƻƴ ƛƴ ˍavg, PT0 
exhibited an unusual twofold enhancement in the lifetime as compared to 
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day 1 (Table S2). 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 as shallow trap states.22,52 Based 
on time-domain 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 edge or surface. This, in turn, slows down the electron-hole 
recombination process and also prevents the trapping of electrons in deep 
trap states.53 aƻǊŜ ƛƳǇƻǊǘŀƴǘƭȅΣ ǘƘŜ ǎƘƻǊǘ ŎƻƳǇƻƴŜƴǘ ˍ1 (assigned to 
surface defects) for PT1 did not differ much from day 1, reaffirming the 
defects stability of post-treated NCs. Notably, the PL decay profile changes 
from tri-exponential to bi-exponential upon aging, which is an indication of 
ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŜȄŎƛǘƻƴ ǊŜŎƻƳōƛƴŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ όŀǎǎƛƎƴŜŘ ŀǎ ˍ3).15 This is 
potentially attributed to the reduction in crystal symmetry (Figure S9), 
which does not necessarily modify the concentration of surface defects, 
however, impacts the exciton recombination pathway.  

To further confirm the positive effect of the KSCN additive and post-
treatment of FAPbBr3 NCs on the device efficiency, PeLEDs were fabricated 
using PT0 and PT1 as emissive layers. The devices exhibited 
electroluminescence at 540 and 523 nm, respectively, with narrow FWHM 
(~ 1098 cm-1 (23 nm)), indicating the structure was retained when external 
bias was applied. While both the devices exhibited a similar turn-on voltage 
(~2.4 V), PT1 exhibited a maximum luminance of 275.7 cd m-2 at 6.4 V, 
whereas, PT0 achieved a maximum luminance of 130.1 cd m-2 at the same 
voltage (Figure 4b). 

The lower luminance intensity is an indication of an emissive layer with a 
large amount of non-radiative recombination centers, resulting from an 
excess of defects on the surface. Interestingly, PT1 also exhibited a fivefold 
higher EQE (1.5% at 523 nm) compared to PT0 (0.3% at 540 nm), which is 
attributed to the defect healing ability of the salts after post-treatment. 
Notably, the attained value of EQE for PT1 NCs is six times higher than our 
previous report on FAPbBr3 NCs (both proof-of-concept LEDs).15 These 
findings demonstrate the positive impact of addition of KSCN to the FAPbBr3 
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structure and subsequent post-treatment on the optoelectronic properties 
of perovskites. 

Figure 4. a) Device structure, consisting of glass/ITO/PEDOT/PVK/perovskite/PO-T2T/LiF/Al, where 
PEDOT, PVK, and PO-T2T refer to poly(3,4-ethylene dioxythiophene), polyvinylcarbazole, and 2,4,6-
tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine, respectively, b) I-V response curve, and c) 
electroluminescence spectra of hybrid multilayer devices, employing PT0 and PT1 NCs as emissive 
layer at 6.4 V 

   Conclusion 

We demonstrated a facile, room-temperature synthesis of quasi-2D KSCN-
doped FAPbBr3 (PT0) NCs, exhibiting improved stability and PLQY by 
suppressing the non-radiative recombination channels. Upon post-treating 
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 features due to humidity-
induced exfoliation of NCs, leaving thinner regions in the ensemble. 
Nevertheless, the post-treatment strategy maintained stability by healing 
the surface defects formed upon exfoliation. More importantly, PT1 NCs 
exhibited excellent stability under humidity-induced conditions, remaining 
highly emissive for more than 30 days, while the PT0 NCs degraded within 
24 h of exposure. Finally, PT1 NCs exhibited five times higher EQE as 
compared to PT0 NCs when employed in PeLEDs, indicating potential for 
moisture-stable optoelectronics. 
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Supporting Information 
 

 
Figure S1. XRD pattern of PT0 (precipitate and supernatant), demonstrating the decreased presence 

of the KBr phase in the extracted supernatant. 
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Figure S2. Lattice parameter of a) Pristine, b) PT0, and c) PT1 NCs calculated using StatSTEM.1,2 The 

raw STEM images were restored using a convolutional neural network.2 
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Figure S3. STEM image of PT0, depicting the aggregation of NCs as a result of high surface energy of 

the NCs (left and right). 

Figure S4. STEM image of PT1 NCs (left and right), depicting a well-defined morphology upon post-

treatment. 
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Figure S5. STEM image depicting the vertically aligned PT1 NCs, and indicating the presence of a low-

dimensional structures (left and right). 

 

Figure S6. STEM 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 S7. a) EDX elemental mapping of PT1 NCs, exhibiting a region with spherical morphology. The 

spheres mainly consisted of N and Br, outlined with Pb due to the presence of FAPbBr3 NCs (at the 

periphery). b) The EDX spectrum of the area depicted in panel a shows the presence of Zn. 
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Figure S8. a) Simulated radial diffraction profile from CrystalDiffract indicating the three phases 

FAPbBr3, KBr and NH4Br b) Rotational average from the experimental diffraction pattern shown in c). 

The arrows indicate the peak position of the three phases FAPbBr3 (black), KBr (yellow) and NH4Br 

(red) c) Experimental diffraction pattern, the NH4Br diffraction ring is indicated with the red arrows at 

a reciprocal distance of 0.355 ! . 








































